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Abstract
The increased risk of non-cardiovascular death in patients receiving clopidogrel or prasugrel in compar-
ison with the placebo group in the Dual Antiplatelet Therapy (DAPT) trial in contrast to the decreased 
risk of cardiovascular death and all-cause death seen in patients treated with low-dose ticagrelor in the 
EU label population of the PEGASUS-TIMI 54 trial, resulted in inclusion in the 2020 ESC NSTE-ACS  
guidelines the recommendation for use of clopidogrel or prasugrel only if the patient is not eligible for 
treatment with ticagrelor.
The prevalence of the primary outcome composed of cardiovascular death, stroke, or myocardial infarc-
tion was lower in the low-dose rivaroxaban and acetylsalicylic acid (ASA) group than in the ASA-alone 
group in the COMPASS trial. Moreover, all-cause mortality and cardiovascular mortality rates were 
lower in the rivaroxaban-plus-ASA group.
Comparison of the PEGASUS-TIMI 54 and COMPASS trial patient characteristics clearly shows that 
each of these treatment strategies should be addressed at different groups of patients. A greater benefit 
in post-acute coronary syndrome (ACS) patients with a high risk of ischemic events and without high 
bleeding risk may be expected with ASA and ticagrelor 60 mg b.i.d. when the therapy is continued with-
out interruption or with short interruption only after ACS. On the other hand, ASA and rivaroxaban 
2.5 mg b.i.d. seems to be a better option when indications for dual antithrombotic therapy (DATT) 
appear after a longer time from ACS (more than 2 years) and/or from cessation of DAPT (more than 
1 year) and in patients with multiple vascular bed atherosclerosis. Thus, both options of DATTs com-
plement each other rather than compete, as can be presumed from the recommendations. However,  
a direct comparison between these strategies should be tested in future clinical trials. (Cardiol J 2020; 
27, 6: 661–676)
Key words: prolonged antithrombotic therapy, chronic coronary syndrome, acute  
coronary syndrome, rivaroxaban, ticagrelor, clopidogrel, prasugrel

Introduction

Conventional antithrombotic therapy follow-
ing myocardial revascularization in acute coronary 
syndrome (ACS) patients comprises low-dose 
acetylsalicylic acid (ASA) and a P2Y12 receptor 
inhibitor — a combination referred to as dual an-
tiplatelet therapy (DAPT) — for up to 12 months 
after ACS [1–5]. However, increased risk of is-
chemic events persists in a substantial proportion 
of stable patients who have completed this period 
of DAPT after ACS [6–9].

According to the 2019 European Society of 
Cardiology (ESC) guidelines for the diagnosis 
and management of chronic coronary syndromes 
(CCS), “adding a second antithrombotic drug to 
ASA for long-term secondary prevention should be 
considered in patients with a high risk of ischemic 
events and without high bleeding risk” (class of 
recommendation IIa, level of evidence A) — as  
a dual antithrombotic therapy (DATT). This stra-
tegy “may be also considered in patients with 
at least a moderately increased risk of ischemic 

events and without high bleeding risk” (class of 
recommendation IIb, level of evidence A) [10].

The same document specifies risk factors 
defining high and moderate risk of ischemic com-
plications as well as high bleeding risk in patients 
with CCS, remaining in sinus rhythm (Table 1) [10]. 

The 2020 ESC guidelines for the management 
of ACSs in patients presenting without persistent 
ST-segment elevation modified the ischemic risk 
assessment (Table 2) and introduced a definition of 
a high risk of bleeding according to the Academic 
Research Consortium for High Bleeding Risk 
(Table 3) [11].

It is also expressed in the guidelines that 
prolonged antithrombotic therapy with a com-
bination of ASA and either a second antiplatelet 
agent or rivaroxaban at the “vascular dose” of  
2.5 mg b.i.d can be considered an option for patients 
with increased ischemic risk, who completed the 
standard 12-month DAPT following myocardial 
revascularization due to acute myocardial infarc-
tion (MI). The pivotal question that arises at this 
point is: which treatment should be applied to 
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which patient? Unfortunately, the indications and 
cautions mentioned in the guidelines are too vague 
and too limited to assist practicing physicians 
in making this choice in the real-world scenario  
(Table 4) [10, 11]. Thus, according to the authors of 
this position paper, the essential practical implica-
tions of these recommendations are still missing. 
Therefore, while designing the ELECTRA-SIRIO 
2 randomized clinical trial, aiming to assess strate-

gies of treatment in stable patients after MI, we 
decided to analyze ESC recommendations as well 
as available evidence regarding this issue [12, 13]. 

Trials supporting recommendation  
for DATT in CCS patients after MI

The ESC recommendations [10, 11] are based 
on several large randomized clinical trials con-

Table 1. Risk factors of high/moderate ischemic and high bleeding risk in patients with chronic  
coronary syndromes in sinus rhythm according to the 2019 ESC CCS guidelines [10].

High ischemic risk* High bleeding risk

Diffuse multivessel CAD with at least one  
of the following:
•	Diabetes mellitus requiring medication
•	Recurrent MI
•	PAD
•	CKD with eGFR 15–59 mL/min/1.73 m2 

 

•	Prior history of intracerebral hemorrhage or ischemic stroke
•	History of other intracranial pathology
•	Recent gastrointestinal bleeding or anemia due  

to possible gastrointestinal blood loss
•	Other gastrointestinal pathology associated with  

increased bleeding risk
•	Liver failure
•	Bleeding diathesis or coagulopathy
•	Extreme old age or frailty
•	Renal failure requiring dialysis or with eGFR < 15 mL/min/1.73 m2

*Moderate risk if any single factor, including HF, is present; CAD — coronary artery disease; CKD — chronic kidney disease;  
GFR — estimated glomerular filtration rate; HF — heart failure; MI — myocardial infarction; PAD — peripheral artery disease

Table 2. Risk factors of ischemic events — criteria for extended treatment with a second antithrombotic 
agent according to the 2020 ESC NSTE-ACS guidelines [11].

High thrombotic risk Moderate thrombotic risk

Complex CAD and at least 1 criterion Non-complex CAD and at least 1 criterion

Risk enhancers: •	DM requiring medication

•	Recurrent MI

•	Polyvascular disease (CAD plus PAD)

•	CKD with eGFR 15-59 mL/min/1.73 m2

•	DM requiring medication

•	Recurrent MI

•	Multivessel CAD

•	Polyvascular disease (CAD plus PAD)

•	Premature (< 45 years) or accelerated (new lesion  
within a 2-year time frame) CAD

•	Concomitant systemic inflammatory disease (e.g. human  
immunodeficiency virus, systemic lupus erythematosus,  
chronic arthritis)

•	CKD with eGFR 15–59 mL/min/1.73 m2 

Technical aspects:

•	≥ 3 stents implanted

•	≥ 3 lesions treated

•	Total stent length > 60 mm

•	Previous complex revascularization (left main, bifurcation  
stenting with ≥ 2 stents implanted, chronic total occlusion,  
stenting of last patent vessel)

•	Previous stent thrombosis on antiplatelet treatment

CAD — coronary artery disease; CKD — chronic kidney disease; DM — diabetes mellitus; eGFR — estimated glomerular filtration rate;  
MI — myocardial infarction; PAD — peripheral artery disease
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Table 3. Criteria for high bleeding risk according to the Academic Research Consortium for High Bleeding 
Risk at the time of percutaneous coronary intervention (bleeding risk is high if at least one major or 
two minor criteria are met) [11].

Major Minor

Anticipated use of long-term OAC
Severe or end-stage CKD (eGFR <30 mL/min)
Hemoglobin < 11 g/dL
Spontaneous bleeding requiring hospitalization  
and/ortransfusion in the past 6 months or at  
any time, if recurrent
Baseline thrombocytopenia 
(platelet count < 100 -109/L)
Chronic bleeding diathesis
Liver cirrhosis with portal hypertension
Active malignancy (excluding non-melanoma  
skin cancer) within the past 12 months
Previous spontaneous intracranial hemorrhage
Previous traumatic intracranial hemorrhage within  
the past 12 months
Presence of a brain arteriovenous malformation
Moderate or severe ischemic stroke within the  
past 6 months
Recent major surgery or major trauma within  
30 days prior to PCI
Non-deferrable major surgery on DAPT

Age ≥ 75 years
Moderate CKD (eGFR 30-59 mL/min)
Hemoglobin 11–12.9 g/dL for men or  
11–11.9 g/dL for women
Spontaneous bleeding requiring hospitalization  
and/or transfusion within the past 12 months,  
not meeting the major criterion
Chronic use of oral non-steroidal anti-inflammatory 
drugs or steroids
Ischemic stroke not meeting the major criterion

CKD — chronic kidney disease; DAPT — dual antiplatelet therapy; eGFR — estimated glomerular filtration rate; PCI — percutaneous coronary 
intervention; OAC — oral anticoagulant

Table 4. Treatment options for dual antithrombotic therapy in combination with acetylsalicylic acid 
(75–100 mg daily) in patients with a high or moderate risk of ischemic events and without high  
bleeding risk [10, 11].

Drug option Dose Indication Additional  
cautions

Supporting  
trial

Clopidogrel 75 mg o.d. Post-MI in patients  
who have tolerated DAPT  

for 1 year

DAPT

Prasugrel 10 mg o.d. or  
5 mg o.d.; if 
body weight  

< 60 kg or age  
> 75 years 

Post-PCI for MI in patients  
who have tolerated DAPT  

for 1 year

Age > 75 years DAPT 
TL-PAS

Ticagrelor 60 mg b.i.d. Post-MI in patients  
who have tolerated DAPT  

for 1 year 

PEGASUS-TIMI 54

Rivaroxaban 2.5 mg b.i.d. Post-MI > 1 year or  
multivessel CAD [10]

CrCl 15–29 mL/min COMPASS

or

Patients with CAD or  
symptomatic PAD at high  

risk of ischemic events [11]

CAD — coronary artery disease; CrCl — creatinine clearance; DAPT — dual antiplatelet therapy; MI — myocardial infarction; PAD — peripheral 
artery disease; PCI — percutaneous coronary intervention
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ducted in various populations (Table 5) [14–22]. 
Inclusion and exclusion criteria as well as the 

profile of patients enrolled in these trials should be 
used to determine indications for particular agents. 

Table 5. Clinical trials supporting the 2019 European Society of Cardiology (ESC) guidelines for the  
diagnosis and management of chronic coronary syndromes (according to citations) [14–22].

Study 
ClinicalTrials.gov  

Publication Patients Study treatment Outcome

DAPT 
NCT00977938

 

Mauri et al.  
NEJM 2014 [14]

N = 9961 pts 
12 m after DES  

implantation 
 

clo 1 × 75 mg or  
pra 1 × 10 mg or  

1 × 5 mg in pts who 
weighed < 60 kg 

and ASA vs. placebo 
and ASA up to 30 m

DAPT beyond 1 year after 
DES placement reduced the 
risks of ST and MACCE, but 
was associated with an in-

creased risk of bleeding

Yeh et al. 
JACC 2015 [15]

N = 11,648 pts 
MI (n = 3576) 

No-MI (n = 8072) 
12 m after stent  

implantation 
DES (n = 9961) 
BMS (n = 1687)

clo 1 × 75 mg or  
pra 1 × 10 mg or  

1 × 5 mg in pts who 
weighed < 60 kg  

and ASA vs. placebo 
and ASA up to 30 m

30 m of DAPT after stent 
placement reduced risk of 
ST and MI in pts with and 
without MI and increased 

bleeding

DAPT/TL-PAS 
NCT00997503  
Sub-population  
of the DAPT trial

Garratt et al.  
Circulation 2015  

[16]

N = 2191 pts 
12 m after TAXUS 

implantation

pra 1 × 10 mg or  
1 × 5 mg in pts who 

weighed < 60 kg  
and ASA vs. placebo 
and ASA up to 30 m

DAPT continued for 30 m af-
ter stent placement reduced 

ischemic events through 
reduction in MI and ST. With-
drawal of prasugrel was fol-
lowed by increase in MI after 

12 and 30 m therapy

PEGASUS-TIMI 54  
NCT01225562

Bonaca et al.  
NEJM 2015  

[17]

21,162 pts 
1 to 3 years after MI

tic 2 × 90 mg  
and ASA vs.  
tic 2 × 60 mg  

and ASA vs. placebo 
and ASA up to 36 m

DAPT reduced risk of CV 
death, MI, or stroke and in-

creased risk of major bleeding

Bhatt et al. 
JACC 2016  

[18]

21,162 pts 
DM (n = 6806) 

No-DM (n = 14,355) 
1 to 3 years after MI

In pts with DM DAPT reduced 
risk of recurrent ischemic 
events including CV death 

and CHD death

Bonaca et al.  
JACC 2016  

[19]

21,162 pts 
PAD (n = 1143) 

No-PAD (n = 20,017) 
1 to 3 years after MI

DAPT reduced MACE and 
MALE in PAD patients

Bonaca et al.  
EHJ 2016  

[20]

18,761 pts 
1 to 3 years after MI 
DAPT cessation prior 

to randomization:  
≤ 30 days (n = 7181) 
> 30 days to 1 year 

(n = 6501) 
> 1 year (n = 5079)

The benefit of DAPT was 
higher in pts continuing on or 
re-starting early after interrup-
tion of P2Y12 inhibition when 

compared with pts stable 
> 2 years from MI and off 

P2Y12 inhibitor > 1 year. The 
increase in bleeding events 

with ticagrelor was similar re-
gardless of this time interval

Bansilal et al. 
JACC 2018 [21]

21,162 pts 
MVD  

(n = 12,558 pts) 
No-MVD  

(n = 8600 pts) 
1 to 3 years after MI

In pts with MVD DAPT  
reduced risk of MACE  
and CE, and increased  

the risk of major bleeding,  
but not ICH or fatal bleeding

ASA — acetylsalicylic acid; BMS — bare-metal stent; CE — coronary events (coronary death, MI, or stent thrombosis); CHD — coronary heart 
disease; clo — clopidogrel; CV — cardiovascular; DAPT — dual antiplatelet therapy; DES — drug-eluting stent; DM — diabetes mellitus; 
ICH — intracranial hemorrhage; MACCE — major adverse CV and cerebrovascular events (death, MI, or stroke); MACE — major adverse CV 
events (CV death, MI, or stroke); MALE — major adverse limb events (acute limb ischemia or peripheral revascularization for ischemia); MI — 
myocardial infarction; MVD — multivessel disease; PAD — peripheral artery disease; pra — prasugrel; pts — patients; riv — rivaroxaban;  
ST — stent thrombosis; TAXUS — paclitaxel-eluting stent; tic — ticagrelor
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Dual antiplatelet therapy with ASA  
and a P2Y12 receptor inhibitor

Tolerability of DAPT during the recommended 
12-month therapy period and reduction of the 
risk of ischemic events outweighing the elevated 
bleeding risk is a premise for prolonged therapy 
with a P2Y12 receptor inhibitor and ASA [23–25]. 
According to the citations in the ESC guidelines 
[10, 11], indications to use clopidogrel, prasugrel, 
or ticagrelor in combination with ASA in patients 
with CCS after ACS are based on the data coming 
from the DAPT [14, 15, 26], TL-PAS [16], and 
PEGASUS-TIMI 54 trials [17–21].

The Dual Antiplatelet Therapy (DAPT) trial 
assessed the benefits and risks of 30 vs. 12 months 
of DAPT with a thienopyridine derivate (clopi-
dogrel or prasugrel) and ASA in patients with 
ischemic heart disease due to stenotic or occlusive 
lesions in either native coronary arteries or coro-
nary artery bypass grafting treated with stent im-
plantation [14, 15, 26]. The choice of thienopyridine 
and its dose followed the local standard of practice 
in the study sites. Out of the 11,648 randomized 
patients (9961 treated with drug-eluting stents 
[DES], 1687 with bare-metal stents [BMS]), 30.7% 
presented with MI. After 12 months of DAPT, 
patients were randomly assigned to continue treat-
ment with thienopyridine or placebo for another 
18 months; all patients continued receiving ASA. 
Continuation of DAPT beyond 1 year after DES 
implantation, as compared with ASA therapy alone, 
significantly reduced the risk of stent thrombosis 
(0.4% vs. 1.4%; hazard ratio [HR] 0.29; p < 0.001), 
MI (2.1% vs. 4.1%; HR 0.47; p < 0.001), MI not 
related to stent thrombosis (1.8% vs. 2.9%; HR 

0.59; p < 0.001), and major adverse cardiovascu-
lar and cerebrovascular events (4.3% vs. 5.9%; 
HR 0.71 (95% confidence interval [CI] 0.59–0.85;  
p < 0.001), but was associated with an increased 
risk of moderate or severe bleeding (2.5% vs. 1.6%, 
p = 0.001). An elevated risk of stent thrombosis 
and MI was observed in both groups during the first 
3 months after discontinuation of thienopyridine 
treatment [14]. The risk of death from any cause 
was higher in the group that continued to receive 
thienopyridine as compared with the placebo group 
(2.0% vs. 1.5%; HR 1.36; p = 0.05). During the 
secondary-analysis period (month 12 to month 33) 
the rate of all-cause mortality was higher in the 
thienopyridine group: 2.3% vs. 1.8%, respectively 
(HR 1.36; p = 0.04). The difference was driven by 
an increase in the number of non-cardiovascular 
deaths (mainly related to bleeding, fatal trauma, 
and cancer) in the thienopyridine group. It is not 
clear what proportion of these deaths was related 
to evaluated treatment, as some of the deaths 
not defined as bleeding-related were mediated by 
bleeding [14]. 

The TAXUS Liberté Post Approval Study 
(TL-PAS) — a subpopulation of DAPT — included 
patients who were treated with a TAXUS Liberté 
paclitaxel-eluting stent and prasugrel [16]. The  
TL-PAS patients represented the largest group 
of patients implanted with a paclitaxel-eluting 
coronary stent, and the largest cohort receiving 
prasugrel, enrolled into the DAPT study. The oc-
currence of the DAPT study co-primary composite 
end point (death, MI, or stroke) was lower in pa-
tients receiving the combination of prasugrel and 
ASA for 30 months compared with 12 months (3.7% 
vs. 8.8%; HR 0.407; p < 0.001) solely through the 

Table 5 (cont.). Clinical trials supporting the 2019 European Society of Cardiology (ESC) guidelines for 
the diagnosis and management of chronic coronary syndromes (according to citations) [14–22].

Study 
ClinicalTrials.gov  

Publication Patients Study treatment Outcome

COMPASS 
NCT01776424

Eikelboom et al. 
NEJM 2017  

[22]

27,395 pts 
with stable  

atherosclerotic  
vascular disease

riv 2 × 2.5 mg and 
ASA vs. riv 2 × 5 mg 

and placebo vs.  
placebo and ASA

Pts assigned to riv plus ASA 
had better CV outcomes and 
more major bleeding events 
than those assigned to ASA 

alone. Riv alone did not result 
in better CV outcomes than 
ASA alone and resulted in 

more major bleeding events

ASA — acetylsalicylic acid; BMS — bare-metal stent; CE — coronary events (coronary death, MI, or stent thrombosis); CHD — coronary heart 
disease; clo — clopidogrel; CV — cardiovascular; DAPT — dual antiplatelet therapy; DES — drug-eluting stent; DM — diabetes mellitus; 
ICH — intracranial hemorrhage; MACCE — major adverse CV and cerebrovascular events (death, MI, or stroke); MACE — major adverse CV 
events (CV death, MI, or stroke); MALE — major adverse limb events (acute limb ischemia or peripheral revascularization for ischemia); MI — 
myocardial infarction; MVD — multivessel disease; PAD — peripheral artery disease; pra — prasugrel; pts — patients; riv — rivaroxaban;  
ST — stent thrombosis; TAXUS — paclitaxel-eluting stent; tic — ticagrelor
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reduction in MI rate (1.9% vs. 7.1%; HR 0.255;  
p < 0.001). The incidence of stent thrombosis was 
also lower with longer dual antiplatelet therapy 
(0.2% vs. 2.9%; HR 0.063; p < 0.001). Rates of 
death and stroke were similar in both groups. With-
drawal of prasugrel was followed by an increase 
in the rate of MI after both 12 and 30 months 
of therapy. The optimal duration of DAPT with 
prasugrel after implantation of a TAXUS Liberté 
paclitaxel-eluting stent remains unknown, but it 
appears to be longer than 30 months [16]. 

The results of this study are of limited rel-
evance because paclitaxel-eluting stents are no 
longer used due to the increased risk of major ad-
verse cardiac events mainly driven by a higher rate 
of MI, target-vessel revascularization, and stent 
thrombosis, especially a very late one [27, 28].

The PEGASUS-TIMI 54 (Prevention of Car-
diovascular Events in Patients with Prior Heart 
Attack Using Ticagrelor Compared to Placebo on  
a Background of Aspirin-Thrombolysis In Myocar-
dial Infarction 54) trial was designed to test the 
hypothesis that long-term therapy with ticagrelor 
added to low-dose ASA reduces the risk of major 
adverse cardiovascular events (MACE) in stable 
patients with a history of MI [17]. Patients were 
randomized in a 1:1:1 ratio to receive ticagrelor 
90 mg b.i.d., 60 mg b.i.d., or placebo. Reduction 
in the primary end point (MACE: composite of 
cardiovascular death, MI, or stroke) in both ticagre-
lor-treated study arms (7.85% and 7.77%, respec-
tively) vs. placebo (9.04%) at 3 years of follow-up 
was observed (HR for ticagrelor 90 mg b.i.d. vs. 
placebo, 0.85; p = 0.008; HR for ticagrelor 60 mg 
b.i.d. vs. placebo, 0.84; p = 0.004). Differences 
promoting therapy with a combination of ticagrelor 
and ASA over ASA alone were shown in the rate 
of MI (HR for ticagrelor 90 mg b.i.d. vs. placebo, 
0.81; p = 0.01; HR for ticagrelor 60 mg b.i.d. vs. 
placebo, 0.84; p = 0.03) and in the rate of stroke; 
however, in the latter case, only for ticagrelor  
60 mg b.i.d. vs. placebo (1.47% vs. 1.94%; HR 
0.75; p = 0.03). As far as safety of the treatment 
is concerned, major bleedings were more frequent 
in individuals receiving ticagrelor, either 90 mg 
b.i.d. or 60 mg b.i.d., compared with those in 
whom placebo was administered, 2.6% and 2.3% 
vs. 1.06%, respectively (HR for ticagrelor 90 mg 
b.i.d., 2.69; p < 0.001; HR for ticagrelor 60 mg, 
2.32; p < 0.001); however, no differences were 
found in the rates of fatal or non-fatal intracranial 
bleeding episodes in the ticagrelor-treated arms 
as compared with placebo (0.63% and 0.71%, vs. 
0.60%, respectively) [17]. 

Out of the 21,162 patients enrolled in the 
PEGASUS-TIMI 54 trial, 6806 had diabetes [18]. 
Because patients with diabetes have a higher risk 
of MACE, the absolute risk reduction tended to be 
greater in patients with vs. without diabetes (1.5% 
vs. 1.1%, respectively). Moreover, in patients with 
diabetes, ticagrelor reduced the rate of cardiovas-
cular mortality by 22% (p < 0.05) and coronary 
heart disease deaths by 34% (p = 0.01) [18]. 

In a subset of patients with peripheral artery 
disease (PAD), the greater absolute risk reduction 
in MACE (4.1%) was due to their higher abso-
lute ischemic risk [19]. The 60 mg b.i.d. dose of 
ticagrelor showed a particularly favorable impact 
on cardiovascular as well as all-cause mortality 
in comparison with placebo (4.2% vs. 9.6%; HR 
0.47; p = 0.014 and 8.2% vs. 14.0%; HR 0.52;  
p = 0.0074) [19]. In patients with multi-vessel dis-
ease, ticagrelor reduced the risk of MACE (7.94% 
vs. 9.37%; HR 0.82; p = 0.004), including reduction 
in coronary death (HR 0.64; p = 0.002) [21]. 

The analysis of results according to the time 
between randomization to the PEGASUS-TIMI 54 
trial and previous cessation of DAPT with P2Y12 
inhibitor and ASA after MI revealed better out-
comes in patients who had stopped DAPT more 
recently [20]. Patients were categorized by time 
from the last P2Y12 receptor inhibitor dose (days: 
≤ 30, 30–360, > 360). The benefit of ticagrelor (re-
duction in MACE rate) depended on the time from 
the last dose, and was more pronounced in patients 
continuing on or re-starting after only a brief inter-
ruption of P2Y12 inhibition than in patients who 
had proven themselves stable more than 2 years 
from MI and off P2Y12 inhibitor therapy for more 
than a year with hazard ratios for ticagrelor (pooled 
doses) vs. placebo of 0.73; p < 0.001, 0.86; p = 0.11,  
and 1.01; p = 0.96, respectively, by category  
(P-trend for interaction < 0.001). The benefit within  
30 days of stopping DAPT was similar regardless 
of time from MI. On the other hand, the increase in 
bleeding events with ticagrelor was similar regard-
less of this time interval [20]. According to these 
results, the European Medicines Agency approved 
European (EU) label recommends that treatment 
with ticagrelor 60 mg b.i.d. may be a continuation 
of the initial one-year treatment with ticagrelor 
90 mg b.i.d. (or other P2Y12 receptor inhibitor) in 
high-risk patients with MI [29]. Treatment with 
ticagrelor 60 mg b.i.d. can also be initiated up to 
2 years from the MI, or within 1 year after stop-
ping previous P2Y12 receptor inhibitor treatment. 
Therefore, an analysis evaluating the efficacy 
and safety of treatment in a PEGASUS-TIMI 54  
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subpopulation receiving low-dose ticagrelor recom-
mended for treatment in the EU label (n = 10,779: 
5388 in the ticagrelor 60 mg b.i.d. and 5391 in the 
placebo group) was performed [30]. DATT with 
ticagrelor 60 mg b.i.d. in the EU label population 
reduced the composite of cardiovascular death, 
MI, or stroke (7.9% vs. 9.6%; HR 0.80; p = 0.001). 
Moreover, in the EU label population this DATT 
strategy was associated with lower hazard ratios for 
cardiovascular death (0.71; p = 0.0041), MI (0.83; 
p = 0.041), and all-cause death (0.80; p = 0.018). 
Better efficacy was associated with a higher risk of 
Thrombolysis in Myocardial Infarction (TIMI) ma-
jor bleeding occurrence (2.5% vs. 1.1%; HR 2.36;  
p < 0.001), without an increase in fatal or intracranial  
bleedings, confirming a favorable benefit-risk bal-
ance for long-term ticagrelor 60 mg b.i.d. in this 
population [30, 31].

Ticagrelor proved to be similarly effective in 
patients with and without a history of coronary 
stenting, suggesting also a benefit in the preven-
tion of spontaneous atherothrombotic events not 
related to stent thrombosis [32].

The increased risk of non-cardiovascular 
death in patients receiving clopidogrel or prasu-
grel in comparison with the placebo group in the 
DAPT trial [14], in contrast to the decreased risk 
of cardiovascular death and all-cause death seen 
in patients treated with low-dose ticagrelor in the 
EU label population of the PEGASUS-TIMI 54 
trial [30], resulted in inclusion in the 2020 ESC 
NSTE-ACS guidelines the recommendation for 
use of clopidogrel or prasugrel only if the patient 
is not eligible for treatment with ticagrelor [11].

Dual antithrombotic therapy  
with ASA and rivaroxaban

Continued occurrence of recurrent ischemic 
events despite treatment with potent P2Y12 re-
ceptor inhibitors (prasugrel and ticagrelor) and 
ASA stimulated interest in exploring the efficacy 
and safety of direct oral anticoagulants in patients 
with ACS [33].

Reduction in ischemic event risk with rivar-
oxaban (2.5 mg or 5 mg b.i.d.) added to standard 
DAPT with ASA and a P2Y12 inhibitor has been 
shown to be superior to placebo in patients with 
ACS in the ATLAS ACS 2-TIMI 51 trial. However, 
only the 2.5 mg b.i.d. dose of rivaroxaban was as-
sociated with a survival benefit. Moreover, the 
increase in risk of major bleeding was lower with 
the 2.5 mg b.i.d. rivaroxaban dose [34]. These 

results provided a promising basis for low-dose ri-
varoxaban in addition to ASA in patients with CCS.

According to the citations in the ESC guide-
lines [10, 11], the indications for use of rivaroxaban 
in combination with ASA in patients with CCS after 
ACS are based on the results of the Cardiovascular 
Outcomes for People Using Anticoagulation Strate-
gies (COMPASS) trial [22, 35–37]. 

The COMPASS trial was aimed to test the hy-
pothesis that rivaroxaban in combination with ASA 
or given alone is more effective than ASA alone 
in preventing recurrent cardiovascular events, 
with acceptable safety, in patients with stable 
atherosclerotic vascular disease [22]. Patients 
with stable atherosclerotic vascular disease were 
randomly assigned to receive rivaroxaban (2.5 mg 
b.i.d.) plus ASA (100 mg q.d.), rivaroxaban (5 mg 
b.i.d.), or ASA (100 mg q.d.) in a 1:1:1 ratio. The 
prevalence of the primary outcome composed of 
cardiovascular death, stroke, or MI was lower in 
the rivaroxaban-plus-ASA group than in the ASA-
-alone group (4.1% vs. 5.4%; HR 0.76; p < 0.001). 
Moreover, all-cause mortality and cardiovascular 
mortality rates were lower in the rivaroxaban-plus-
-ASA group as compared with the ASA-alone group 
(for all-cause mortality: 3.4% vs. 4.1%; HR 0.82;  
p = 0.01; for cardiovascular mortality: 1.7% vs. 
2.2%; HR 0.78; p = 0.02). Superiority of DATT with 
low rivaroxaban dose and ASA over ASA alone was 
observed also for the risk of stroke (0.9% vs. 1.6%; 
HR 0.58; p < 0.001). This benefit was achieved 
at the cost of a higher major bleeding rate in the 
rivaroxaban-plus-ASA group (3.1% vs. 1.9%; HR 
1.70; p < 0.001), but with no significant difference 
in fatal bleeding (0.2% vs. 0.1%; HR 1.49; p = 0.32). 
A substantial reduction in ischemic strokes and 
embolic/uncertain strokes with low-dose rivaroxa-
ban and ASA was also confirmed in an additional 
analysis of this trial [38], suggesting a potential 
for this new antithrombotic option in primary and 
secondary stroke prevention. Favorable clinical 
outcome with DATT was also confirmed by an 
analysis of net clinical benefit [37].

No clinical benefit with regard to the primary 
outcome was observed in the 5 mg b.i.d. rivaroxa-
ban-alone group as compared with the ASA-alone 
group, but major bleeding events occurred more fre-
quently in the rivaroxaban-alone group. The study 
was prematurely terminated due to the superiority 
of the rivaroxaban-plus-ASA therapy after a mean  
follow-up of 23 months [22]. In patients with stable 
coronary artery disease (CAD) (n = 24,824), ad-
dition of rivaroxaban to ASA resulted in a similar 
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impact on the efficacy and safety of the treatment. 
DATT with rivaroxaban and ASA compared with 
ASA alone reduced the primary outcome (4% vs. 
6%; HR 0.74; p < 0.0001) and mortality (3% vs. 
4%; HR 0.77; p = 0.0012), but increased the rate of 
major bleeding (3% vs. 2%; HR 1.66; p < 0.0001) 
[35]. There were 17,028 patients (69%) with a his-
tory of previous MI; however, patients who gained 
the most in the PEGASUS-TIMI 54 trial (EU label 
population), i.e. those between the first and sec-
ond year after MI (72.9% of the total population), 
in the COMPASS trial accounted for only 9.3% 
of all patients with CAD. Together with patients 
within the first year after MI, this subpopulation 
of CAD patients in the COMPASS trial accounted 
for 14.3%, and according to a subgroup analysis the 
clinical benefit in terms of the primary outcome 
was not significant, in contrast to patients over  
5 years after MI [35]. 

Of the 16,560 patients with CCS in the COM-
PASS trial, 9862 (59.6%) patients had a history 
of previous percutaneous coronary intervention 
(PCI). The average time from PCI to randomization 
was 5.4 years. DATT with rivaroxaban compared 
with ASA alone in patients with or without previous 
PCI resulted in consistent MACE reduction (PCI: 
4.0% vs. 5.5%; HR 0.74; no PCI: 4.4% vs. 5.7%; 
HR 0.76; P-interaction = 0.85) and mortality reduc-
tion (PCI: 2.5% vs. 3.5%; HR 0.73; no PCI: 4.1% 
vs. 5.0%; HR 0.80; P-interaction = 0.59), but was 
associated with an increased rate of major bleeding 
(PCI: 3.3% vs. 2.0%; HR 1.72; no PCI: 2.9% vs. 
1.8%; HR 1.58, P-interaction = 0.68) [38]. Among 
those with previous PCI 1 year and beyond, the 
effects on MACE and mortality were consistent ir-
respective of time since last PCI and irrespective of 
a history of previous MI (P-interaction = 0.64) [39].

The combination of ASA plus rivaroxaban 
provided a similar relative degree of clinical ben-
efit in patients with and without diabetes mellitus. 
However, due to a higher baseline risk, the absolute 
benefits appeared larger in patients with diabetes 
mellitus, including a 3-fold greater reduction in 
all-cause mortality [36].

Patient characteristics in trials  
supporting recommendation for  
DATT in CCS patients after MI

Different inclusion and exclusion criteria in 
trials supporting the ESC guidelines [10] displayed 
in Table 6 lead to several pivotal differences in the 
characteristics of patients enrolled to these tri-
als (Table 7). Patients after ischemic stroke were 

included into the DAPT, TL-PAS, and COMPASS 
trials, but not into the PEGASUS-TIMI 54 trial. Only 
36% of subjects in the COMPASS trial had a history 
of previous PCI, while in the PEGASUS-TIMI 54, 
DAPT, and TL-PAS trials this percentage was 83%, 
100%, and 100%, respectively. All patients in the 
PEGASUS-TIMI 54, 62.6% in COMPASS, and only 
21.6% in the DAPT trial had a history of MI before 
enrolment into the trial. Finally, a huge difference re-
garding the interval between MI and randomization 
in the PEGASUS-TIMI 54 (1.7 year) and COMPASS 
trial (7.1 years) should be highlighted. Several minor 
differences between the investigated populations 
should also be noted [17–22, 34–36] (Table 7).

In the DAPT trial, an increased all-cause mor-
tality risk was observed in patients on prolonged 
treatment with clopidogrel or prasugrel and ASA. 
Moreover, the reported clinical benefit of this 
therapeutic strategy (DAPT trial and TL-PAS) was 
mainly dependent on reduction of the risk of MI and 
stent thrombosis in patients in whom a paclitaxel-
-eluting coronary stent was implanted, while this 
type of stent is no longer in use due to increased 
risk of MI, target-vessel revascularization, and stent 
thrombosis, especially very late one. Furthermore, 
the results of separate analyses for clopidogrel 
and prasugrel failed to demonstrate any significant 
impact on the clinical outcome [14–16, 26–28]. 
When considering treatment with clopidogrel, its 
volatile pharmacodynamic effects related to variable 
efficiency of conversion to its active metabolite, 
partly associated with loss-of-function variants in 
the CYP2C19 gene, leading to a lack of efficacy in 
some patients, should be taken into account [40–43].

Thus, the rationale to recommend prolonged 
DAPT with any of these drugs, in our opinion, is 
limited.

In contrast to the DAPT trial and TL-PAS, the 
messages provided by the PEGASUS-TIMI 54 and 
COMPASS trials seem to be clear and unambigu-
ously positive for DATT with ticagrelor 60 mg mg 
b.i.d. and rivaroxaban 2.5 mg b.i.d., respectively. 
However, the indications for DATT including tica-
grelor or rivaroxaban need to be clarified because the 
overlapping of eligibility between PEGASUS-TIMI 
54 and COMPASS criteria (Fig. 1) is not reflected 
by overlapping of evaluated populations according 
to patient characteristics of both trials (Table 6, 7).

PEGASUS-TIMI 54 versus  
COMPASS approach

In an attempt to answer the question: “Who 
could benefit most from the PEGASUS-TIMI 54 
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Table 6. Inclusion and exclusion criteria of clinical trials supporting the 2019 European Society of  
Cardiology (ESC) guidelines.

Study
Clinical 
Trials.gov

DAPT TL-PAS
NCT00977938
TL-PAS
NCT00997503

PEGASUS-TIMI 54
NCT01225562

COMPASS
NCT01776424

Key  
inclusion  
criteria

 

> 18 years of age
PCI with stent
12 months free from MI, 
stroke, repeat coronary 
revascularization, ST, 
and moderate or severe 
bleeding, and compliant

> 50 years of age
MI occurring 1 to 3 years 
prior to randomization  
and at least 1 of the  
following risk factors:

 — age ≥ 65 years of age
 — diabetes mellitus 
 — second prior MI  
(> 1 year ago)

 — multivessel CAD 
 — chronic renal dysfunc-
tion CrCl < 60 mL/min

 — on treatment and toler-
ating ASA 75–150 mg 
once daily 

CAD defined as 1 of the following: 
 — MI within the last 20 years
 — multivessel CAD with symptoms or 
with history of stable or unstable 
angina

 — multivessel PCI or CABG surgery

Subjects with CAD must also meet at 
least 1 of the following criteria:

 — age ≥ 65, or
 — age < 65

Documented atherosclerosis or revas-
cularization involving at least 2 vascular 
beds or at least 2 additional risk factors:

 — current smoker 
 — diabetes mellitus
 — renal dysfunction with eGFR  
< 60 mL/min

 — heart failure
 — ischemic stroke ≥ 1 month ago

PAD defined as one of the following:  
 — previous revascularization for PAD
 — previous limb or foot amputation for 
arterial vascular disease 

 — history of intermittent claudication 
and at least 1 of the following

Previous carotid revascularization or 
asymptomatic carotid artery stenosis  
≥ 50% as diagnosed by duplex  
ultrasound or angiography

Key  
exclusion  
criteria

Stent diameter < 2.2 or  
> 4.0 mm
Pregnant women
Planned surgery neces-
sitating discontinuation  
of antiplatelet therapy
Life expectancy < 3 years
Concurrent enrolment in 
another study
Subjects on oral antico-
agulants
Hypersensitivity or aller-
gies to one of the drugs
Subjects unable to give 
informed consent
Subject treated with both 
DES and BMS during the 
index procedure
Switched thienopyridine 
type or dose within  
6 months before  
randomization
PCI or cardiac surgery  
between 6 weeks post  
index procedure and  
randomization

Planned use of ADP recep-
tor blockers, dipyridamole, 
or cilostazol
Planned coronary, cerebro-
vascular, or peripheral arte-
rial revascularization
Need for chronic antico-
agulation
Known bleeding diathesis 
or coagulation disorder
Patients with:

 — a history of intracranial 
bleeding 

 — central nervous system 
tumor or intracranial 
vascular abnormality

 — intracranial or spinal 
cord surgery within  
5 years

 — gastrointestinal bleed-
ing within the past  
6 months, or major  
surgery within 30 days

History of ischemic stroke
Patients considered to 
be at risk of bradycardic 
events
CABG in the past 5 years
Known severe liver disease
Renal failure requiring  
dialysis or anticipated  
need for dialysis during  
the course of the study
Pregnancy or lactation
Life expectancy < 1 year

High risk of bleeding
Need for dual antiplatelet therapy, other 
non-ASA antiplatelet therapy, or oral 
anticoagulant therapy
Stroke within 1 month or any history of 
hemorrhagic or lacunar stroke
Severe heart failure with known ejection 
fraction < 30% or New York Heart  
Association class III or IV symptoms
eGFR < 15 mL/min
Any known hepatic disease associated 
with coagulopathy
Known non-cardiovascular disease that 
is associated with poor prognosis (e.g. 
metastatic cancer) or that increases  
the risk of an adverse reaction to study 
interventions
History of hypersensitivity or known 
contraindication for rivaroxaban, ASA, 
pantoprazole, or excipients

ASA — acetylsalicylic acid; BMS — bare-metal stent; CABG — coronary artery bypass grafting; CAD — coronary artery disease; CrCl —  
creatinine clearance; DES — drug-eluting stent; eGFR — estimated glomerular filtration rate; MI — myocardial infarction; PAD — peripheral 
artery disease; PCI — percutaneous coronary intervention; ST — stent thrombosis
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Figure 1. Overlapping of PEGASUS-TIMI 54 and COMPASS trials inclusion criteria; DAPT — dual antiplatelet therapy; 
CAD — coronary artery disease; CABG — coronary artery bypass grafting; EF — ejection fraction; NYHA — New York 
Heart Association; PCI — percutaneous coronary intervention.

ASA
+ Ticagrelor 60 mg b.i.d.

ASA
+ Rivaroxaban 2.5 mg b.i.d.

• No history of ischemic stroke
• No risk of bradycardia
• No recent CABG

• CAD
• High ischemic risk outweighing
 bleeding risk

• Good tolerance of DAPT
•  > 12 months post PCI

• Diabetes mellitus
• Non end-stage chronic kidney 
 disease
• No indication for P2Y12

• No chronic heart failure
 (NYHA III/IV class or 
 EF < 30%)

• Previous ischemic stroke
 (except last month)

Table 7. Study population characteristics of trials supporting the 2019 European Society of Cardiology 
(ESC) guidelines.

Study
ClinicalTrials.gov  

DAPT
NCT00977938

TL-PAS
NCT00997503

PEGASUS-TIMI 54
NCT01225562

COMPASS
NCT01776424

Number of patients 11,648 21,162 27,395

Number of CAD patients 11,648 21,162 24,824

CAD patients [%] 100 100 90.6

Age [years] 61.7 ± 10.2 65.3 ± 8.4 68.2 ± 7.9

Female sex [%] 25.4 23.9 22.0

Diabetes mellitus [%] 30.6 32.2 37.8

Hypertension [%] 74.9 77.5 75.3

Tobacco use [%] 24.6 16.7 21.4

Previous stroke [%] 3.3 0 3.8

Heart failure [%] 4.7 20.0 21.5

Peripheral arterial disease [%] 5.8 5.4 27.3

Chronic kidney disease (GFR < 60 mL/min) [%] 4.23 23,2 23.1

Previous PCI [%] 100 83.0 36

Previous MI [%] 21.6 100 62.2

Previous STEMI [%] 10.5 53.6 NA

Years since MI [median] 1 1.7 7.1

Patients with previous MI within 1–2 years [%] NA 72.9* 9.3**
*based on DAPT cessation 
**out of CAD subpopulation

Duration of study treatment [months] 30 33 23

Discontinuation rate in the study arm [%] 21.4 28.7* 16.5**
*ticagrelor 60 mg b.i.d. 
**rivaroxaban 2.5 mg b.i.d. + ASA

ASA — acetylsalicylic acid; CAD — coronary artery disease; DAPT — dual antiplatelet therapy; GFR — glomerular filtration rate; MI — myo-
cardial infarction; NA — non available; PCI — percutaneous coronary intervention; STEMI — ST-segment elevation myocardial infarction

www.cardiologyjournal.org 671

Jacek Kubica et al., Prolonged antithrombotic therapy in patients after acute coronary syndrome

http://clinicaltrials.gov/show/NCT00977938
http://clinicaltrials.gov/show/NCT01225562
http://clinicaltrials.gov/show/NCT01776424


rather than from the COMPASS approach among 
CAD patients?”, Brunetti et al. [44] proposed  
a flow-chart for identification of the optimal treat-
ment, based solely on the PEGASUS-TIMI 54 and 
COMPASS trial inclusion and exclusion criteria. 
According to the authors, the choice between 
rivaroxaban and ticagrelor should be based on the 
presence of severe renal failure (defined as esti-
mated glomerular filtration rate < 15 mL/min), 
severe heart failure (ejection fraction < 30% or 
New York Heart Association [NYHA] class III or IV 
symptoms), or strong interaction with CYP3A4 or 
P-glycoprotein, the presence of which indicates the 
PEGASUS-TIMI 54 approach [44]. The proposed 
strategy may be helpful in some, but probably few 
subjects, leaving the dilemma of choosing between 
ticagrelor and rivaroxaban unresolved in a majority 
of post-MI patients with a high risk of ischemic 
events and without high bleeding risk. 

A similar algorithm was developed by Capo-
danno et al. [45]; however, in this case previous 
ischemic stroke was the only differentiating factor 
between the recommended DATT strategies. There 
is no doubt that this factor should be taken into ac-
count due to the differences in the PEGASUS-TIMI 
54 and COMPASS inclusion and exclusion criteria. 
Nevertheless, considering that none of the patients 
included in the PEGASUS-TIMI 54 trial and only 
3.8% of patients in the COMPASS trial experienced 
ischemic stroke previously (Table 7), the evidence 
to support this recommendation is weak, and the 
vast majority of post-MI subjects requiring DATT 
will remain without clear indications, with both 
strategies deemed by the authors equally accept-
able in patients without a prior stroke [45]. The 
statement that candidates for the PEGASUS-TIMI 
54 trial strategy might mostly benefit from uninter-
rupted DAPT after the recommended 12-month 
course of DAPT after MI [45] is indeed supported 
by the analysis of the trial results [21], showing 
the highest benefit of DATT with ticagrelor in 
patients continuing on or re-starting after only 
a brief interruption of P2Y12 inhibition. On the 
other hand, according to the subgroup analysis of 
the COMPASS trial, the clinical benefit in terms 
of primary outcome, despite a clear trend, was not 
significant in patients enrolled within 2 years of 
MI. Unquestionable superiority of treatment with 
low rivaroxaban dose in combination with ASA 
over ASA alone was seen in subjects over 5 years 
after MI [35].

The superiority of DATT with low-dose rivar-
oxaban over ASA alone in patients with CAD and 
PAD was pointed out by Ramacciotti et al. [46]. The 

18% mortality reduction with rivaroxaban added to 
ASA is a unique finding; however, it is difficult to 
accept the statement that this strategy simply rep-
resents a paradigm shift for all patients requiring 
secondary prevention, because the COMPASS trial 
population is very different from the PEGASUS- 
-TIMI 54 trial population (Table 7). 

According to González-Juanatey et al. [47], 
during the first year after ACS, DAPT should be 
recommended, but after 12 months the ischemic 
and bleeding risk should be re-evaluated and among 
patients with high-risk features, and switching 
from DAPT to the COMPASS regimen should be 
strongly considered. This interesting concept, 
however, before being taken under consideration, 
should first be assessed in a clinical trial, because 
cessation of DAPT is associated with an increased 
risk of thrombotic events [14, 20], and evidence 
regarding the efficacy and safety of switching from  
a P2Y12 receptor inhibitor to rivaroxaban is lacking.

Besides antithrombotic therapy in a setting of 
low bleeding risk, multifactorial interventions in-
cluding lipid-lowering treatment in high-risk CAD 
patients might be a promising option to significantly 
improve the prognosis [48].

In order to apply a proper strategy of treatment 
to a post-ACS patient remaining in sinus rhythm, 
several factors need to be considered (Fig. 2): 

 — risk of cardiovascular ischemic events;
 — risk of bleeding events;
 — current antiplatelet treatment;
 — time since last ACS;
 — time since DAPT termination;
 — type of implanted stent;
 — known hypersensitivity to treatment with 

rivaroxaban and ticagrelor, prasugrel, or clopi-
dogrel;

 — comorbidities: history of ischemic stroke, re-
cent coronary artery bypass grafting, risk of 
bradycardia, renal insufficiency with estimated 
glomerular filtration rate < 15 mL/min, heart 
failure with ejection fraction < 30% or NYHA 
class III or IV, PAD or other atherothrombotic 
multiple vascular bed involvement (AMVBI).
For patients who discontinued their DAPT 

before 12 months after ACS due to intolerance of 
P2Y12 receptor inhibitor or ASA, treatment with 
one antiplatelet agent or a switch to another an-
tithrombotic agent should be considered.

Regardless of the treatment strategy chosen, 
the basis of effectiveness is patient adherence to 
medication. Therefore, health education aimed at 
explaining the purpose of therapy should be ap-
plied [49–54].
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Thus, implementation of a multidisciplinary 
approach involving a proper selection of patients 
with high risk for thrombosis and low risk for bleed-
ing may help to achieve long-term anti-ischemic 
benefits with low bleeding risk. The latter approach 
should be based on the assessment of individual 
patient’s propensity for thrombosis and bleeding 
in conjunction with demographic and clinical vari-
ables. Finally, stratification of patients for continued 
DAPT with ASA and low dose of ticagrelor vs. 
switching to combination therapy with ASA plus 
very low dose of rivaroxaban and finding the correct 
timing for this transition still poses a challenge. 
There is urgent need for a study investigating this 
issue. Potential utility of biomarkers or assays for 
platelet function and thrombin pathway function 
assessment remains an unexplored area in the 
stratification of patients for long-term therapy [55]. 

Summary

The comparison of the PEGASUS-TIMI 54 
and COMPASS trial patient characteristics clearly 
shows that each of these treatment strategies 
should be addressed at different groups of patients. 
A greater benefit in post-ACS patients with a high 
risk of ischemic events and without high bleeding 
risk may be expected with ASA and ticagrelor 60 mg  
b.i.d. when the therapy is continued without in-
terruption or with short interruption only after 
ACS. On the other hand, ASA and rivaroxaban 
2.5 mg b.i.d. seems to be a better option when 

indications for DATT appear after a longer time 
from ACS (more than 2 years) and/or from cessa-
tion of DAPT (more than 1 year) and in patients 
with multiple vascular bed atherosclerosis. Thus, 
both options of DATTs complement each other 
rather than compete, as can be presumed from the 
recommendations. However, a direct comparison 
between these strategies should be probably tested 
in future clinical trials. 
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hypersensitivity for rivaroxaban

History of ischemic stroke; recent CABG; AMVBI;
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or/and ACS < 2 years
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Abstract
Background: The PSP (predilatation, sizing, post-dilatation)-technique was developed to improve 
the prognosis of patients after bioresorbable vascular scaffold (BVS) implantation. In acute coronary 
syndrome (ACS) the use of BVS is particularly demanding and carries some potential risk regarding 
aggressive lesion preparation, proper vessel sizing due to spasm and thrombus inside the artery. The 
aim herein, was to determine the long-term results of BVS stenting in ACS patients depending on the 
scaffold implantation technique.
Methods: The present study is a prospective, two-center study, which consisted of 182 patients who 
underwent percutaneous coronary intervention (PCI) with BVS (Absorb, Abbott Vascular, Santa 
Clara, California, USA) implantation for the ACS. All patients were divided into two groups. The 
first consisted of 52 patients treated with the PSP-technique (PSP group). The second group enrolled  
130 patients treated with a non-PSP procedure (non-PSP group). 
Results: The procedure was successful in all patients. The mean observation time was 28.8 ± 16.5 
months (median 28.3 months, interquartile range 24.0 [17.0–41.0] months). It was found that target 
vessel failure (TVF) was consistently reduced in patients using the PSP-technique as compared with 
the non-PSP group (5.8% vs. 17.7%, p = 0.03). Moreover, PSP-technique was superior to non-PSP-
-technique concerning major adverse cardiac events (MACE) (3.7% vs. 22.3%, p = 0.02). Logistic 
regression analysis revealed that the use of PSP technique significantly decreased the risk of target vessel 
revascularization (odds ratio [OR] 0.11, p = 0.01), TVF (OR 0.28, p = 0.03) and MACE (OR 0.29, 
p = 0.02).
Conclusions: The PSP-technique for BVS implantation improves long-term results and should also 
be recommended for newer generations of the bioresorbable scaffold. (Cardiol J 2020; 27, 6: 677–684)
Key words: acute coronary syndrome, acute myocardial infarction, STEMI, NSTEMI, 
angiography, coronary, bioresorbable devices/polymers

Introduction

Bioresorbable vascular scaffolds (BVSs) are 
a first-generation technology introduced to over-
come the limitations of metallic stents [1, 2]. 

Unfortunately, recent reports of randomized tri-
als revealed several negative results compared 
with drug eluting stents (DESs) [3–5], especially  
a higher rate of target-vessel myocardial infarction 
(MI) and scaffold thrombosis [6]. Thick struts of 
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BVS delay endothelialization, correlate with flow 
disturbance and, in consequence, increase the risk 
of scaffold thrombosis [7]. Different constructions 
and mechanical properties make the proper choice 
of scaffold diameter and its implantation crucial to 
the results of the procedure. The recent studies 
have focused on optimal pre-dilatation, sizing of 
the vessel and post-dilatation to improve treat-
ment results. Ortega-Paz et al. [8] presented the 
predictive value of PSP (predilatation, sizing, post-
dilatation) scores on clinical outcomes. It was an 
independent predictor of a 1-year device-oriented 
composite endpoint composed of cardiac death, 
target vessel MI, and clinically driven target lesion 
revascularization (TLR). However, the use of BVS 
and its implantation using PSP-technique in acute 
coronary syndrome (ACS), the most prothrombotic 
form of atherosclerosis, is demanding and carries 
some potential risk regarding aggressive lesion 
preparation, proper vessel sizing due to spasm 
and thrombus inside the artery. Moreover, BVS 
has raised concerns regarding over-expansion, 
disruption, and the effect of post-dilatation follow-
ing implantation [9, 10].

Evidence regarding optimal BVS implanta-
tion technique in ACS remains limited. These 
data would be useful in subsequent generations of 
bioresorbable scaffolds. The aim of the study is to 
determine results of BVS stenting in ACS depend-
ing on scaffold implantation technique.

Methods

Study design
In this prospective, two-center study, a total 

of 182 patients were consecutively selected who 
underwent percutaneous coronary intervention 
(PCI) with BVS (Absorb, Abbott Vascular, Santa 
Clara, California, USA) implantation for ACS be-
tween December 2012 and October 2015. Eligible 
patients were hemodynamically stable with left 
ventricular ejection fraction > 30% and had a life 
expectancy of at least 5 years. In angiography, they 
had at least one significant coronary artery steno-
sis, with no restrictions as to the number, severity 
or lesion location. Patients were divided into two 
groups, depending on implantation technique. The 
first consisted of 52 patients treated with the PSP-
technique (PSP group). The second group enrolled 
130 patients treated with a non-PSP procedure 
(non-PSP group). In this group, predilatation was 
performed in 120 (92.3%) and 17 (13.1%) in post-
dilatation patients, respectively.

Patients excluded from the study were with: 
cardiogenic shock, the life expectancy of less 
than 1 year. The use of metallic stents during 
the index procedure and the target vessel refer-
ence diameter were < 2.3 mm and > 3.7 mm by 
visual estimate. Detailed exclusion criteria are 
presented in Table 1.

Ethics approval was obtained from the Institu-
tional Review Committees in each institution. The 
study was performed following ethical standards 
laid down in the 1964 Declaration of Helsinki and 
its later amendments. 

Implantation technique
The PCI procedure was performed according 

to current PCI guidelines. PSP technique is the 
recommended optimal implantation method of 
ABSORB BVS. The definition was derived from the 
GHOST registry and included three steps: predila-
tation, proper vessel sizing, and post-dilatation. In 
PSP group, these implantation criteria were met 
in all patients. Predilatation was performed using 
non-compliant (NC) balloon 1:1 ratio with reference 
vessel diameter (RVD) to obtain optimal lesion 
preparation. The alternative balloons (scoring or 
cutting) were considered if NC balloon was not 
completely expanded. Proper scaffold sizing was 
based on angiography guidance and online quan-
titative coronary angiography (QCA) according to 
RVD. During implantation, the balloon was inflated 
slowly with 2 atmospheres every 5 s, maintaining 
the final pressure for 20 s in the scaffold. Post-
dilatation was carried out with an NC balloon > 1:1 
ratio with RVD up to 0.5 mm at ≥ 16 atmospheres 
to confirm the full expansion of the scaffold and 
optimize overlap zone. In non-PSP group pre- and 
post-dilatation were at the discretion of the op-
erator, however, were performed according to the 
principles of PSP technique.

Table 1. Exclusion criteria. 

Known intolerance to acetylsalicylic acid, heparin, 
Poly L-lactic acid, everolimus, contrast material

Active bleeding or coagulopathy or patients  
on chronic anticoagulation therapy

Poor compliance

Severe tortuous, calcified or angulated coronary 
anatomy of the study vessel

Fibrinolysis prior to percutaneous coronary  
intervention
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Peri- and post-procedural pharmacotherapy
Each patient naive to antiplatelet therapy, 

received a loading dose of 300 mg acetylsalicylic 
acid followed by the maintenance daily dose of  
75 mg and one of the following: clopidogrel 600 mg 
(n = 97; 53.3%), prasugrel 60 mg (n = 1; 0.5%), 
or ticagrelor 180 mg (n = 84; 46.2%) in loading 
doses before or immediately after PCI, followed 
by a maintenance dose of clopidogrel (75 mg o.d.), 
prasugrel (10 mg o.d.), or ticagrelor (90 mg twice 
daily) for a minimum of 12 months. The decision 
about the continuation of dual antiplatelet therapy 
(DAPT) after 12 months was made individually 
for the patient depending on risk of thrombosis. 
A bolus of unfractionated heparin, 100 U/kg was 
administered intravenously during the procedure. 
The remaining pharmacotherapy was applied ac-
cording to contemporary guidelines.

Data collection
All data were collected in an electronic da-

tabase. Clinical follow-up was obtained 30 days, 
6 months, 1 year and every following year after 
the procedure by direct contact with patients or 
telephone interview, and additionally a review of 
medical reports if the patient had been hospitalized.

Patients were monitored the for the following 
endpoints: death, MI, scaffold thrombosis, TLR, 
target vessel revascularization (TVR) and target 
vessel failure (TVF), defined as cardiac death, 
target vessel MI, and TVR. Additionally, cumula-
tive major adverse cardiac events (MACE) rate, 
composed of cardiac death, non-fatal infarction or 
reintervention were analyzed.

Definitions
ST-segment elevation myocardial infarction 

(STEMI) was defined as an electrocardiographic ST-
segment elevation concomitant with characteristic 
symptoms of myocardial ischemia and subsequent 
release of biomarkers of myocardial necrosis [11]. 
New or presumed new left bundle branch block 
has been considered a STEMI equivalent. Non-ST-
segment elevation myocardial infarction (NSTEMI) 
definition involved the presence of angina chest pain 
with a marked elevation of myocardial necrosis bio-
markers and no evidence of ST-segment elevation 
in the electrocardiogram (ECG). Unstable angina 
was diagnosed in patients with symptoms of myo-
cardial ischemia and no troponin elevation, with or 
without ECG changes indicative of ischemia (e.g., 
ST-segment depression or transient elevation or 
new T wave inversion) [12]. Death was defined as 
all-cause mortality during the follow-up. Scaffold 

thrombosis was determined according to the Aca-
demic Research Consortium definition [13, 14]. TLR 
was set as a target segment reintervention including 
5 mm proximal and distal to the scaffold.

Revascularization was indicated if symptoms 
of myocardial ischemia occurred, and positive 
stress test, electrocardiographic evidence of is-
chemia at rest, and/or > 70% diameter in-lesion 
stenosis on angiography were observed. A proce-
dure was angiographically successful with residual 
diameter stenosis of less than 30% after scaffold 
implantation in combination with Thrombolysis 
in Myocardial Infarction (TIMI) III coronary flow. 
Procedure success was defined as angiographic 
success in the absence of in-hospital MACE.

Results

The baseline characteristics of the study groups 
are presented in Table 2. According to these data, 
clinical presentation and prevalence of cardiovas-
cular risk factors did not differ between groups (for 
all, p > 0.05). In both, middle aged men with hyper-
tension predominated. About one-third of patients 
suffered from diabetes mellitus. It was noticed that 
previous MI was significantly more often in the 
non-PSP group. In turn, the PSP group had  more 
complex lesions, such as higher rate of left main 

Table 2. Baseline clinical characteristics.

Characteristics PSP- 
-technique

Non-PSP- 
-technique

N 52 130

Male 34 (65.4%) 94 (72.3%)

Age [years] 60 ± 11 58 ± 11

STEMI 7 (13.5%) 22 (16.9%)

NSTEMI 11 (21.2%) 37 (28.5%)

Unstable angina 24 (46.2%) 24 (53.8%)

Cardiovascular risk factors:

Hypertension 34 (65.4%) 114 (87.7%)

Diabetes mellitus 9 (17.3%) 32 (24.6%)

IDDM 4 (7.7%) 12 (9.2%)

Cardiovascular history:

Prior MI 14 (26.9%) 24 (18.5%)*

Prior CABG 2 (3.8%) 7 (5.4%)

Prior PCI 13 (25.0%) 35 (26.9%)

Chronic kidney disease 4 (7.7%) 12 (9.2%)

*p < 0.05, Mann-Whitney test or t-student test, as appropriate; 
CABG — coronary artery bypass grafting; IDDM - insulin-depend-
ent diabetes mellitus; MI — myocardial infarction; NSTEMI — non-
-ST-segment elevation myocardial infarction; PCI — percutaneous 
coronary intervention; STEMI — ST-segment elevation myocardial 
infarction
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disease, target bifurcation lesion, and significant 
calcification. There was a significantly higher rate of 
lesions of type B2/C in the non-PSP group (Table 3).

Total length of the implanted scaffold was sig-
nificantly higher in the PSP group compared with 
the non-PSP group (26.8 ± 12.5 mm vs. 22.5 ± 10.3 
mm, p = 0.02). Quantitative coronary analysis dem-
onstrated a significant more upper reference ves-
sel diameter and lower post-procedural diameter 
stenosis in patients treated with PSP technique.

Procedural success was obtained in all pa-
tients. In 3 cases coronary dissection occurred 
and was successfully covered with an additional 
scaffold. No peri-procedural MACE were reported. 
Detailed angiographic characteristics are presented 
in Table 3.

Complete follow-up was available in 88.5% 
after 12 months, 83.5% after 24 months, and 63.2% 
after 36 months. The mean observation time was 
28.8 ± 16.5 months (median 28.3 months, inter-

Table 3. Baseline angiography characteristics.

Characteristics PSP-technique Non-PSP-technique

Multivessel disease 16 (30.8%) 71 (55.0%)

Target vessel location:

LM 4 (7.7%) 0 (0.0%)*

LAD 26 (50.0%) 62 (47.7%)

RCA 10 (19.2%) 30 (23.1%)

LCX 8 (15.4%) 22 (16.9%)

Other 4 (7.7%) 16 (12.3%)

Lesion type B2/C 32 (61.5%) 128 (98.5%)*

Calcification 5 (9.6%) 1 (0.8%)*

Bifurcation lesion 14 (26.9%) 14 (10.8%)*

Thrombus 3 (5.8%) 5 (3.8%)

RVD [mm] 3.1 ± 0.4 2.91 ± 0.4

MLD [mm] 0.4 ± 0.2 0.31 ± 0.2

Diameter stenosis [%] 87.3 ± 8.2 88.01 ± 6.7

Quantitative coronary analysis 34 (65.4%) 9 (6.8%)

Visual estimate 18 (34.6%) 121 (93.2%)

Total number of scaffolds 61 149

Mean scaffolds per lesion 1.17 1.15

Mean scaffold length per lesion 27.2 ± 10.7 22.5 ± 11.1

Mean scaffold diameter per lesion 3.0 ± 0.4 3.0 ± 0.4

Radial approach 50 (96.1%) 125 (96.1%)

Pre-dilatation 52 (100%) 120 (92.3%)

Mean pre-dilatation balloon diameter [mm] 2.9 ± 0.5 2.7 ± 0.5

Maximum pre-dilatation pressure [atm] 13.1 ± 2.3 13.5 ± 1.2

Post-dilatation 52 (100%) 2 (0.5%)*

Mean post-dilatation balloon diameter [mm] 3.1 ± 0.8 3.5 ± 0.0

Max post-dilatation pressure [atm] 17.8 ± 2.4 16.0 ± 2.3

Complications occurring any time during the procedure:

MACE 0 (0.0%) 0 (0.0%)

Dissection 2 (1.5%) 1 (1.9%)

Distal embolism 0 (0.0%) 0 (0.0%)

No-reflow 0 (0.0%) 0 (0.0%)

Angiographic success 52 (100%) 130 (100%)

Procedure success 52 (100%) 130 (100%)

*p < 0.05, Mann-Whitney test or t-student test, as appropriate; LAD — left artery descending; LCx — left circumflex artery; LM — left main; 
MACE — major adverse cardiac events; MLD — minimal lumen diameter; RCA — right coronary artery; RVD — reference vessel diameter
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quartile range 24.0 [17.0–41.0] months). The rate 
of all-cause death and cardiac death was similar 
in both groups. There was a trend to a higher in-
cidence of MI and TLR in the non-PSP-technique 
group, however, it was not statistically significant. 
Scaffold thrombosis occurred only in 1 patient 
during hospitalization (definite sub-acute throm-
bosis). No further scaffold thrombosis occurred 
at follow-up. TVF was consistently reduced in 
patients using the PSP technique as compared 
with non-PSP-technique group (5.8% vs. 17.7%,  
p = 0.03). Moreover, PSP-technique was superior 
to non-PSP-technique concerning MACE (3.7% vs. 
22.3%, p = 0.02) (Table 4).

The logistic regression analysis revealed that 
use of the PSP technique significantly decreased 
the risk of TVR (odds ratio [OR] = 0.11, p = 0.01), 
TVF (OR = 0.28, p = 0.03) and MACE (OR = 0.29,  
p = 0.02).

Discussion

In this study, it was found that pre-dilatation, 
proper sizing, and post-dilatation, cold PSP-tech-
nique, improve long-term clinical results of bio-
resorbable absorb scaffolds in patients with ACS. 
PSP-technique reduces the risk of TVR, TVF, and 
MACEs by almost 8-fold.

Recently, preliminary results for BVS are 
not very encouraging. The main concerns regard 
thrombosis and restoration of vessel functionality 
at long-term follow-up. Data from the randomized 
ABSORB Japan (2 years), ABSORB III (2 years), 
ABSORB II (3 years), and AIDA (2-year mean 

follow-up) trials demonstrated a higher rate of 
very late scaffold thrombosis with BVS compared 
to CoCr-EES [3, 4, 15]. Increased strut thickness 
delays endothelialization and correlates with flow 
disturbance, increased risk of strut fracture and 
disruption because of overexpansion [16]. Addition-
ally, BVSs are not as stretchable as metallic stents 
and cannot be expanded beyond specified limits. 
Due to these specific properties, implantation of 
BVS should be performed particularly carefully. 
PSP technique (precise pre-dilatation and vessel 
sizing before BVS implantation and post-dilation 
following implantation) was associated with lower 
risk of thrombotic events in context with a non-
PSP technique [17]. Predilatation and proper ves-
sel sizing increases the rate of successful device 
delivery and correct expansion. The data showed 
that a correct size of the vessel is the most criti-
cal determinant of event-free rate during the year 
subsequent to implantation [18, 19]. The MICAT 
authors suggested that very-late events could also 
be associated with a suboptimal sizing of the ves-
sel [20]. In turn, an optimal post-dilation prevents 
adverse events by maximizing scaffold dimensions, 
embed struts into plaque, avoid acute malapposi-
tion, and reduce shear stress [19].

The PSP technique has been investigated 
for ABSORB BVS technology [21]. Firstly, it was 
considered as the five golden “P”s: prepare the 
lesion, properly size, pay attention to expansion 
limits, post-dilate with non-compliant balloon as 
well as pay attention to DAPT [22]. This concept 
was supported by a group of European experts in 
a consensus document regarding optimal implanta-
tion technique [16] and by results from  the MICAT 
registry (The Coronary Slow-flow and Microvascu-
lar Diseases Registry) [20]. In this study, optimal 
implantation technique significantly reduced the 
rate of scaffold thrombosis. The post-hoc analysis 
of the GHOST-EU registry showed a reduction 
of device-oriented composite endpoint at 1-year 
follow-up when all three steps of the PSP technique 
were performed correctly [18].

Moreover, a pooled analysis of the ABSORB 
trials (ABSORB II, III, CHINA, JAPAN, and EX-
TEND) revealed that an optimal PSP-technique 
was strongly associated with clinical outcomes 
during long-term follow-up [19]. The rationale 
for the use of BVS in the setting of the ACS are 
data suggesting that implantation of a temporary 
scaffold is associated with stabilization of athero-
sclerotic plaque without a permanent metallic cage. 
According to recent data, the safety and clinical 
outcomes of BVS in ACS patients are comparable 

Table 4. Results.

Characteristics PSP- 
-technique

Non-PSP- 
-technique

All cause death 3 (5.8%) 4 (3.1%)

Cardiac death 2 (3.8%) 2 (1.5%)

Any MI 1 (1.9%) 10 (7.7%)

Target vessel MI 1 (1.9%) 6 (4.6%)

Scaffold thrombosis 0 (0%) 1 (0.8%)

Target lesion  
revascularization

0 (0%) 7 (5.4%)

Target vessel  
revascularization

1 (1.9%) 19 (14.6%)*

Target vessel failure 3 (5.8%) 23 (17.7%)*

MACE 4 (3.7%) 29 (22.3%)*

*p < 0.05, Mann-Whitney test, as appropriate; MACE — major  
adverse cardiac events; MI — myocardial infarction
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to that of modern DESs [23]. From a retrospective 
study, it is also known that scaffold thrombosis can 
be reduced, when appropriate BVS size, pre- and 
post-dilatation were employed [24]. In the present 
study, the rate of scaffold thrombosis was not negli-
gible and occurred in only 1 patient in the non-PSP 
group who did not have post-dilatation.

Although aggressive lesion preparation im-
proves the rate of successful device delivery, pre-
dilatation potentially increases the risk of plaque 
disruption, thrombus mobilization, and distal embo-
lism [25]. Usually, it is recommended to use semi- 
or non-compliant balloons with a diameter 0.5 mm 
smaller or equal to the size of the planned device 
and characteristics [24]. In the present study, all 
lesions were pre-dilated in PSP group and 92.3% 
lesions in non-PSP groups without complications. 
In all these cases, manual thrombus aspiration was 
applied before pre-dilatation. The overall proce-
dural success rate was 100%, including all cases 
with evident thrombus.

Due to the limited expansion and BVS sizes 
available, vessel sizing is crucial in performing 
accurate scaffold implantation, especially in 
patients with ACS. In this group, proper vessel 
sizing can be limited due to spasm and throm-
bus inside the artery [26, 27]. Scaffold diameter 
should be selected according to the reference 
vessel diameter. The gold standard of correct 
RVD estimation after proper pre-dilation, and 
excluded under expansion or malapposition is 
intravascular imaging [21]. Tanaka et al. [28] 
reported that patients treated with intravascular 
imaging guidance, post-dilation balloon/scaffold 
ratio was higher and final residual percentage 
stenosis was lower compared with those treated 
with an angio-guided approach. However, despite 
the angio- and QCA guided PSP technique has 
several limitations, such as limited information 
of the atherosclerotic plaque composition, lim-
ited visibility of the scaffold in the angiography, 
difficulties in the estimation of RVD, and un-
certainty of possible scaffold under expansion 
or malapposition, these techniques are used 
in the 3 steps of implantation in most patients. 
This results from the still limited availability of 
optical coherence tomography and intravascular 
ultrasound due to high cost. In the current study 
the QCA guided approach dominated in the PSP 
group (65.4%), and angiography-guided approach 
in non-PSP group (93.2%).

According to the recommended PSP tech-
nique, all scaffolds should be post-dilated with NC 
balloon. However, ACS patients have a potentially 

increased risk of over-expansion, disruption, and 
the effect of post-dilatation following its implanta-
tion [9, 10]. The ASSURE Registry (21.3% unstable 
angina) showed that a slight systematic oversizing 
of BVS, followed by high pressure post-dilatation, is 
safe and effective [29]. In turn, short-term results 
of the RAI registry (1,505 patients, 59% ACS) 
confirmed that high post-dilation rate (96.8%) 
might mitigate BVS-related events [30]. In a pooled 
analysis of the BVS Expand and BVS STEMI reg-
istries (351 patients, 72.6% ACS), post-dilation in 
ACS group was only 41.3% [31].

A comparison of BVS vs. everolimus eluting 
stent (EES) in STEMI patients with a high rate of 
post-dilation showed favorable mid-term results 
[32]. In the BVS STEMI first propensity score 
matching comparisons between 151 BVS patients 
and 151 EES patients, the MACE rate was higher in 
the BVS group (9.8% vs. 3.6%, p = 0.02, and TLR 
was 5.7% vs. 1.3%, p = 0.05) [33]. Interestingly, 
the 30-day MACE rate in BVS patients without 
post-dilatation was 6.8% and 3.6% in patients with 
post-dilatation. Of note, all BVS cases with acute 
scaffold thrombosis had no post-dilatation at the 
index procedure suggesting that optimization of the 
implantation technique is of paramount importance 
even in the acute setting. Imori et al. [17] also 
confirmed the importance of BVS post-dilation in 
the ACS setting. At 24 month follow-up, a higher 
rate of MACE was observed in BVS compared 
to EES in consecutive ACS patients before and 
after propensity score matching. However, after 
sensitivity analysis, MACE rates in BRS patients 
with post-dilation were significantly lower than in 
those without post-dilation and were comparable to 
EES patients (6.0% vs. 12.6% vs. 4.7%, p < 0.001). 
scaffold thrombosis rates were only slightly lower 
in the BVS group with post-dilatation, but were 
higher in both BVS groups than in EES patients 
(2.0% vs. 2.6% vs. 1.2%, p = 0.09).

Contrarily to the ABSORB III 2-year results, 
the investigators did not find any relation between 
clinical outcomes with either the implantation 
technique (74% BVS post-dilation rate) or the 
diameter of the treated vessels or the presenting 
symptoms. However, among the patients in the 
scaffold group who had definite or probable device 
thrombosis, 19% had a residual diameter stenosis 
of 30% or greater; among the patients who did not 
have device thrombosis, 9% had a residual percent 
diameter stenosis of 30% or greater (p = 0.05) 
highlighting the importance to obtain maximal 
BVS expansion at the end of the procedure. In the 
present study, post-dilatation was applied in all 
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patients in the PSP group without complications 
and only in 2 (1.5%) patients in the non-PSP group.

Conclusions

The implantation of BVSs according to the 
PSP-technique reduced rates of TVR, TVF, as 
well as MACE, compared with non-PSP-technique 
implantation during long-term observation. The 
PSP-technique for BVS implantation improves 
long-term results and should also be recommended 
for newer generations of bioresorbable scaffold.
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Abstract
Background: Patients with myocardial bridging (MB) are associated with adverse cardiovascular 
events, but a decision to perform surgical intervention, especially for patients with systolic intermedi-
ate stenosis, is a difficult clinical issue. Fractional flow reserve (FFR) represents a novel method for 
the functional evaluation of coronary stenosis, but the relationship between FFR and MB remains 
controversial because of the cyclic dynamic stenosis of MB. Quantitative flow ratio (QFR) is a novel 
index allowing fast assessment of FFR from a diagnostic coronary angiography. This study aimed to 
investigate the relationship between QFR and MB patients and to further develop a prediction model of 
QFR-guided surgical intervention for these patients.
Methods: Forty-five symptomatic lone MB patients who had undergone coronary angiography were 
consecutively enrolled in this study. MB was located in the middle of left anterior descending artery with 
intermediate stenosis during systole. The patients were retrospectively divided into a medical therapy 
group or a surgical therapy group. Systolic geometry based QFR (SG-QFR) and diastolic geometry based 
QFR (DG-QFR) were calculated based on three-dimensional quantitative coronary angiography and 
patient-specific flow velocity. Subsequently, time-averaged QFR (TA-QFR) is defined as the average of 
SG-QFR and DG-QFR. 
Results: Receiver operating characteristic curve analysis revealed that TA-QFR (AUC = 0.91; 95% CI: 
0.79–0.98) was found to be the best pre-operative index for surgical intervention to MB, when compared 
with DG-QFR (AUC = 0.69; 95% CI: 0.53–0.82; difference: 0.22; 95% CI: 0.04–0.41; p = 0.02) and 
SG-QFR (AUC = 0.87; 95% CI: 0.74–0.95; difference: 0.04; 95% CI: 0.00–0.08; p = 0.03). 
Conclusions: TA-QFR improved the performance of functional evaluation in MB patients with in-
termediate stenosis during systole and is useful for guiding surgical intervention. (Cardiol J 2020; 27, 
6: 685–692)
Key words: quantitative flow ratio, surgical intervention, myocardial bridging

Introduction 

Myocardial bridging (MB) is a band of myocar-
dial tissue, under which a segment of the coronary 

artery running in the epicardial tissue. The charac-
teristic angiographic appearance of MB shows sys-
tolic narrowing of the artery with relatively normal 
vessel diameter during diastole. MB has once been 
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considered as a benign condition. However, recent 
studies have suggested that MB was associated 
with myocardial ischemia, atrioventricular block, 
arrhythmias, and even sudden cardiac death [1–3]. 
Therefore, an effective assessment model is desir-
able for clinical decision making in patients with 
MB, especially when coupled with intermediate 
stenosis during systole. 

The concept of the fractional flow reserve 
(FFR) was developed by Pijls in 1995 [4]. The 
measurement of FFR is increasingly used to evalu-
ate the functional significance of coronary stenosis 
and it was demonstrated to be a good performance 
[5]. However, because of potential limitations of 
conventional FFR, like time-consuming, high ex-
pense, and other factors, utilization of FFR world-
wide make it a poor choice, in general, with a few 
exceptions [6]. Quantitative flow ratio (QFR) is  
a novel index allowing a quick assessment of FFR 
from a diagnostic coronary angiography, which has 
the potential to resolve the limitations of FFR, as 
mentioned above [7–9]. Due to the cyclical, dy-
namic nature of stenosis in MB patients (dynamic 
compression of the coronary artery extending 
from the systole into the diastole), using the 
conventional QFR computation is not adequate 
in evaluating MB [10]. On the other hand, QFR 
can be computed from specific stenotic geometry 
during cardiac cycle. The objective of this study 
was to demonstrate that a combination of QFR 
computations at different cardiac phases could 
be used to predict patients with MB who require 
surgical intervention. 

Methods

Study design
This was a retrospective and observational 

study. Symptomatic lone MB patients who had un-
dergone coronary angiography were included. All 
patients were given optimal doses of beta-blockers 
(BB) and calcium channel blockers (CCB). During 
follow-up, if medical therapy was not adequate to 
relieve symptoms of patients with MB, then coro-
nary artery bypass grafting or surgical myotomy 
was performed. The other patients were continued 
on medical therapy. So, the patients were divided 
into two groups: the medical therapy group or the 
surgical therapy group. An overview of the study 
design is demonstrated in Figure 1. It was hypoth-
esized that a combination of QFR computations 
at different cardiac phases can be used to predict 

patients with MB who require surgical interven-
tion. The study protocol was approved by the ethics 
committee of the documented hospital.

Study population 
A total of 45 symptomatic lone MB patients who 

underwent invasive coronary angiography at Ruijin 
Hospital, Shanghai Jiao Tong University School  
of Medicine, Shanghai, China, from September 
2016 to January 2019, were consecutively enrolled  
in this study. Inclusion criteria were: 1) age > 18 years;  
2) all patients were diagnosed with MB in a cathe-
terization laboratory. The characteristic angiographic 
appearance of MB includes systolic narrowing or 
the so called “milking effect” of the artery with  
a relatively normal vessel diameter during the dias-
tolic period; 3) MB patients who were identified as 
having systolic stenosis in mid-left anterior descend-
ing coronary artery segment; 4) the MB in all patients 
had intermediate stenosis during systole (defined by 
a percent diameter stenosis 50% to 90% during sys-
tole by visual estimation); 5) all patients were given 
optimal doses of BB and CCB with the objective of  
relieving symptoms and signs of myocardial ischemia; 
6) two angiographic projections > 25° apart were  
recorded by flat-panel X-ray systems; 7) nitroglyc-
erine was given prior to the angiographic acquisi- 
tions. Exclusion criteria were: 1) overlap or fore-
shortening (> 90%) between nearby vessels in 
invasive coronary angiography (ICA) images; 2) poor 
ICA image quality.

Patients who had symptomatic lone MB 
and undergone coronary angiography

Optimal doses of medication

Symptom relieve

Medical therapy group Surgery therapy group

Comparison of DG-QFR, SG-OFR and TA-QFR

Fo
llo

w
-u

p Yes No

Figure 1. Overview of the study design; MB — myo-
cardial bridging; SG-QFR — systolic geometry based 
quantitative flow ratio; DG-QFR — diastolic geometry 
based quantitative flow ratio; TA-QFR — time-averaged 
quantitative flow ratio.
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Invasive coronary angiography image  
acquisition, geometrical reconstruction  
and QFR computation 

Angiographic images were recorded at 15 
frames/s by monoplane X-ray systems (Innova 
2100, GE). ICA images were analyzed by an ex-
perienced analyst who had been trained in three-
dimensional quantitative coronary angiography 
(3D QCA) and QFR. Angiographic projections with 
minimal overlap and foreshortening were selected, 
then 3D geometrical reconstruction was performed 
and QFR was computed, using a prototype software 
package (QAngio XA 3D prototype, Medis special 
bv, Leiden, the Netherlands) [8]. Angiographic 
views at end-systolic and end-diastolic phases 
were selected and the interrogated vessel was re-
constructed at both end-systolic and end-diastolic 
phases. Subsequently, the systolic geometry based 
QFR (SG-QFR) and diastolic geometry based QFR 
(DG-QFR) were derived using patient-specific flow 
velocity and a recently developed QFR computa-
tional algorithm [8, 11]. Vessel QFR at the most 
distal position of the reconstructed vessel was 
used. The time-averaged QFR (TA-QFR) is defined 
as the average of SG-QFR and DG-QFR.

Statistical analysis
Normally distributed continuous variables are 

expressed as mean ± standard deviation or as me-
dian if abnormally distributed, whereas categorical 
variables are expressed as percentages. Clinical 
characteristics data were collected per-patient and 
remaining calculations were on a per-vessel basis. 
The performance of TA-QFR, SG-QFR and DG- 
-QFR in predicting lesions was assessed by using 
accuracy, sensitivity, specificity, positive predic-
tive value (PPV), negative predictive value (NPV) 
together with their 95% confidence intervals (CIs), 
then by making a comparison between prognostic 
performance of TA-QFR, SG-QFR and DG-QFR. 
Receiver-operating characteristic (ROC) curves 
were generated and the area under the curve 
(AUC) was calculated. The Youden index was used 
as a criterion to identify the optimal cutoff value 
for TA-QFR, SG-QFR and DG-QFR in predicting 
surgical intervention. Paired comparisons in ROC 
curves were performed by the DeLong method 
using MedCalc (version 13.0, MedCalc Software 
BVBA, Ostend, Belgium). Comparisons between 
the two groups were performed using the Student 
t-test with IBM SPSS (version 19.0, Armonk, New 
York). p < 0.05 was considered to be statistically 
significant. 

Results

Patient baseline clinical  
and stenosis characteristics

A total of 45 symptomatic MB patients with 
intermediate stenosis during systole were con-
secutively included. Twenty (44.4%) patients 
remained symptomatic despite optimal doses of 
BB or CCB. No major cardiac events were ob-
served and all patients were asymptomatic during 
follow-up in both groups. Patient baseline clinical 
characteristics are listed in Table 1. There were 
no statistically significant differences between the 
two groups regarding patient clinical characteris-
tics. Stenosis characteristics are listed in Table 2. 
At the end-diastolic phase, interrogated vessels 
had an average percent diameter stenosis (DS%), 
minimum lumen diameter (MLD), reference ves-
sel diameter and minimum lumen area (MLA) of 
26.1 ± 6.7% vs. 33.2 ± 11.5% (p = 0.02), 1.57 ± 
± 0.29 mm vs. 1.55 ± 0.29 mm (p = 0.80), 2.20 ±  
± 0.40 mm vs. 2.36 ± 0.27 mm (p = 0.12), 2.07 ± 
± 0.81 mm2 vs. 2.22 ± 0.79 mm2 (p = 0.52) for the 
medical therapy group compared with the surgical 
therapy group whereas at the end-systolic phase, 
the same vessels interrogated had an average DS%, 
MLD, reference vessel diameter and MLA of 41.4 ±  
± 9.1% vs. 57.3 ± 9.5% (p = 0.00), 1.29 ± 0.30 mm  
vs. 1.02 ± 0.19 mm (p = 0.00), 2.20 ± 0.40 mm  
vs. 2.41 ± 0.29 mm (p = 0.05), 1.52 ± 0.61 mm2 
vs. 1.13 ± 0.40 mm2 (p = 0.02) during systole 
between two groups, respectively. Representative 
examples of X-ray angiography, 3D angiographic 
reconstruction and computation of QFR are shown 
in Figures 2 and 3.

Computation of QFR
The computed QFR values are listed in Table 3.  

DG-QFR between the two groups was 0.96 ± 0.02 
vs. 0.93 ± 0.06 (p = 0.03) and SG-QFR between 
the two groups was 0.89 ± 0.07 vs. 0.74 ± 0.10 
(p = 0.00). TA-QFR between the two groups was 
0.92 ± 0.03 vs. 0.83 ± 0.06 (p = 0.00).

Accuracy of TA-QFR  
for diagnostic performance

TA-QFR had a greater area under the curve 
(AUC = 0.91; 95% CI 0.79–0.98), when compared 
with DG-QFR (AUC = 0.69; 95% CI 0.53–0.82]; 
difference: 0.22; 95% CI 0.04–0.41; p = 0.02) and 
SG-QFR (AUC = 0.87; 95% CI 0.74–0.95; differ-
ence: 0.04; 95% CI 0.00–0.08; p = 0.03) (Fig. 4). 
From the ROC curve, the best cutoff value for 
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TA-QFR in predicting patients requiring surgical 
therapy was found at 0.88. This resulted in a bet-
ter diagnostic performance, with an accuracy of 
89%, sensitivity of 85%, specificity of 92%, PPV 
of 90%, and NPV of 89%. Applying a cutoff value 
of 0.88 to TA-QFR resulted in 23 true positives, 17 
true negatives, 2 false positives, and 3 false nega-
tives. The diagnostic performance of TA-QFR vs.  
DG-QFR, and SG-QFR was listed in Table 4.

Discussion

The main findings of the present study are:  
1) TA-QFR is a novel index to assess patients with 
MB; 2) TA-QFR has a higher value in predicting 
MB patients who require surgical intervention, 

when compared with DG-QFR and SG-QFR;  
3) The optimal cut-off value of TA-QFR in predict-
ing MB patients who require surgical intervention 
was 0.88, with an overall accuracy of 89%, sensi-
tivity of 85%, specificity of 92%, PPV of 90%, and 
NPV of 89%, respectively.

Myocardial bridging is a congenital coronary 
anomaly, and the incidence of MB is highest in 
the left anterior descending coronary artery [12]. 
MB appears as systolic compression by invasive 
coronary with relatively normal vessel diameter 
during diastole. It has been acknowledged that MB 
can influence dynamic nature of coronary arteries. 
Furthermore, some studies showed that myocardial 
vessel compression existed not only in systole but 
was also persistent during diastole [13]. In some 

Table 1.  Patient baseline clinical characteristics (n = 45).

Risk factors Medical therapy group  
(n = 25)

Surgical therapy group  
(n = 20)

P

Age [years] 59.16 ± 9.67 55.80 ± 7.61 0.21

Female, sex 14 (25%) 6 (20%) 0.08

Body mass index [kg/m2] 23.35 ± 3.70 24.59 ± 2.87 0.22

History of blood pressure 5 (24%) 3 (21%) 0.86

Diabetes 3 (24%) 5 (21%) 0.55

Hypercholesteremia 3 (24%) 3 (21%) 1.00

Smoking 7 (24%) 5 (21%) 0.69

EuroSCORE 0.64 ± 0.12 0.62 ± 0.16 0.58

Percent of medical therapy:

Beta-blocker 18 (25%) 14 (20%) 0.88

Dose/day [mg] 36.94 ± 12.14 33.93 ± 12.20 0.49

CCB 7 (25%) 6 (20%) 0.88

Dose/day [mg] 62.50 ± 22.57 67.50 ± 23.35 0.55

Time (follow-up) [months] 22.76 ± 10.30 23.15 ± 8.53 0.89

Variables are in number (%), mean ± standard deviation; CCB — calcium channel blocker

Table 2. Baseline lesion characteristics (n = 45).

Baseline lesion characteristics Diastole Systole

Medical  
therapy  
group

Surgical 
therapy 
group

P Medical  
therapy  
group

Surgical 
therapy 
group

P

Percent diameter stenosis 26.1 ± 6.7 33.2 ± 11.5 0.02 41.4 ± 9.1 57.3 ± 9.5 0.00

Minimum lumen diameter [mm] 1.57 ± 0.29 1.55 ± 0.29 0.80 1.29 ± 0.30 1.02 ± 0.19 0.00

Reference vessel diameter [mm] 2.20 ± 0.40 2.36 ± 0.27 0.12 2.20 ± 0.40 2.41 ± 0.29 0.06

Minimum lumen area [mm2] 2.07 ± 0.81 2.22 ± 0.79 0.52 1.52 ± 0.61 1.13 ± 0.40 0.02

Variables are mean ± standard deviation. Anatomical parameters were quantified by three-dimensional quantitative coronary.
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studies, and case reports, it was associated with 
cardiac ischemia, angina, arrhythmias, or even 
sudden death [14, 15]. However, the optimal ap-

proach to assess MB by coronary angiography as 
well as by FFR remains unclear, due to the cyclic 
dynamic stenosis of MB [16]. Therefore, MB of-

Figure 3. Three-dimensional angiographic reconstruction and computation of quantitative flow ratio (QFR) in the 
medical therapy group; A1a, A1b. X-ray angiographic projectionsat end-diastolic phase; B1a, B1b. X-ray angiographic 
projectionsat end-systolic phase; A2. Diastolic geometry reconstructed from panel 1a and panel 1b; B2. Systolic geo-
metry reconstructed from panel B1a and panel B1b; A3. DG-QFR computed from the diastolic geometry; B3. SG-QFR 
computed from the systolic geometry. 

Figure 2. Three-dimensional angiographic reconstruction and computation of quantitative flow ratio (QFR) in the sur-
gical therapy group; A1a, A1b. X-ray angiographic projectionsat end-diastolic phase; B1a, B1b. X-ray angiographic 
projectionsat end-systolic phase; A2. Diastolic geometry reconstructed from panel 1a and panel 1b; B2. Systolic  
geometry reconstructed from panel B1a and panel B1b; A3. DG-QFR computed from the diastolic geometry;  
B3. SG-QFR computed from the systolic geometry. 
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ten causes clinical dilemmas, which widely raise 
concerns [17].

Fractional flow reserve has been recommend-
ed as class IA evidence for identifying hemodynam-
ically significant coronary lesions when evidence 
of myocardial ischemia is unavailable according 
to the European Society of Cardiology guidelines 
and is increasingly applied in clinical settings for 
the time being [18, 19]. However, the adoption of 
conventional FFR is limited due to aforementioned 
practical drawbacks. QFR emerges as a novel, fast, 

non-invasive method for the assessment of FFR, 
which based on patient-specific flow velocity and 
a coronary geometric model, shows good correla-
tion and agreement with pressure-derived FFR, 
with a diagnostic accuracy of 86% (95% CI 78% 
to 93%) [8, 20].

Fractional flow reserve assessment of MB has 
caused longstanding concerns. It has been reported 
that diagnostic functional severity of MB was 
facilitated after inotropic stimulation, which can 
increase vessel compression in MB [21]. Escaned 
demonstrated that a combination of diastolic FFR 
with dobutamine being chosen as an inotropic 
challenge among patients with MB, improved the 
assessment of myocardial ischemia. However, 
the significance of dobutamine testing for clinical 
decision-making remained unclear and the acquisi-
tion of diastolic FFR was a sophisticated procedure 
with measuring errors [10, 22]. Moreover, limited 
application of conventional FFR was found among 
patients with MB, as time-consuming, side effects 
associated with vasodilator administration, higher 
expense, etc. Conventional FFR is inadequate for 
MB assessment since cyclic dynamic stenosis dur-
ing cardiac cycle, results in an underestimation of 
functional stenosis severity of MB [10, 23]. There-
fore, a reasonable FFR-guided assessment model 
is demanded for guiding therapeutic strategies of 
patients with symptomatic lone MB.

In the present study, SG-QFR, DG-QFR was 
calculated for each patient and geometric models 
were reconstructed at the end-systolic phase and 
at the end-diastolic phase, respectively. As the ex-
istence of cyclic dynamic stenosis, that is, systolic 
compression and diastolic are relatively normal, 
hemodynamic significance might be overestimated 
or underestimated in the systolic phase or dias-

Table 3. Quantitative flow ratio (QFR) between 
the two groups (n = 45). 

QFR Medical  
therapy  
group

Surgical  
therapy  
group

P

DG-QFR 0.96 ± 0.02 0.93 ± 0.06 0.03

SG-QFR 0.89 ± 0.07 0.74 ± 0.10 0.00

TA-QFR 0.92 ± 0.03 0.83 ± 0.06 0.00

Variables are mean ± standard deviation. SG-QFR — systolic  
geometry based QFR; DG-QFR — diastolic geometry based QFR;  
TA-QFR — time-averaged QFR

Table 4. Diagnostic performance of quantitative 
flow ratio (QFR) and three-dimensional quantita-
tive coronary angiography anatomical indices.

TA-QFR  
£ 0.88

DG-QFR  
£ 0.93

SG-QFR  
£ 0.78

Accuracy 89 (80–98) 71 (58–84) 84 (73–96)

Sensitivity 85 (62–97) 50 (27–73) 75 (51–91)

Specificity 92 (74–99) 88 (69–98) 92 (74–99)

PPV 90 (69–97) 77 (51–91) 88 (66–97)

NPV 89 (73–96) 69 (58–78) 82 (68–91)

Values are number (95% confidence interval). SG-QFR — systolic 
geometry based QFR; DG-QFR — diastolic geometry based QFR; 
TA-QFR — time-averaged QFR; PPV — positive predictive value; 
NPV — negative predictive value
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Figure 4. Receiver operating characteristic (ROC) curves 
for the discrimination of functionally significant steno-
sis. ROC curves compare sensitivity and specificity of  
TA-QFR versus DG-QFR (p = 0.02) and SG-QFR (p = 0.03)  
for the prediction of surgical intervention for myocardial 
bridging patients; SG-QFR — systolic geometry based 
quantitative flow ratio; DG-QFR — diastolic geometry 
based quantitative flow ratio; TA-QFR — time-averaged 
quantitative flow ratio.
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tolic phase. FFR measurement during the diastolic 
phase seems inadequate for MB assessment [10]. 
However, QFR computation was not done during 
the whole systolic phase nor the diastolic phase. 
Thus, computational deviation cannot be neglected. 
TA-QFR, unlike conventional FFR which is meas-
ured during the whole cardiac cycle, and is defined 
as the average of SG-QFR and DG-QFR, can both 
consider the systolic phase and the diastolic phase 
and then compensate for the downsides of SG-QFR, 
DG-QFR. As shown in Figure 4, AUC was signifi-
cantly higher for TA-QFR (AUC = 0.91; 95% CI 
0.79–0.98) compared with DG-QFR (AUC = 0.69; 
95% CI 0.53–0.82) and SG-QFR (AUC = 0.87; 95% 
CI 0.74–0.95]. So TA-QFR can improve the perfor-
mance of a functional evaluation in MB patients 
with intermediate stenosis during systole, with an 
accuracy of 89% (SG-QFR ≤ 0.88) and shows the 
superiority of TA-QFR over other conventional 
methods for the assessment of patients with MB 
who require surgical intervention with an optimal 
cut-off value of 0.88.

Conclusions

The time-averaged QFR improved the perfor-
mance of functional evaluation in MB patients with 
intermediate stenosis during systole and is useful 
for guiding surgical intervention.
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Abstract
Patients with severe heart failure (HF), who are not eligible for cardiac transplantation and receive op-
timal medical management, based mainly on the use of pharmacological treatment and devices such as 
resynchronization therapy (implantable cardioverter-defibrillator), achieve poor clinical outcomes and 
constitute a group with extremely poor prognosis. Currently, the technology used in the latest generation 
left ventricular assist devices (LVADs), such as the HeartMate 3, makes it possible to achieve patient 
survival at the level obtained by patients after heart transplantation, and they can be used not only in 
patients eligible for heart transplantation as a bridge to transplant, but also in those with significantly 
worse prognosis, who are ineligible for heart transplantation as destination therapy. 
The objective of this publication is to present recommendations from experts in cardiology and cardiac 
surgery, supported by clinical trial results, on the use of LVADs as a destination therapy in HF patients 
who are not eligible for cardiac transplantation. The paper also presents the issue of cardiac transplan-
tation and extracorporeal membrane oxygenation therapy in Poland, as well as current challenges faced 
by interventional cardiology and cardiac surgery in Poland. (Cardiol J 2020; 27, 6: 693–704)
Key words: heart failure, left ventricular assist device, destination therapy,  
extracorporeal membrane oxygenation, dilated cardiomyopathy
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Introduction

The following recommendations are based 
on presentations and discussions that took place 
during the Advisory Committee meeting organized 
in collaboration with the ‘Quo Vadis Cardiologia?’ 
initiative. The goal was to gather the opinions of 
leading experts (16 experts in total) in the fields of 
conservative cardiology, interventional cardiology, 
electrophysiology, and cardiac surgery regard-
ing aspects of the use of left ventricular assist 
devices (LVADs) as a destination therapy (DT) 
among Polish patients. In addition, the situation of 
transplantation procedures and the most important 
challenges of interventional cardiology and cardiac 
surgery in Poland were discussed [1]. 

LVADs as destination therapy

In a selected group of patients with heart fail-
ure (HF), mechanical circulatory support (MCS) 
may help to achieve sustained improvements in 
quality of life and life expectancy. While for many 
patients the use of MCS is still a bridge to trans-
plant or to recovery, for those with irreversible 
permanent lesions, MCS is a DT due to the insuf-
ficient number of donors and increasingly improved 
technical solutions [2–4]. This applies primarily to 
patients with severe HF:

 — with accompanying renal failure — high risk of 
dialysis after orthotopic heart transplantation;

 — who are significantly overweight (over 100 kg) 
— difficulty in obtaining a donor;

 — with persistent pulmonary hypertension high 
risk of primary graft failure after transplantation.
Continuous-flow left ventricular assist devices 

(CF-LVADs) revolutionized the management of 
HF patients. These compact, fully implantable 
cardiac pumps are able to provide a significant 
increase in survival and improve the function and 
quality of life in a selected group of patients. For 
such a large group of people facing a high risk of 
short-term mortality and a small chance of heart 
transplantation, implantation of CF-LVADs gives 
the greatest hope. In patients with a CF-LVAD the 
annual survival rate is 82%, while in patients with 
pulsatile flow devices it is 61% [5, 6].

INTERMACS is an American registry of 
patients in which data on MCS are collected from 
mandatory submissions regarding LVAD implanta-
tions in the United States (US) and, on a voluntary 
basis, from some other countries or centers. The 
latest INTERMACS report, published in 2017, 
states that over 22,000 implantations of different 

MCS systems have been recorded in the last dec-
ade, of which 90% are CF-LVADs. On the basis of 
the available data, we know today that:

 — 25% of the MCS devices are implanted as  
a bridge to transplant;

 — 24% of the MCS devices are implanted to 
improve the patients’ clinical status to be 
considered as a bridge to candidacy;

 — 51% of the MCS devices are implanted under 
DT (compared to 3.9% in 2009) [7].
Over several decades, technical develop-

ment of LVADs designed for long-term support 
has been observed. New solutions in the field 
of pump drive construction, miniaturization, and 
materials, as well as battery life and performance 
were implemented. This is directly related to  
a significant reduction in thromboembolic compli-
cations, bleedings, and infections, which makes 
these devices safe for permanent use and reduces 
hospital admissions. We can now distinguish three 
LVAD generations. First-generation LVADs include 
HeartMate I, LionHeart, and Novacor. Second-
generation devices are DeBakey VAD, Incor, Jarvik 
2000, and HeartMate II. The third and most recent 
LVAD generation includes devices such as Heart-
Ware or HeartMate 3 [8].

The two US Food and Drug Administration-
approved and CE-marked LVADs predominantly 
used in long-term treatment are HeartWare and 
HeartMate 3. HeartMate 3 replaced the previous 
HeartMate II (a continuous-flow line pump) [9]. 

Implantation of the ventricular support system 
is a procedure performed in patients with severe 
and reversible (or irreversible) heart damage, who 
have exhausted all alternative treatment options, 
i.e. no other cardiac surgery can be performed, 
and pharmacological treatment cannot be ex-
pected to stop further disease progression. The 
LVAD is implanted through a sternotomy or using  
a minimally invasive technique (through left-sided 
mini-thoracotomy combined with right-sided up-
per mini-thoracotomy or mini-sternotomy) and 
involves the implantation of a device that ensures 
blood circulation by pumping it out of the left 
ventricle and into the aorta. The procedure is 
performed with extracorporeal circulation or, in 
selected cases, without its use. Long-term LVADs 
are used for longer than a month. Depending on 
the type of device, the drive system is pneumatic 
or electrical. 

The LVAD that will ensure the best effective-
ness as a DT in patients not eligible for a heart 
transplant should have, above all, a very good 
hemocompatibility profile:
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 — achieving long survival times; 
 — which will be free from hemocompatibility-

related events such as a stroke, pump throm-
bosis, hemolysis, or other thromboembolic 
events (Table 1). 
At the same time, this translates into a sig-

nificant improvement in the functional status and 
quality of life in this group of patients.

Advances in the management of heart disease, 
in particular in the area of LVAD implantation, 
has led to the development of pulse and then 
continuous flow devices. The latest-generation 
LVADs — centrifugal with continuous flow — are 
fully implanted into the pericardial sac. In these 
devices, the rotors are magnetically levitated, 
which eliminates the spaces not washed by blood, 
which used to be the main source of thromboem-
bolic complications. Miniaturization of the devices 
has improved patient quality of life and functioning 
outside hospital. In some groups of patients with 
end-stage HF, who are not candidates for ortho-
topic heart transplantation, but whose expected 
survival is > 1 year in good functional condition, 
left ventricular support can be considered as a DT 
to reduce clinical signs indicative of the risk of 
rehospitalization and premature death (European 
Society of Cardiology [ESC] class IIa, level B rec-
ommendation). This safe, reliable, durable, and 
implantable mechanism supporting the function of 
the left ventricle is considered an effective device 
for DT [10]. Using LVADs is beneficial in terms 
of the improvement of hemodynamic parameters 
(consisting of an increase of ejection fraction and of 
cardiac index, reduction of pulmonary wedge pres-
sure and left ventricular end-diastolic dimension) 
and, consequently, improvement also of clinical 
parameters (improvement in functional class — 
New York Heart Association [NYHA], quality of 
life, prolonged life expectancy) [6]. 

The 2016 ESC guidelines for diagnosis and 
treatment of acute and chronic HF contain a list of 
indications for which MCS devices are implanted 
(Table 2) and recommendations for the use of MSC 
in patients with refractory HF (Table 3).

The selection of an appropriate device depends 
on many factors, including the expected duration 
of treatment, the need for correct ventricular sup-
port, and the patient’s body surface area. It is very 
important to exclude absolute contraindications 
to ventricular assist device (VAD) implantation. 
However, each case is assessed individually, and 
the listed criteria are drawn up solely for reference. 
At times, VADs are implanted in patients who do 
not yet meet the above criteria [3].

Hemodynamic criteria for the use of VADs 
include: 

 — cardiac index < 2 L/min/m2;
 — systolic blood pressure (SBP) < 90 mmHg;
 — pulmonary capillary wedge pressure (PCWP 

> 20 mmHg;
 — diuresis < 20 mL/h [11].

Patients with severe symptoms persisting 
for more than 2 months, despite optimal medical  
and implantable device therapy, and more than 
one of the following, are candidates for LVAD 
implantation:

 — left ventricular ejection fraction (LVEF)  
< 25% and, if measured, peak oxygen VO2  
< 12 mL/kg/min;

 — ≥ 3 hospitalizations for HF within the last 
12 months without an obvious precipitating 
cause;

 — dependence on IV inotropic therapy;
 — progressive end-organ dysfunction (worsen-

ing renal and/or liver function) due to re-
duced perfusion rather than inadequate ven-
tricular filling pressure (PCWP ≥ 20 mmHg  
and SBP ≤ 80–90 mmHg or cardiac index  
≤ 2 L/min/m2);

 — absence of severe right ventricular dysfunction, 
including severe tricuspid regurgitation [11].
The reference candidate for an LVAD is  

a patient with chronic, congestive left ventricular 
failure, with a history of frequent decompen-
sation, requiring intravenous inotropic therapy  
(INTERMACS 3: dependent stability) at the time of 
qualification or in the past, with normal or slightly 
impaired right ventricular function. In patients with 
HF exacerbation, who require escalation of drug 
therapy or the use of other MCS devices (IABP or 

Table 1. Key parameters of long-term mechani-
cal circulatory support (LT-MCS) devices [7].

LT-MCS characteristic

Ability to generate adequate blood flow and pressure

Easy replacement of components that may fail

Easy system removal during heart transplantation 
or explantation after the failing heart’s function is 
restored

Small size

Fully implantable and easily renewable power source

Durability

No immunogenicity

Low degree of hemolysis

Low risk of infectious complications
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ECMO; INTERMACS class 2), LVAD implantation 
is a life-saving method with proven efficacy and  
a good safety profile. 

In patients with milder disease — defined by 
INTERMACS as groups 4–5 — LVAD implanta-
tion may be considered as a prevention of frequent 
hospitalizations due to HF to improve prognosis 
and quality of life, especially in the population of 
patients with contraindications for transplantation 
or whose expected waiting time for the organ (e.g. 
obese patients) is very long [12]. 

Contraindications for VAD implantation in-
clude: 

 — irreversible advanced hepatic or renal failure;
 — active systemic infection;
 — chronic obstructive pulmonary disease;
 — disseminated cancer;

 — clinically significant purpura;
 — cerebrovascular disease [3].

Unfortunately, despite the use of advanced 
technology, LVADs are not free of defects, and 
their implantation may result in early and late 
complications.

The main complications in patients with an 
implanted LVAD are driveline infections occur-
ring in about 30% of patients and, less commonly, 
generalized device-related infections. There may 
be a risk of infection at any time after implantation, 
but it usually occurs between week 2 and month 
12 after the procedure. The infections are usually 
caused by Gram-positive (Staphylococcus aureus, 
epidermidis) or, less frequently, Gram-negative 
bacteria (Pseudomonas aeruginosa, Enterobacter, 
and Klebsiella sp.) and fungi. In individual cases 

Table 2. Indications for mechanical circulatory support (2016 ESC Guidelines for the Diagnosis and 
Management of Acute and Chronic Heart Failure) [11].

Indication Rationale

Bridge to decision (BTD)/ 
/bridge to bridge (BTB)

Use of short-term MCS (e.g. ECLS or ECMO) in patients with cardiogenic shock until 
stabilization of hemodynamics and organ perfusion, exclusion of contraindications 
to long-term MCS (brain damage after resuscitation), and evaluation of additional 
therapeutic options including long-term ventricular assist device therapy and heart 
transplant

Bridge to candidacy (BTC) Use of MCS (usually LVAD) to improve end-organ function to make an ineligible  
patient eligible for a heart transplant

Bridge to transplant (BTT) Use of MCS (LVAD or BiVAD) to keep patients who are at high risk of death alive  
until a donor organ is available

Bridge to recovery (BTR) Use of MCS (typically LVAD) to keep patients alive until cardiac function recovers 
sufficiently and removal of MCS is possible

Destination therapy (DT) Long-term use of MCS (LVAD) as an alternative to heart transplantation in patients 
with end-stage heart failure ineligible for transplantation or for long-term waiting  
for heart transplantation

BiVAD — biventricular assist device; ECLS — extracorporeal life support; ECMO — extracorporeal membrane oxygenation; LVAD — left  
ventricular assist device; MCS — mechanical circulatory support

Table 3. Recommendations for the implantation of mechanical circulatory support in patients with  
refractory heart failure (2016 ESC Guidelines for the Diagnosis and Management of Acute and Chronic 
Heart Failure) [11].

Class Level Recommendation

IIa C LVADs should be considered in patients with end-stage HFrEF, despite optimal medical therapy 
and device therapy, who are eligible for cardiac transplantation in order to improve symptoms, 
and reduce the risk of heart failure hospitalization and the risk of premature death (BTT).

IIa B LVADs should be considered in patients with end-stage HFrEF, despite optimal medical (mainly 
ACEI or sacubitril/valsartan, beta-blockers, and MRA) and device therapy (e.g. implantable car-
dioverter defibrillator and/or cardiac resynchronization therapy), who are not eligible for cardiac 
transplantation, to reduce the risk of premature death (destination therapy)

ACEI — angiotensin converting enzyme inhibitor; BTT — bridge to transplant; HFrEF — heart failure with reduced ejection fraction; LVADs — 
left ventricular assist devices; MRA — mineralocorticoid receptor antagonist
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infection may lead to the development of bacte-
remia, sepsis, or endocarditis. Sepsis developing 
in patients with MCS promotes the formation 
of embolisms in the central nervous system or 
multiple organ failure, and it is the major cause of 
death. Therefore, the driveline exit site requires 
particular care. Dressings should be changed in 
fully aseptic conditions (masks, sterile gloves), 
washed with mild antibacterial soap and sterile 
saline, then covered with a sterile dressing. In 
addition, the driveline itself should be protected 
from excessive movement to minimize the risk of 
mechanical trauma [13]. Currently, in the event 
of failure of antibiotic therapy, surgical driveline 
repositioning is effectively used to treat infection 
in the exit site area. Heart transplantation is the 
ultimate treatment option in this situation [1].

Another significant complication is gastro-
intestinal bleeding or bleeding into the central 
nervous system, which is usually more severe. On 
the one hand, it is associated with the use of anti-
coagulants (warfarin and acetylsalicylic acid), and 
on the other hand, with changes in the circulatory 
system likely caused by less physiological continu-
ous flow in the majority of modern circulatory sup-
port systems. The incidence of this bleeding can 
be reduced up to two-fold through telemonitoring. 
Daily international normalized ratio measurement 
can eliminate the risk of bleeding [1].

Moreover, the risk of device dysfunction 
caused by the formation of blood clots, damage to 
the driveline, or other electromechanical causes 
cannot be ignored [14]. The negative effects of 
thrombosis and its incidence may be limited by 
daily monitoring of the LVAD patient via telehealth 
technology [1].

An example of a telehealth system is Re-
medizer, which is an application used to monitor 
patients’ health with LVADs after hospitalization 
[15], developed in cooperation with the National 
Institute of Cardiology of the Primate of the Mil-
lennium Cardinal Stefan Wyszynski in Warsaw. 
Patients use mobile devices to independently moni-
tor pump parameters and vital signs such as blood 
pressure, weight, and body temperature, as well 
as blood coagulability, and to control the medica-
tions intake. The data are automatically sent to the 
monitoring center, where the coordinating person 
conducts a thorough assessment of the treatment 
and makes decisions on medical interventions if 
the patient’s health state causes any concern [15]. 

According to data from the 2017 INTERMACS 
report, only about 20% of patients receiving MCS 
did not experience serious adverse events, such 

as infections, bleeding, stroke, device dysfunction, 
or death in the 3 years of follow-up. However, the 
patients’ quality of life significantly improved in 
the first 3 months. This improvement without seri-
ous adverse events is later maintained at a similar 
level. Paradoxically, patients receiving long-term 
LVAD treatment often do not agree to the proposed 
heart transplant, fully approving their assisted 
functioning. In some patients the improvement 
is so spectacular that the conversion from NYHA 
class IV to class I/II is achieved, enabling outpatient 
treatment with supportive care and even removal 
of the device [7].

HeartMate 3 — third-generation LVAD
The HeartMate (HM) 3 LVAD is the most 

recent third-generation pump used for long-term 
cardiac support in patients with severe HF, which is 
usually irreversible. The device is used as a bridge 
to transplant, which enables the patient to survive 
until a heart transplant is performed. It can also be 
used as a DT in patients with contraindications for 
cardiac transplantation. The HM 3 LVAD, which 
replaced the previous HM II axial flow pump, is 
smaller than the earlier pneumatic pumps and 
therefore easier for the surgeon to implant. It is im-
planted into the left ventricle of the heart and helps 
to support the patient’s heart for a period of several 
weeks up to many years [5]. The HM 3 LVAD par-
tially mimics the pulse rate, periodically increasing 
rotations. This is important because the natural 
blood flow has a pulsating character and as such 
determines the proper function of the endothelium 
of the blood vessels. Implantable circulatory sup-
port models usually provide continuous flow. This 
flow is thought to be responsible for distant VAD 
complications (e.g. hemorrhagic, thromboembolic 
events). That is why such high hopes are associated 
with the latest third-generation pumps, such as  
HM 3, in which the flow rate changes every 2 s, 
creating a ‘pulsation’ that mimics the natural blood 
flow in the human body. This solution contributes 
to the reduction of the number of complications re-
lated to the implantation or use of the device [5, 6].

LVAD HeartMate 3 as DT in clinical trials
The randomized clinical trial MOMENTUM 3  

compared the clinical efficacy and safety of HM 3 
LVAD with HM 2 LVAD in patients with severe 
HF. Participants were enrolled regardless of the 
indication for the device implantation; however, 
in the results analysis the data were stratified by 
the indication for implantation. Finally, approxi-
mately 60% of the patients who enrolled in the 
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MOMENTUM 3 trial had an LVAD implanted as  
a DT. These participants were not eligible for heart 
transplantation (Table 4) [6].

The primary endpoint of the MOMENTUM 3 
study was a 2-year event-free experience (a disa-
bling stroke or reoperation to replace or remove 
a malfunctioning device). A disabling stroke was 
defined as a modified Rankin score > 3. 

Patients not eligible for a transplant, who 
received the HM 3 device as a DT, achieved  
a 2-year event-free survival of 73.2%, which was 
significantly higher compared to 58.7% in patients 
with an HM 2 device. The likelihood of an event 
occurrence (a disabling stroke or reoperation to 
replace or remove a malfunctioning device) was 
almost two times lower for patients implanted with 
an HM 3 pump than for patients implanted with an 
HM 2 (hazard ratio [HR] = 0.61; 95% confidence 
interval [CI] 0.46–0.81; p = 0.0006). 

The use of the HM 3 device lowered the risk of 
adverse events in the form of a disabling stroke or 
reoperation, in order to replace/remove a malfunction-
ing device in the population of patients not eligible 
for heart transplantation, who received the LVAD as 
a DT at a level comparable to that in the population 
of patients who received the device as a bridge to 
transplant/bridge to candidacy (BTT/BTC) (HR = 0.61 

and HR = 0.62, respectively; 95% CI 0.40–0.94; p = 
= 0.02). Similar effectiveness of the HM 3 LVAD was 
demonstrated in the DT and BTT/BTC populations in 
terms of the 2-year event-free survival, 2-year overall 
survival, survival at 2 years free of stroke, and survival 
at 2 years free of pump thrombosis (Table 5).

Although no patient included in the MOMEN-
TUM 3 study was NYHA class I or II, as early as 
at 3 months post implantation of the HM 3, the 
functional status of 70% of patients improved and 
they were classified as NYHA class I or II. During 
the 2 years of follow-up, the percentage of patients 
with NYHA class I or II increased gradually and 
reached 80% at 2 years post implantation of the 
HM 3 LVAD, regardless of the indication, DT, or 
BTT/BTC (vs. baseline [p < 0.0001]). 

In patients with the HM3 LVAD, an improve-
ment from baseline in the 6-minute walking test 
was observed, irrespective of the intended goal of 
LVAD use: DT or BTT/BTC (p < 0.0001).

The quality of life based on EQ-5D-5L VAS 
form improved significantly at 3 months post im-
plantation of the HM3 LVAD (from the baseline 
value of 50 to 72) and was sustained for 2 years 
after pump implantation, achieving a score of 76 
after implantation of the HM3 pump and at the 
end of the follow-up, irrespective of the intended 

Table 4. Distribution of patients according to the indication for use of the HeartMate 3 (HM3) or the 
HeartMate 2 (HM2) pump in the MOMENTUM 3 study [6].

Indication for LVAD implantation HM3 (n = 515) HM2 (n = 505) Total (n = 1020)

BTT (bridge to transplant) 112 (22%) 120 (24%) 232 (23%)

BTC (bridge to candidacy) 86 (17%) 78 (15%) 164 (16%)

1. Likely to be candidates for a heart transplant 45 (8%) 43 (9%) 88 (9%)

2. Moderately likely to be candidates for a heart  
    transplant

32 (6%) 33 (7%) 65 (6%)

3. Unlikely to be candidates for a heart transplant 9 (2%) 2 (0.3%)  11 (0.8%)

DT (destination therapy): patients who are ineligible  
for a heart transplant

317 (62%) 307 (60%) 624 (61%)

LVAD — left ventricular assist device

Table 5. Comparison of the clinical effectiveness of the HeartMate 3 left ventricular assist device  
implanted in the destination therapy (DT) or bridge to transplant/bridge to candidacy (BTT/BTC)  
indication in the MOMENTUM 3 study.

Endpoint DT (n = 624) BTT/BTC (n = 396)

2-year event-free survival 73.2% 76.8%

2-year overall survival 76.7% 82.7%

Survival at 2 years free of stroke 88.1% 89.2%

Survival at 2 years free of pump thrombosis 97.5% 99.4%
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goal of LVAD use: DT or BTT/BTC (vs. baseline 
[p < 0.0001]).

Currently, the technology used in the HM 3 
pump allows patient survival at the same level 
of patients after heart transplantation and ena-
bles its use not only in patients eligible for heart 
transplantation as a BTT, but also in patients with 
considerably worse prognosis, i.e. not eligible for 
a heart transplantation as a DT. An important point 
is that patients with an implanted HM 3 LVAD as 
DT can achieve high clinical outcomes comparable 
to those in the group of patients receiving such 
treatment as a BTT/BTC.

Funding

Obtaining public financing of DT depends on 
creating a separate guaranteed health service, 
introducing uniform criteria for qualifying the 
patient to obtain this benefit, and making the pro-
cedure independent of the currently financed heart 
transplantation service. While under the ordinance 
of the Minister of Health of November 12, 2015, 
there were no restrictions on the use of LVAD 
therapy as DT, and the qualification for obtaining 
this service by the patient still remains associated 
with the transplantation procedure. Therefore, it 
is not clear from a legal point of view whether it 
is necessary to evaluate the clinical condition of 
the patients in terms of their suitability for cardiac 
transplantation during the process of qualification 
for an LVAD implantation. The ambiguity of these 
legal regulations in practice discourages healthcare 
providers from making decisions about LVAD im-
plantation regardless of their patients’ compliance 
with eligibility criteria for a heart transplant.  

It is necessary to separate the LVAD implan-
tation procedure as DT from the item currently 
described as highly specialized services. A change 
in the description of this service can be performed 
either by changing the description of the current 
highly able 4 service or by creating a new, separate 
basket of services including only the implantation 
of LVADs as DT. Taking into account the available 
clinical data and the premises for financing public 
health services, the creation of a new basket of 
services including exclusively the implantation 
of LVADs as a DT is an optimal solution for the 
system.

Polish guidelines for MCS
In Poland, the management procedures relat-

ing to HF patients are developed by the College 
of Family Physicians and the Working Group on 

Heart Failure of the Polish Cardiac Society. The 
current treatment protocol is described in the 2017 
guidelines. The guidelines were developed based 
on the 2016 ESC recommendations, which were 
also adopted by the Polish Cardiac Society. The 
2017 guidelines developed by the College of Family 
Physicians and the Polish Cardiac Society recom-
mend the use of LVADs in treatment-resistant 
patients who are classified with American College 
of Cardiology/American Heart Association (ACC/ 
/AHA) stage D HF [16].

In order to change the negative statistics for 
HF patients in Poland, the KONS (‘Comprehensive 
care for patients with heart failure’) system has 
been developed. Its introduction is expected to re-
sult in improved life expectancy, a reduced number 
of hospitalizations, decreased sickness absence, 
improved quality of life, and reduced indirect costs 
resulting from incapacity for work and sickness 
absenteeism (Social Insurance Institution [ZUS]). 
The main goal of the undertaking is to limit the ef-
fects of HF in Poland. The scope of the intervention 
includes the identification of HF symptoms, then 
diagnostics, therapy, rehabilitation, and long-term 
and palliative care [17, 18]. 

Eligibility criteria for patients and centers 
for the use of LVAD DT

According to clinical experts, all LVADs should 
be implanted as DT, which means that patients with 
an LVAD should not undergo a heart transplant un-
less specific indications exist. A heart transplantation 
in an LVAD patient is indicated when the individual 
presents with right ventricular failure and device- or 
driveline-related infection that cannot be treated 
surgically and/or with antibiotics. Hearts should be 
reserved for patients in a younger age group [1].

Clinical experts believe that pulmonary hy-
pertension is not an absolute contraindication to 
LVAD implantation (it is sometimes indicative of  
a good condition of the right ventricle) but is a classic  
contraindication for a heart transplant. In addition, 
the age of patients should not be a factor determin-
ing their access to an LVAD. However, increasing 
the age of patients qualifying to receive an LVAD 
without setting an age limit will result in an in-
creasing risk of complications. The best outcomes 
following an LVAD pump implantation are achieved 
in patients in INTERMACS 3 or 4 profiles — for 
instance, considerable quality of life improvement 
is achieved. Patients with cardiomyopathy and  
a history of cancer are usually not eligible for car-
diac transplantation. In these patients, an LVAD is 
the optimal solution [1]. 
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LVAD therapy should be contraindicated in 
patients with addiction to alcohol (alcoholic car-
diomyopathy) or other psychoactive substances, if 
they were used at least a year prior to the planned 
intervention. In addition, a patient with an LVAD 
should have support of a family member, who 
should be trained in using the device and advised 
about possible adverse events. 

Experts have agreed that it is necessary to 
create a roadmap describing measures needed to 
introduce LVADs as DT in Poland, from establish-
ing the patient eligibility criteria (eligibility algo-
rithm), through conducting healthcare personnel 
training on LVAD patient care (e.g. paramedics, 
primary care physicians in the patient’s region of 
residence), to preparing society and hospital wards 
for the increasing number of LVAD patients. 

An important element of postoperative care 
for patients with LVADs is the treatment of device-
related complications, which should be managed in 
dedicated, specialized or initial centers depending 
on the complication, its extent, and prognosis. 
Many LVAD complications (e.g. gastrointestinal 
bleeding, stroke) do not require treatment at an im-
plantation center. The main complication requiring 
treatment at the initial center is driveline infection.

It is recommended that LVAD pump implan-
tations be performed at a small number of expe-
rienced heart transplantation centers where all 
remaining cardiological technologies are also avail-
able, because this will lead to more effective patient 
monitoring and adverse-effect management. In Po-
land, these should be 5 centers participating in the 
heart transplant program. Increasing the number 
of such sites is not necessary. In Germany, even 
though approximately 1000 LVADs are implanted 
each year, the mortality rate is high (about 33%). 
This is due to the fact that LVADs are implanted in 
over 40 centers, the majority of which do not run 
a heart transplant program. These centers do not 
perform such strict monitoring and management 
of adverse effects [1].

Estimation of the population of patients  
potentially eligible for LVAD DT

According to the 2018 map of health needs 
(Mapa potrzeb zdrowotnych), the incidence of HF 
in Poland is 364.1/100,000, which translates into 
140,000 new HF cases each year. The paper pub-
lished in 2018 entitled “Comprehensive care for 
patients with heart failure in Poland: suggested 
organizational solutions” reported the number of 
HF patients in Poland to be 750,000 [18]. 

According to clinical experts, in Poland, around 
200–300 LVADs should be implanted annually. This 
number should increase with improved LVAD avail-
ability. The newly created health service for LVAD 
implantation could be provided in 5 transplantation 
centers that would meet the criteria defined in the 
service description. Assuming that about 40 LVAD 
implantation procedures are performed per year 
per center, the initial annual number of LVAD im-
plantations can be estimated at 200 (with a gradual 
increase in the following years). Given the eligibil-
ity criteria for LVAD DT, it can be expected that 
the number of implantations with this indication 
will be around 100 per year in the initial period [1].

The use of LVADs and the reduction  
of lost patient productivity

In the group of working-age patients with 
LVADs, lost productivity due to the disease will be 
significantly reduced. Not only does LVAD implan-
tation extend patients’ lives compared to optimal 
medical care, but it also enables them to return to 
work, which is consistent with the improvement 
in health status demonstrated in clinical trials and 
expressed by the transition to lower NYHA func-
tional classes (from NYHA III/IV to NYHA I/II).  
The MOMENTUM study results regarding centrif-
ugal and axial pumps demonstrated that 12 months 
after LVAD implantation, the clinical status of  
81% of patients indicated they were in NYHA 
class I or II, while the baseline percentage of these 
patients was 0% [6, 19]. The use of LVADs will 
have an additional positive impact on the quality 
of life and productivity of patients’ close relatives 
and careers.

The heart transplant  
procedure situation in Poland

For many people, heart transplantation is the 
only effective treatment for end-stage HF. Patients 
can be qualified for transplantation if all treatment 
methods available to them have been exhausted, in-
cluding pharmacological and surgical ones, and if no 
significant contraindications for the procedure are 
identified. The most common cause of severe HF, 
which is an indication for a heart transplantation, is 
coronary heart disease and dilated cardiomyopathy, 
resulting from an inflammatory process or another 
cause, which is often impossible to determine. Less 
frequently identified HF is associated with valvular, 
congenital, or acquired malformations and other 
heart diseases [20].
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The final decision to qualify the patient for 
heart transplantation is made by the Heart Failure 
Heart Team (HFHT), which includes the following: 
an experienced cardiac surgeon, a transplantolo-
gist, a cardiologist, an anesthesiologist, a psycholo-
gist, a transplant coordinator, an LVAD coordinator, 
and a physiotherapist in the transplantation center. 
On the basis of the health status of the sick recipi-
ent, the qualification procedure is determined as: 

 — elective — patients with stable cardiovascular 
and respiratory status who receive conserva-
tive treatment for HF;

 — emergency — patients presenting with symp-
toms of severe HF despite specialist inpatient 
treatment; indications for inclusion in this list 
include intravenous therapy with drugs affect-
ing heart activity (e.g. catecholamines), MCS 
(IABP, LVADs/BiVADs), as well as refractory 
arrhythmias [20].
The rules for including patients on the POL-

TRANSPLANT National Waiting List are as fol-
lows: The recipient’s candidacy is reported to the 
National Waiting List kept by the POLTRANS-
PLANT Organization and Coordination Center for 
Transplantation Issues in Warsaw, which coordi-
nates, supervises, and manages the register of all 
cell, tissue, and organ transplantations in Poland. 
The entry is made by the Transplant Coordinator, 
who begins to monitor the recipient’s health on 
an ongoing basis from the moment the recipient 
is added to the list with particular attention to the 
following:

 — patient’s well-being and general health;
 — patient’s body weight;
 — patient’s international normalized ratio;
 — the procedure mode (elective/emergency) — if 

necessary, the Coordinator reports a change 
of the qualification mode to the POLTRANS-
PLANT National Waiting List and monitors the 
change of the qualification decision. 
The recipient entered in the National Waiting 

List is notified in writing of the entry into the Reg-
isters of Transplantations of the Ministry of Health 
by the POLTRANSPLANT Organization and Co-
ordination Center for Transplantation Issues [20].

In Poland, the number of patients awaiting  
a heart transplant is increasing year by year. Even 
though the number of heart transplants is also in-
creasing, it is still too low in relation to the demand. 
In 2018, 147 heart transplants were performed, 
and of these, only 23 procedures were scheduled, 
and the remaining ones were performed as an 
emergency. At the same time, experts indicate 
that existing transplant centers have the means 

to perform three times as many heart transplant 
procedures. The number of transplant centers 
should not be increased because the existing ones 
fully satisfy the country’s needs. It is estimated 
that a transplant center should perform at least one 
heart transplant per month to ensure optimal treat-
ment outcomes. In 2018, 326 new patients were 
registered for a heart transplant; however, in 2018 
alone, 100 patients from the list died while await-
ing a new heart. At the end of 2018, the number 
of patients waiting for a heart transplant was 453. 
Poland boasts (after the US) the highest number 
of hypoplastic left heart syndrome surgeries in the 
world. This defect results in a single ventricular 
heart and a possible heart transplant in the future. 
In total, 40% of patients with severe HF die within 
a year or require hospital readmission. This is  
a group with unmet needs for which just the use 
of an LVAD offers not only a chance for survival 
but also for a significant improvement in quality 
of life [1]. 

Major challenges of interventional  
cardiology: cardiogenic shock and high- 

-risk percutaneous coronary intervention

Poland is among Europe’s leading countries 
when it comes to the equipment in its interven-
tional cardiology centers. However, it is neces-
sary to invest in the use of percutaneous circu-
latory support pumps (e.g. Impella) for patients 
with cardiogenic shock and as hemodynamic 
support in high-risk percutaneous coronary 
intervention (protected percutaneous coronary 
intervention).

Cardiogenic shock, despite early coronary 
intervention, correction of mechanical defects, and 
the use of inotropic agents, is still a life-threatening 
complication of heart disease. Impaired end-organ 
perfusion caused by low cardiac output, if not 
reversed, leads to multiple organ dysfunction and 
death. One of the methods of treating cardiogenic 
shock is the use of MCS devices [21].

There are currently several types of these 
devices in use. They differ in their effectiveness 
and mechanism of operation, and can be divided 
into the following:

 — short-term MCS devices i.e. Impella and intra-
aortic balloon pump (IABP);

 — extracorporeal membrane oxygenation 
(ECMO);

 — implantable LVADs (e.g. HM3 LVAD) or bi-
ventricular assist devices,

 — total artificial heart [22].
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They differ, among other things, in the tech-
nique of insertion (percutaneous or surgical), the 
influence on individual heart structures (support 
of the left, right, or both ventricles), and in terms 
of the possibility of combined use with ECMO [22].

The 2018 ESC/EACTS guidelines on myocar-
dial revascularization list the following short-term 
MCS devices:

 — percutaneous LVAD;
 — veno-arterial ECMO; 
 — IABP, which may have a beneficial effect on 

some hemodynamic parameters, but does not 
improve survival; therefore, the routine use 
of IABPs in patients with cardiogenic shock 
complicating acute myocardial infarction is not 
recommended [23].

ECMO

Interventions performed to decrease left ven-
tricular workload include the following:

 — percutaneous — Impella (possible vascular 
complications due to access route);

 — surgical — ECMO:
• intermediate-term cardiac and respiratory 

support or respiratory support alone,
• can be used in a broad range of patients,
• percutaneous and direct implantation [1]. 
ECMO involves the use of extracorporeal 

circulation based on a modern centrifugal pump to 
oxygenate blood and eliminate carbon dioxide in 
the oxygenator. Extracorporeal circulation makes it 
possible to adjust the blood flow rate and accurately 
control its temperature. Blood is transported to and 
from the ECMO machine using a plastic cannula 
system. To reduce the risk of blood clot forma-
tion during ECMO, adequate anticoagulation is 
required with unfractionated heparin and activated 
partial thromboplastin time kept between 45 and 
60 seconds [24]. 

Depending on the underlying disease and the 
expected effect, two main ECMO circuit configura-
tions are used: 

 — veno-venous (VV), in which a cannula is placed 
into the jugular and/or femoral vein, or a spe-
cial dual-lumen cannula is inserted into the 
jugular vein. This set-up is used in cases of 
severe respiratory failure without circulatory 
dysfunction when the option of mechanical 
ventilation has been exhausted. The primary 
goal of this therapy is to provide the body with 
oxygen and eliminate carbon dioxide. Oxygen-

ated blood from the oxygenator is transported 
back to the venous system and then through 
the right ventricular myocardium to the lungs, 
left atrium, left ventricle, and aorta; 

 — veno-arterial (VA), which involves placing  
a venous cannula in the jugular and/or femoral 
vein and an arterial cannula in the femoral 
artery, ascending aorta, or subclavian artery. 
This type of vascular cannulation is used in 
cases of circulatory failure or concomitant 
cardiopulmonary dysfunction. If the decision to 
use ECMO during cardiac surgery is made, the 
cannulation can be performed directly through 
the chest (most often with cannulae placed in 
the right atrium and ascending aorta) — this 
is called central cannulation. The inflow of 
oxygenated blood to the arterial system with 
adequate kinetic energy generated by the 
ECMO pump supports the blood flow that the 
myocardium cannot provide [24].
In cases of respiratory failure, VV ECMO is 

used primarily in patients with severe pneumonia 
and acute respiratory distress syndrome. Indica-
tions for VA ECMO include the following: 

 — post cardiotomy;
 — shock in post-coronary artery bypass grafting 

patients; 
 — post-myocardial infarction VSD; 
 — de novo cardiogenic shock;
 — HF exacerbation;
 — primary graft dysfunction;
 — heart transplant rejection [1].

Experience with ECMO at the Institute of 
Cardiology in Warsaw: 

 — from 2013 to the end of 2019, mainly VA 
ECMO: n = 300 implantations (2013, n = 25 
Æ 2018, n = 63);

 — N = 133 deaths on ECMO (55.6%) (2013: 15 
deaths [60%] Æ 2018: 21 deaths [33.34%]).
ECMO in interventional cardiology is a uni-

versal tool because it can provide support during 
percutaneous coronary intervention and in cases 
of cardiogenic shock; in addition, it can be used 
simultaneously with IABP. Moreover, ECMO is 
an effective strategy for stabilizing critically ill 
patients as a bridge to long-term MCS. A 2019 ret-
rospective study demonstrated that in patients on 
ECMO support as a bridge to HM3 LVAD, survival 
to discharge was 81% [25]. The combined use of 
ECMO and Impella is also promising. When this 
system is used, Impella ensures additional left ven-
tricle unloading, optimizing ECMO operation [26]. 
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Conclusions

Patients with severe HF, especially those in 
NYHA class III/IV, who present with concomi-
tant diseases that preclude their qualification for  
a heart transplant, are a group with unmet needs 
in terms of survival, and they have poor functional 
status, various mobility limitations, and associ-
ated significantly reduced quality of life. Current 
optimal medical care provided with the use of 
pharmacological agents and medical devices such 
as implantable cardioverter-defibrillator and IABP 
is not enough to fulfil these needs. MCS based on 
LVAD DT is an alternative option for this patient 
population. The LVAD that will achieve the best 
clinical effectiveness as DT in this group of patients 
should be characterized above all by a very good 
hemocompatibility profile that will allow for long 
survival, free of events related to hemocompatibil-
ity, such as stroke, pump thrombosis, hemolysis, or 
other thromboembolic events. At the same time, 
this translates into a significant improvement in 
functional status and quality of life.

LVAD HM3 has all of the above-mentioned 
features of optimal DT in patients with severe HF, 
who do not qualify for a heart transplant. Its use 
enables patients to achieve significantly longer 
survival than with optimal medical management. 
In addition, the device meets the patients’ needs 
in terms of significantly improved functional status 
and quality of life. Positive outcomes achieved in 
patients not qualified for heart transplantation, 
who received the HM3 LVAD, are comparable 
with those in individuals qualifying for a heart 
transplant, who underwent HM3 implantation as  
a BTT/BTC. Technological progress and innovative 
technological solutions applied in the HM3 LVAD 
allow for a 2-year overall survival comparable to 
that achieved in patients with a heart transplant.

In a paper published in 2019, leading Pol-
ish experts in the field of cardiology and cardiac 
surgery indicated that the use of the HM3 LVAD 
would contribute to the improvement of patient 
survival, health-related quality of life, reduction 
of treatment costs, and limitation of the number 
of adverse cardiovascular events. They also indi-
cated that in Poland, pump implantation and heart 
transplantation are included in the same healthcare 
service. Therefore, there is no procedure available 
that would cover the costs of hospitalization follow-
ing a ventricular assist device implantation. It was 
emphasized that one of the measures that should 
be developed in order to increase patient access 

to HM3 technology is a public funding system ap-
propriate for this purpose [5]. 

Moreover, experts have indicated that cur-
rently the number of LVAD procedures, especially 
LVAD DT, is very limited. One of the reasons for 
this is excessively restrictive inclusion criteria and 
the lack of a separate service dedicated to LVAD 
DT. Experts recommend that the implantation of 
LVADs should be carried out in several Polish cent-
ers experienced in heart transplantations, because 
this will lead to more effective patient monitoring 
and adverse effect management.
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Elective lung resection increases spatial  
QRS-T angle and QTc interval
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Abstract
Background: Lung resection changes intra-thoracic anatomy, which may affect electrocardiographic 
results. While postoperative cardiac arrhythmias have been recognized after lung resection, no study has 
documented changes in vectorcardiographic variables in patients undergoing this surgery. The purpose 
of this study was to analyse changes in spatial QRS-T angle (spQRS-T) and corrected QT interval (QTc) 
after lung resection.
Methods: Adult patients undergoing elective lung resection under general anaesthesia were studied. 
The patients were allocated into four groups: those undergoing (1) left lobectomy (LL); (2) left pneumo-
nectomy (LP); (3) right lobectomy (RL); and (4) right pneumonectomy (RP). The spQRS-T angle and 
QTc interval were measured one day before surgery (baseline) and 24, 48 and 72 h after surgery. 
Results: Seventy-one adult patients (47 men and 24 women) aged 47–80 (65 ± 7) years were studied. 
In the study group as a whole, lung resection was associated with significant increases in spQRS-T  
(p < 0.001) and QTc (p < 0.05 at 24 and 48 h and p < 0.01 at 72 h). The greatest changes were noted 
in patients undergoing LP. Postoperative atrial fibrillation (AF) was noted in 6.4% of patients studied, 
in whom the widest spQRS-T angle and the most prolonged QTc intervals were also noted. 
Conclusions: Lung resection widens the spQRS-T angle and prolongs the QTc interval, especially in 
patients undergoing LP. While postoperative AF was a relatively rare complication after lung resection 
in this study, it was associated with the widest spQRS-T angles and most prolonged QTc intervals. 
(Cardiol J 2020; 27, 6: 705–714)
Key words: vectorcardiography, spatial QRS-T angle, corrected QT interval,  
atrial fibrillation, general anaesthesia
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Introduction

Cardiac arrhythmias, including atrial fibril-
lation (AF), have been recognized as frequent 
complications after thoracic surgery [1–4]. Dif-
ferent kinds of cardiac arrhythmias have been 
noted in one-fifth of patients after lung resection, 
AF being the most common [4, 5]. Many studies 
have documented an increased risk of morbidity 
and mortality in thoracic surgical patients with 
postoperative cardiac arrhythmias [5–11]; however, 
only some have proposed risk factors for predicting 
postoperative cardiac disorders [9–11]. A history 
of ischemic heart disease, cardiovascular disor-
ders and electrocardiographic Q waves are known 
predisposing factors for postoperative cardiac ar-
rhythmias [10, 11]. 

Postoperative cardiopulmonary complications 
occur within 30 days after pulmonary resection and 
include pulmonary edema, ventricular fibrillation, 
complete heart block, various cardiac arrhythmias 
and sudden cardiac death [10, 11]. Changes in 
intra-thoracic anatomy following lung resection 
may affect heart function, leading to hemodynamic 
and electrocardiographic disorders. Experimen-
tal studies have documented supraventricular 
tachycardia (sinus tachycardia and AF) occurring 
within 2 weeks after lobectomy or pneumonectomy 
[12]. Other electrocardiographic changes follow-
ing pneumonectomy or lobectomy have included 
increases in P duration, ST-depression, delayed 
precordial R-wave transition and displacement of 
the QRS vector. The most striking changes were 
noted in patients who underwent left pneumonec-
tomy or left upper segmentectomy and left lower 
lobectomy [7]. However, according to available 
research, no study has documented changes in 
spatial QRS-T angle (spQRS-T) or corrected QT 
interval (QTc) after lung resection.

Vectorcardiography (VCG) is a spatial method 
of electrocardiography (ECG) that enables visual-
izing, through the cardiac cycle, the continuous 
moments of the cardiac vector as loops. Vectorcar-
diograms and associated parameters such as the 
spQRS-T, i.e., the spatial angle between cardiac 
depolarization and repolarization, can also now be 
easily derived from standard 12-lead ECGs [13, 14].  
While normal ranges for spQRS-T vary by method 
and by study, most studies have suggested that 
normal values lie below 100–110° for men and 
below 90° for women [14–17]. Of note, a widened 
spQRS-T is an independent predictor of cardiac 
arrhythmias and sudden cardiac death [14–17]. 
In healthy patients without apparent ECG pathol-

ogy, cardiovascular mortality has been found to be 
0.8% for spQRS-T between 0 and 50°, increasing 
to 2.3% for borderline spQRS-T (50–100°) and to 
5.1% for spQRS-T angle between 100° and 180° 
[15, 17]. Additionally, spQRS-T wider than 100° can 
identify cardiomyopathic patients at a high risk of 
life-threatening ventricular arrhythmias for whom 
cardioverter-defibrillator devices might be most 
appropriate [18].

The corrected QT interval is an electrocardio-
graphic parameter providing information on both 
cardiac depolarization and repolarization, especially 
the latter. Its prolongation has been observed in 
patients with electrolyte disorders and coronary 
diseases who are treated with antiarrhythmics or 
subjected to general anaesthesia with a volatile 
anesthetic [19–21]. A prolonged QTc interval has 
been well recognized as a parameter indicating an 
increased risk of malignant ventricular arrhythmias 
[22, 23]. Although a prolonged QTc has been noted in 
patients undergoing surgery with pneumoperitone-
um [24, 25] and cardiac surgery [26], changes in QTc 
have not been recognised in patients undergoing 
lobectomy or pneumonectomy. It should be noted 
that severe right and/or left ventricular dysfunction 
has been documented echographically following 
lobectomy or pneumonectomy [27]. The purpose of 
this study was to analyze changes in spQRS-T and 
QTc in patients undergoing lung resection.

Methods

Ethical considerations
This prospective observational study was con-

ducted in adult patients undergoing elective tho-
racic surgery under general anesthesia. This study 
was conducted in accordance with the Declaration 
of Helsinki and was approved by the Institutional 
Review Board and the Bioethical Committee for 
Human Studies of the Medical University at Lub-
lin, Poland (KE-0254/220/2016). Written informed 
consent was obtained from all participants. One 
day before surgery all patients were examined and 
a 12-lead ECG without overt clinical abnormality 
was the main criterion for patient inclusion. The 
exclusion criteria were: congenital heart defects, 
myocardial infarct and myocarditis history, cerebral 
stroke history, endocrine and metabolic diseases. 
Patients who required re-thoracotomy due to post-
operative bleeding were also excluded. 

Patient description
Anaesthesia. One day before surgery, rou-

tine blood examination was performed to assess 
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complete blood count, blood glucose and urea, 
creatinine, serum electrolytes and blood type. All 
patients received the same premedication com-
posed of a single oral dose (2 mg) of estazolam 
(Polfa, Warsaw, Poland). Just before anaesthesia 
induction, all patients were routinely monitored 
with continuous ECG for heart rate, intermittent 
and non-invasive arterial blood pressure measure-
ments and continuous pulse oximetry (SpO2). The 
urinary bladder was catheterized in all patients 
before anaesthesia induction. 

General anesthesia was induced intravenously 
with a single dose of fentanyl (Polfa, Warsaw, Po-
land) and propofol (AstraZeneca, United Kingdom). 
A single bolus of rocuronium (0.6 mg/kg body 
weight) (Rocuronium B. Braun, Germany) was 
administered to each patient before tracheal intuba-
tion with a double-lumen tracheal tube, the place-
ment of which was controlled with bronchoscopy. 
All participants were ventilated using intermittent 
positive pressure ventilation, and anaesthesia was 
maintained throughout the procedure using 100% 
oxygen and inhaled sevoflurane (AbbVie, UK) at 
a dose of 0.8–1.2 minimal alveolar concentration 
and fractionated doses of fentanyl. Intra-operative 
ventilation was performed with an expiratory/
inspiratory ratio of 1:2, a tidal volume of 5–6 mL/ 
/kg body weight, a respiration rate of 9–12/min and 
positive end-respiratory pressure (PEEP) + 5 cm 
H2O. Ventilation was controlled by EtCO2 and SpO2, 
which were maintained between 35–40 mmHg 
and 92–100% saturation during surgery with 
both double and single lung ventilation monitored 
via SpaceLabs monitor (SpaceLabs Healthcare, 
OSI systems, USA). During surgery, all patients 
received a continuous infusion of balanced crys-
talloids (Sterofundin ISO, B. Braun Melsungen, 
Germany). In patients not responding adequately 
to the crystalloid infusion, a single dose of ephed-
rine (Ephedrini hydrochlorici, Polfa Warsaw, Po-
land) was administered. Anaesthesia was used to 
maintain mean arterial pressure above 70 mmHg. 
After completion of the surgery, sevoflurane was 
discontinued. The neuromuscular blockade was 
reversed using a single dose of atropine (0.5 mg) 
and neostigmine (2.5 mg). Patients were extubated 
upon satisfactory emergence from general anes-
thesia and admitted to the Postoperative Intensive 
Care Unit. Postoperative pain was treated with 
fractionated doses of paracetamol (Bristol My-
ers Squibb, Warsaw, Poland). During the first and 
second postoperative days, all patients received 
intravenous mixture of potassium and magnesium 
at doses that depended on blood concentrations.  

Surgery. After induction of anesthesia, pul-
monectomy or lobectomy was performed with 
thoracotomy through the 4th or 5th intercostal space. 
Then, pleuraecotomy was performed through the 
6th intercostal space. The chest was closed in lay-
ers, including muscle, subcutaneous tissue, and the 
subcuticular layer, using resorbable sutures. Skin 
staples were used for the final cutaneous suture 
(Johnson and Johnson, New Jersey, USA). 

Measurements
ECG, derived VCG. The method used for 

VCG measurement was presented previously 
[23]. Surface 12-lead resting ECG was recorded 
using a Cardiax device (IMED Co., Ltd., Budapest, 
Hungary). The recordings in each time period 
were automatically averaged to a single beat and 
transformed into three orthogonal leads, X, Y and Z,  
according to the inverse Dower method [14, 28]. 
The projections of maximum vectors of QRS and  
T-waves in frontal, transverse, and left sagittal 
planes and on x, y, and z axes were then obtained. 
Next, the value for the spatial QRS-T angle au-
tomatically calculated from the maximum spatial 
QRS and T vectors, as well as the values for the 
QTc interval, were obtained directly from Cardiax 
software. For detection of the QT interval and cal-
culation of QTc, Cardiax software utilizes a median-
beats related “global QT interval” algorithm similar 
to that described by Xue [29]. 

Study protocol and patient division. Elec-
trocardiography was performed at four time points: 
1 day before surgery (baseline value) and 24, 48 
and 72 h after surgery. All measurements were 
performed in the horizontal position. Patients were 
allocated into four groups: patients undergoing left 
pneumonectomy (LP), left lobectomy (LL), right 
pneumonectomy (RP) or right lobectomy (RL), 
respectively. 

Statistical analysis
A statistical analysis was performed using 

Statistica 12 software (StatSoft). Demographic data 
were summarized as frequencies and percentages. 
Categorical variables were compared using the c2 
and Fisher exact test or c2 with the Yates correc-
tion where applicable. For variables with a normal 
distribution, means and standard deviations (SD) 
were calculated, and the Student unpaired t-test 
was used for variables with a normal distribution 
as confirmed by the Shapiro-Wilk test. For vari-
ables with a non-normal distribution, the Wilcoxon 
signed-rank, Mann-Whitney-U, Kruskal-Wallis 
ANOVA and post hoc Dunnett’s multiple compari-
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son tests were used. A p < 0.05 was considered 
significant. The power of the statistical tests was 
assessed by the G*Power test.

Results

Seventy-one adult patients (47 men and 24 
women) aged 65 ± 7 years (range 47–80), un-
dergoing general anaesthesia and elective lung 
surgery for pulmonary neoplasm were included. 
In the studied group: 32 patients underwent left 
lobectomy (group LL: 14 patients — upper lobec-
tomy and 18 patients — lower lobectomy), 9 — left 
pneumonectomy (group LP), 23 — right lobectomy 
(group RL: 10 patients — upper lobectomy and 
13 patients — lower lobectomy) and 7 — right 
pneumonectomy (group RP). Forty-nine patients 
were treated for concomitant arterial hypertension  
(I° or II° according to the World Health Organiza-
tion classification) with beta-blockers (38 patients), 
Ca+2 blockers (9 patients), angiotensin converting 
enzyme inhibitors (44 patients) and diuretic drugs. 
Twenty-six patients were prescribed magnesium 
and 10 both magnesium and potassium for more 
than 1 month prior to surgery. Among all partici-
pants, the mean time of anaesthesia was 161 ± 45 
min, and the surgical time was 115 ± 30.7 min. 
The mean body mass index was 26.6 ± 5.2 kg/m2. 
The mean arterial pressure and SpO2 were 68–100 
mmHg and 92–100%, respectively, during anaes-

thesia and surgery. None of the patients required 
intensive fluid therapy during surgery or the early 
postoperative period, and a possible insufficiency 
of intravascular fluids was supplemented with 
crystalloid infusion (Sterofundin ISO, B. Braun 
Melsungen, Germany). Immediately after anaes-
thesia completion, all patients were transferred 
to the Postoperative Intensive Care Unit. A sinus 
rhythm was noted in all participants with mean 
heart rates of 76.4 ± 15.7/min, 78.5 ± 14.8/min 
and 81.5 ± 14.1/min at postoperative days 1, 2 and 
3, respectively. 

Atrial fibrillation was noted in 9 (6.4%) patients 
at 5–10 postoperative days — 7 after left lung 
surgery and 2 after right lung surgery (c2 = 1.69,  
p = 0.19, c2 with Yates correction = 0.89 for  
p = 0.35). Additionally, postoperative AF was noted 
in 6 patients after pneumonectomy (LP) and 3 after 
lobectomy (1 after LL and 2 after RL) (c2 = 11.5,  
p = 0.001, c2 with Yates correction = 8.79 for  
p = 0.01). None of the other patients required 
treatment for postoperative cardiac arrhythmias, 
and the 12-lead ECG showed a sinus rhythm 
throughout the study period.

In the patient group as a whole, spQRS-T 
increased at 24, 48 and 72 h after surgery (Fig. 1).  
Changes in spQRS-T were similar in patients 
undergoing left and right lung surgery; however,  
a significantly wider spQRS-T was noted in patients 
after pneumonectomy than lobectomy (Table 1). 
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Figure 1. Changes in spatial QRS-T angle in the studied population. Time points: baseline — 1 day before surgery, 
and 24, 48 and 72 hours after surgery; ***p < 0.001 in comparison with baseline. 
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Additionally, a wider spQRS-T was noted after 
LP than RP at all time points whereas this angle 
was comparable in patients undergoing LL and 
RL (Table 1). In patients with, compared to those 
without postoperative AF, the spatial QRS-T angle 
was significantly wider only at 24 h postoperatively 
(Table 2). Representative serial 12-lead ECGs 
from a patient who underwent LP are presented 
in Figure 2.

In the patient group as a whole, QTc intervals 
were also prolonged after lung resection (Fig. 3). 
Although prolongation of the QTc was similar in 
patients undergoing left and right lung surgery 
independent of the type of surgery, LP prolonged 
the QTc significantly more than RP (Table 1). The 
corrected QT interval was also significantly longer 
at 48 and 72 h in patients with versus those without 
postoperative AF (Table 2).

Table 1. Comparison of changes in spatial QRS-T angle and QTc intervals in patients undergoing left 
lobectomy (group LL) pneumonectomy (group LP), right lobectomy (group RL) and right pneumonec-
tomy (group RP).  

Baseline 24 hours 48 hours 72 hours

Spatial QRS-T angle

LL 38.5 
[31; 56]

80** 
[63.25; 93.5]

70.5* 
[48; 87]

67.5 
[21.25; 115.5]

LP 56‡ 
[50.25; 84.25]

129*†‡ 
[128; 133.5]

147*††‡ 
[130.5; 149.25]

145*††‡‡ 
[134.5; 154]

RL 47.5†† 
[24.75; 97.75]

47 
[31.25; 135]

72* 
[38.25; 137]

65* 
[30.5; 120.75]

RP 20 
[6; 27]

33 
[10.5; 47]

42* 
[9.5; 99.5]

43* 
[15; 109.5]

Corrected QT interval

LL 425.5 
[420; 442.2]

439.5 
[429.5; 452.75]

435 
[420.5; 558]

446** 
[430.5; 455.75]

LP 443.5‡ 
[59.25; 85]

462.5‡‡ 
[98; 147]

464.5 
[111.5; 156.3]

462* 
[93.6; 174.5]

RL 428 
[418.5; 478]

434 
[421; 465.25]

431.5 
[407.5; 480]

444.5 
[427.75; 480.75]

RP 411 
[406; 414]

421 
[412; 423]

414 
[409; 443]

406 
[403; 423]

Values shown are medians [quartile 1 and 3]. LL (n = 32), LP (n = 9), RL (n = 23), RP (n = 7). The small number of patients with pneumonec-
tomy limits statistical power (1 – b ≥ 0.8). 
*p < 0.05 versus Baseline; †p < 0.05 and ††p < 0.01 — pneumonectomy versus lobectomy (LP vs. LL and RP vs. RL, respectively); ‡p < 0.05 
and ‡‡p < 0.01 — left versus right pneumonectomy or left versus right lobectomy (LP vs. RP and LL vs. RL, respectively).

Table 2. Comparison of changes in spatial QRS-T angle and QTc intervals in patients with atrial fibrillation 
(AF) in the late postoperative period and patients with an uncomplicated postoperative period (n-AF).

Baseline 24 hours 48 hours 72 hours

Spatial QRS-T angle

AF 50  
[47; 56]

129*† 
[88; 135.5]

143* 
[75; 147]

102 
[59; 145]

n-AF 33.5 
[20.25; 68.75]

69** 
[32.25; 116.75]

71.5** 
[26.25; 120.75]

66** 
[24.; 123.5]

Corrected QT interval

AF 439 
[427.5; 445.5]

453 
[439; 462.75]

469† 
[455; 470.5]

462* 
[451.5; 467]

n-AF 425 
[414; 445.5]

434 
[421.25; 455.5]

434.5 
[412.5; 458.75]

435 
[423; 455.75]

Values shown are medians [quartile 1 and 3]. AF (n = 9), n-AF (n = 62). The small number of patients with postoperative AF limits statistical 
power (1 – b ≥ 0.8). 
*p < 0.05 and **p < 0.001 versus Baseline; †p < 0.05 — complicated postoperative period by AF versus uncomplicated postoperative period
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Discu/ssion
According to available research, this is the 

first study documenting effects of lung resection 
on spQRS-T and QTc. Pneumonectomy and lobec-
tomy affected spQRS-T and QTc; however, the most 
striking changes were noted in patients undergo-
ing left rather than right lung surgery, especially 
LP. Additionally, patients with postoperative AF 
had wider spQRS-T and longer QTc in the early 
postoperative period.

The spQRS-T angle presents the directional 
differences between the ventricular repolarization 
and depolarization [30]. It has been suggested 
to be a strong predictor for all-cause and cardiac 
mortality in middle-aged and elderly patients [15, 
17, 30]. Additionally, a wide spQRS-T has been 
shown to predict life-threatening ventricular ar-
rhythmias [15–18] and silent myocardial ischemia/ 
/infarction [31, 32]. Several factors affect spQRS-T.  
The spQRS-T angle evolves with age and depends  

Figure 2. Representative changes in the spatial QRS-T angle and 12-lead electrocardiogram of a patient who under-
went left pneumonectomy.
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on sex and physical condition [13–17, 33, 34]. Chan-
ges in body position as well as in intra-thoracic  
volume following diaphragm elevation due to in-
creases in intra-abdominal pressure, which may 
also disturb ventricular repolarization, thus widen-
ing the spQRS-T [25, 35, 36]. Gul and colleagues 
documented a completely altered QRS complex 
in patients with changes in intra-thoracic anatomy 
following eventration of the diaphragm and displace-
ment of the bowels into the thoracic cavity [37].

In the present study, an increase in spQRS-T 
in patients after lung resection was observed, the 
most substantive changes occurring in patients 
after LP. A lack of or significant reduction in heart 
compression during respiration probably disturbs 
the QRS loop configuration and affects the heart’s 
hemodynamic function. In people with normal pul-
monary function, the amplitude of the maximum 
leftward force affects the QRS vector, decreasing 
significantly during inspiration, whereas the am-
plitude of the maximum posterior force increases. 
The QRS vector displaces posteriorly and inferiorly 
with a decrease in spatial magnitude of approxi-
mately 10%, leading to an increase in the spQRS-T  
angle [37]. Previous studies have shown that right-
lung resection causes a right-sided QRS vector 
shift in 100% of patients after RP and in 75%, 58.3% 
and 50% after right upper segmentectomy, lower 
left lobectomy and right upper segmentectomy, 

respectively [7]. On the other hand, left-lung re-
section results in a left-sided QRS vector shift in 
100% of patients after LP and in 87%, 66.7%, 57.9% 
and 55.6% of patients after left upper lobectomy, 
left upper segmentectomy, right lower lobectomy 
and right middle lobectomy, respectively [7]. The 
present study was not focused on, and thus did 
not fully confirm these disturbances. However, 
LP spectacularly increased spQRS-T in the patient 
group as a whole, with disturbances in spQRS-T 
being significantly lower in patients after RP. It 
should be noted that the small number of patients 
with pneumonectomy limited the power of the 
analysis, and may have impacted results. 

A 6.4% incidence of postoperative AF was 
lower than that in other reports [1–6]. A sig-
nificantly wider spQRS-T angle was noted in all 
of these patients. Several studies have confirmed  
a strong relationship between a wider spQRS-T and 
the occurrence of potentially lethal arrhythmias in 
patients with left ventricular systolic dysfunction 
[15–17, 30, 38]. The risk of cardiac arrhythmia 
significantly increases with spQRS-T wider than 
100o [15, 16, 30]. It should be noted that spQRS-T 
increased above 100° in relatively more patients 
with postoperative AF and that the higher angle 
was observed 48 h after surgery. 

Postoperative AF might result from postop-
erative electrolyte disorders; however, all affected 

Figure 3. Changes in the corrected QT interval of the studied population. Time points: baseline — 1 day before sur-
gery, and 24, 48 and 72 hours after surgery; *p < 0.05 and **p < 0.01 in comparison with baseline.
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patients received potassium and magnesium sup-
plementation, and their blood potassium concentra-
tion was higher than 4.0 mmol/L (data not shown). 
The incidence of AF was significantly higher in 
patients after pneumonectomy, in agreement with 
other studies [4–6]. Although none of the patients 
presented with myocardial ischemia, it can also be 
speculated that postoperative AF might be a result 
of silent myocardial ischemia. Many patients had 
a history of smoking and chronic obstructive pul-
monary disease, which are often associated with 
atherosclerosis and coronary diseases. Indeed, si-
lent myocardial ischemia/infarct has been shown to 
be associated with a widened spQRS-T angle [32]; 
however, this speculation would require further 
dedicated confirmation.

In the present study, QTc was prolonged after 
left-side resection and was significantly longer than 
after right-side resection. Additionally, QTc was 
longer in patients with postoperative AF. The QTc 
interval represents myocardial depolarization and 
repolarization. Its normal value is below 460 ms for 
women and below 440 ms for men, with borderline 
values ranging 461–479 ms and 441–459 ms for 
women and men, respectively; a prolonged value 
is defined as a value higher than 480 ms and 460 
ms for women and men, respectively [23]. 

A prolonged QTc interval is also associated 
with an increased risk of life-threatening arrhyth-
mias, including polymorphic ventricular tachycar-
dia (torsade de points), and a significant increase 
in the risk for such pathology increases markedly 
in patients with QTc intervals longer than 500 ms.  
However, the risk of cardiac arrhythmia also in-
creases when QTc lengthens more than 60 ms 
compared with the baseline value [39]. 

Female sex and older age predisposes QTc 
interval prolongation. Pathologically prolonged 
QTc has been noted in patients with electrolyte 
disturbances such as hypokalemia, hypomagne-
semia and/or hypocalcemia, myocardial ischemia, 
heart failure and severe bradycardia [19, 20, 31]. 
Many medications can also result in asymptomatic 
or symptomatic QTc interval prolongation, their 
administration sometimes being associated with an 
increased risk for cardiac arrhythmias [22]. 

It should be noted that volatile anaesthetics 
and some opioids, including fentanyl, significantly 
prolong QTc. However, there is controversy as to 
whether propofol has an effect [22, 40–42]. Chang 
et al. [41] documented a prolongation of QTc fol-
lowing propofol anesthesia. Oji et al. [40] noted the 
shortening of QTc after target-controlled infusion 
of propofol. In contrast, Kleinsasser et al. [42] did 

not observe an effect of propofol on QTc interval. 
Additionally, some local anaesthetics used for 
epidural anaesthesia during lung surgery can also 
affect QTc [9]. In the present study, a prolonged 
QTc only in patients undergoing left-lung resection 
was observed, but all participants received the 
same kind of anesthesia. Unfortunately for reasons 
of logistics, it was not possible to study changes in 
QTc more immediately after surgery. 

Limitations of the study
An important limitation of the present study 

was the small number of patients undergoing elec-
tive pneumonectomy, which notably limits study-
related statistical power. Generally, the available 
screening examinations enable cancer diagnosis in 
its early stages and have a fundamental role in the 
possible kinds of treatment. The lack of an analysis 
of spQRS-T and QTc as a function of blood electro-
lyte concentration or preoperative or postoperative 
spirometric features or pharmacological treatment 
was also considered a limitation.

Conclusions

In the present study, an effect of lung resection 
on spQRS-T and the QTc interval was documented. 
Generally, lung resection induced spQRS-T wid-
ening and QTc prolongation; however, the most 
striking widening and prolongation were noted in 
patients undergoing LP. Additionally, AF episodes 
were primarily noted in patients after left-lung 
resection who had prolonged QTc interval. 
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Abstract
Background: Data regarding the outcome of patients with ventricular tachyarrhythmias related to 
arterial hypertension (AHT) and smoking is limited. The study sought to assess the prognostic impact 
of AHT and smoking on survival in patients presenting with ventricular tachyarrhythmias. 
Methods: All consecutive patients surviving ventricular tachycardia (VT) and ventricular fibrillation 
(VF) upon admission to the University Medical Center Mannheim (UMM), Germany from 2002 to 
2016 were included and stratified according to AHT and smoking by propensity score matching. The 
primary prognostic endpoint was all-cause mortality at 30 months.  
Results: A total of 988 AHT-matched patients (494 each, with and without AHT) and a total of 872 
smoking-matched patients (436 each, with and without smoking) were included. The rates of VT and 
VF were similar in both groups (VT: AHT 60% vs. no AHT 60%; smokers 61% vs. non-smokers 62%; 
VF: AHT 35% vs. no AHT 38%; smokers 39% vs. non-smokers 38%). Neither AHT nor smoking were 
associated with the primary endpoint of long-term all-cause mortality at 30 months (long-term mortality 
rates: AHT/no AHT, 26% vs. 28%; log-rank p = 0.525; smoking/non-smoking, 22% vs. 25%; log-rank 
p = 0.683). 
Conclusions: Paradoxically, neither AHT nor smoking were associated with differences of long-term 
all-cause mortality in patients presenting with ventricular tachyarrhythmias. (Cardiol J 2020; 27, 6: 
715–725)
Key words: ventricular tachyarrhythmias, arterial hypertension, smoking, long-term 
all-cause mortality
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Introduction

Sudden cardiac death (SCD) related to ven-
tricular tachyarrhythmias accounts for 15–20% 
of all deaths in the Western world and remains 
associated with poor clinical outcomes [1]. There-
fore, it is important to stratify high-risk patients 
presenting with ventricular tachyarrhythmias 
according to their individual risk for future  
outcomes. 

Arterial hypertension (AHT) and nicotine, 
a major component of cigarettes inhaled during 
smoking, are common cardiovascular risk fac-
tors for coronary artery disease (CAD) and heart 
failure (HF) [2–4]. Patients suffering from CAD 
and HF are at risk of developing life-threatening 
ventricular tachyarrhythmias [2, 5]. Ventricular 
tachyarrhythmias are also associated with left 
ventricular hypertrophy (LVH) due to long-stand-
ing AHT [4, 6]. The pathogenesis of ventricular 
tachyarrhythmias in patients suffering from AHT 
is multifactorial, including hemodynamic and elec-
trophysiological changes such as QT-prolongation 
[2, 7]. Likewise, it could be speculated if an 
antihypertensive medication including thiazide 
diuretics might induce electrolyte shifts such as 
hypokalemia alleviating the onset of ventricular 
tachyarrhythmias [2, 8]. The influence of AHT 
on the development of ventricular tachyarrhyth-
mias is well described, whereas the prognostic 
impact of AHT in these high-risk patients is  
unclear. 

Smoking of cigarettes is the most important 
modifiable risk factor for CAD [9]. The effect of smok-
ing on progression of CAD is well established [3].  
Nicotine by itself might induce acute vascular 
events due to induction of hypercoagulable states, 
induction of endothelial dysfunction, catechola-
mine release, and several toxic effects of increased 
carbon monoxide blood levels [10]. The role of 
smoking itself on ventricular tachyarrhythmias 
is still debated [2, 3]. Nicotine has been proven 
to induce arrhythmogenesis in animals, whereas 
these findings have not yet been approved in hu-
mans [3]. However, there is no data available as 
to whether smoking has an impact on long-term 
mortality in patients presenting with ventricular 
tachyarrhythmias [3]. 

Therefore, the present study evaluates 
the prognostic impact of AHT and smoking on 
long-term all-cause mortality in patients pre-
senting with ventricular tachyarrhythmias upon  
admission.

Methods

Study patients, design and data collection
The present study retrospectively included 

all consecutive patients with ventricular tachyar-
rhythmias from 2002 until 2016 at one institution. 
All relevant clinical data related to the index event 
was documented using patient files, daily records, 
documentation from diagnostic examinations and 
laboratory values, electrocardiograms (ECG), de-
vice recordings, and all further information derived 
from the electronic hospital information system.  

Ventricular tachyarrhythmias are comprised 
of ventricular tachycardia (VT) and ventricular 
fibrillation (VF), as defined by current interna-
tional guidelines [11]. Sustained VT was de-
fined by VT with a duration of more than 30 s  
or causing hemodynamic collapse within 30 s. 
Non-sustained VTs were defined as less than 30 s.  
VTs were comprised of wide QRS complexes  
(≥ 120 ms) at a rate greater than 100 bpm [11]. 
Ventricular tachyarrhythmias were documented by 
12-lead ECG, ECG tele-monitoring and implant-
able cardioverter-defibrillators (ICD). In cases of 
unstable course or during cardiopulmonary re-
suscitation (CPR) documentation was performed 
by external defibrillator monitoring. Documented 
VF was treated by external defibrillation and 
in cases of prolonged instability with additional 
intravenous anti-arrhythmic drugs during CPR. 
Further documented data contained baseline char-
acteristics, prior medical history, prior medical 
treatment, length of index stay, detailed findings 
of laboratory values at baseline, data derived from 
all non-invasive or invasive cardiac diagnostics 
and device therapies. These included coronary 
angiography, electrophysiological examination, 
prior or newly implanted ICDs, pacemakers or 
cardiac contractility modulators, which had already 
been implanted at index or at follow-up. Imaging 
modalities comprised echocardiography or cardiac 
magnetic resonance imaging (cMRI). The overall 
presence of an activated ICD summarizes the total 
sum of all patients with either a prior implanted 
ICD before admission, those undergoing new ICD 
implantation at index stay, as well as those with ICD 
implantation at the complete follow-up period after 
index hospitalization, referring to sole ICD, sub-
cutaneous-ICD (s-ICD) and cardiac resynchroniza-
tion therapy with defibrillator function (CRT-D).  
Pharmacological treatment was documented ac-
cording to the discharge medication of patients 
surviving index hospitalization. Rates of overall 
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ICDs and of pharmacological therapies refer to the 
number of surviving patients being discharged from 
index hospitalization. 

The documentation period lasted from the in-
dex event until 2016. Documentation of all medical 
data was performed by independent cardiologists 
at the patients’ individual period of hospitalization 
and were blinded to the final data analyses. 

The present study is derived from an analysis 
of the “Registry of Malignant Arrhythmias and 
Sudden Cardiac Death-Influence of Diagnostics 
and Interventions (RACE-IT)” and represents  
a single-center registry including retrospectively 
consecutive patients presenting with ventricular 
tachyarrhythmias and SCD being acutely admit-
ted to the University Medical Center Mannheim 
(UMM), Germany (clinicaltrials.gov identifier: 
NCT02982473) from 2002 until 2016. The registry 
was carried out according to the principles of the 
Declaration of Helsinki and was approved by the 
Medical Ethics Committee II of the Faculty of Medi-
cine Mannheim, University of Heidelberg, Germany. 

The medical center covers a general emer-
gency department for emergency admission of 
traumatic, surgical, neurological and cardiovascular 
conditions. Interdisciplinary consultation is an in-
built feature of this 24/7 service, and is connected 
to a stroke unit, four intensive care units with 
extracorporeal life support and a chest pain unit 
to alleviate rapid triage of patients. The cardiology 
department itself includes 24 h catheterization and 
electrophysiologic laboratories, a hybrid operating 
room and telemetry units.

Definition of study groups, inclusion  
and exclusion criteria 

For the present analysis risk stratification 
was performed according to AHT and smoking. 
AHT was defined by international guidelines as 
systolic blood pressure levels ≥ 140 mmHg and/or  
diastolic blood pressure levels ≥ 90 mmHg, at 
which the benefits of treatment overweighed the 
risks of treatment, i.e. lifestyle modification or 
antihypertensive drugs [12]. Smoking was defined 
by daily nicotine use [13]. Overall exclusion criteria 
comprised patients with early cardiac death. Early 
cardiac death was defined as cardiac death occur-
ring < 24 h after onset of ventricular tachyarrhyth-
mias or an assumed unstable cardiac condition on 
index admission [11]. No further exclusion criteria 
were present.

Each patient was counted only once for inclu-
sion when presenting with the first episode of 
ventricular tachyarrhythmias. 

Study endpoints
The primary prognostic endpoint was all-cause 

mortality at long-term follow-up of 30 months. 
Overall follow-up lasted until 2016. All-cause mor-
tality was documented using our electronic hospital 
information system and by directly contacting state 
resident registration offices (“bureau of mortal-
ity statistics”) across Germany. Identification of 
patients was verified by place of name, surname, 
day of birth and registered living address. Lost to 
follow-up rate was 1.7% (n = 48) regarding survival 
until the end of the follow-up period.

Statistical methods
Quantitative data are presented as mean  

± standard error of mean (SEM), median and 
interquartile range (IQR), and ranges depending 
on the distribution of the data and were compared 
using the Student t test for normally distributed 
data or the Mann-Whitney U test for nonparamet-
ric data. Deviations from a Gaussian distribution 
were tested by the Kolmogorov-Smirnov test. The 
Spearman rank correlation for nonparametric data 
was used to test univariate correlations. Qualita-
tive data are presented as absolute and relative 
frequencies and were compared using the c2 test 
or the Fisher exact test, as appropriate. 

Uni-variable stratification was performed us-
ing the Kaplan-Meier method with comparisons 
between groups using uni-variable hazard ratios 
(HR) given together with 95% confidence intervals 
applied in the propensity-matched cohorts. 

Follow-up periods for evaluation of all-cause 
mortality was in accordance with the median sur-
vival of diseased patients to guarantee complete 
survival of at least 50% of patients. Patients not 
meeting long-term follow-up were censored. 

The result of a statistical test was considered 
significant for p < 0.05, p values ≤ 0.01 were de-
fined as a statistical trend. SAS, release 9.4 (SAS 
Institute Inc., Cary, NC, USA) and SPSS (Version 
25, IBM Armonk, New York, USA) were used for 
statistics. 

Propensity score matching
Propensity matching was applied in advance 

(see study flow chart) and all statistical calculations 
as outlined above were performed in the propensity 
matched cohort afterwards. 

In randomized controlled trials patients with 
or without a specific treatment would have a 50% 
chance of  being treated and balanced measured 
and unmeasured baseline characteristics would 
be expected. However, patients cannot be rand-
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omized in real-life according to AHT and smoke. An 
observational study usually recruits consecutive 
real-life patients without randomization result-
ing in varying chances between 0% and 100% to 
receive imbalances in baseline characteristics and 
treatments. Therefore, differences inoutcomes of 
specific groups might be explained by heteroge-
neous distribution of baseline characteristics and 
applied therapies. To further reduce this selection 
bias, a 1:1 propensity-scores were used for AHT 
vs. no AHT and smokers vs. non-smokers, to as-
semble matched cohorts, in which patients were 
well-balanced regarding all measured baseline 
characteristics. 1:1 propensity score matching was 
performed and included the entire study cohort 
[14, 15].

Propensity scores were created according to 
the presence of the following independent variables: 
age, gender, diabetes, chronic kidney disease (CKD) 
(glomerular filtration rate < 60 mL/min/1.73 m2),  
CAD, left ventricular dysfunction, CPR, acute 
myocardial infarction (AMI), cardiogenic shock, 
presence of an ICD and index ventricular tachyar-
rhythmias (VT vs. VF). 

Based on propensity score values counted by 
logistic regression, for each AHT a non-AHT pa-
tient and for each smoking patient, a non-smoking 
patient with a similar propensity score value was 
found (accepted difference of propensity score 
value < 5%).

Results

Study population
Propensity-matched cohorts of consecutive 

patients presenting with ventricular tachyarrhyth-
mias on admission at our institution consisted of 
a total of 988 patients in AHT and 872 patients in 
smoking cohorts (Fig. 1). 

In the AHT cohort (494 patients in each group), 
the rate of VT and VF was similar in both groups 
(VT: AHT 60% vs. no AHT 60%; VF: AHT 40% 
vs. no AHT 40%) (Table 1). No further differences 
were observed for prognosis-relevant factors at in-
dex including CKD, CAD, AMI, cardiogenic shock, 
cardiomyopathy as well as discharge medication 
with beta-blockers, angiotensin-converting enzyme 
inhibitors (ACEI) and aldosterone antagonists in 
between AHT and no AHT patients (Table 1). 

In the smoking cohort (436 patients in each 
group), the rate of VT and VF was similar in both 
groups (VT: smokers 61% vs. non-smokers 62%; 
VF: smokers 39% vs. non-smokers 38%) (Table 2). 
Despite matching for prognosis-relevant factors 

at index including CKD, CAD, AMI, cardiogenic 
shock, cardiomyopathies and atrial fibrillation, 
smokers were still more likely to have a prior his-
tory of AHT, hyperlipidemia, cardiac family history 
and ACEI at discharge (Table 2). 

The AHT cohort and the smoker’s cohort were 
well matched for left ventricular function, cardiac 
therapies at index including CPR, diagnostics in-
cluding coronary angiography and CAD status and 
device therapies (Tables 1, 2). Smokers underwent 
coronary angiography more often and revealed  
a higher rate of overall CAD. 

All-cause mortality and survival data
Paradoxically, at long-term follow-up high-risk 

AHT patients presenting with ventricular tachyar-
rhythmias were not associated with the primary 
endpoint of long-term all-cause mortality at 30 
months (IQR 96 days – 5.5 years) compared to no 
AHT patients (mortality rates: AHT, 26% vs. no 
AHT: 28%; log-rank p = 0.525) (Fig. 2). 

Arterial hypertension was not associated with 
the primary endpoint of long-term all-cause mor-
tality in CRT (HR 0.511 [0.132–1.976]; p = 0.330) 
and no-CRT patients (HR 0.942 [0.736–1.205];  
p = 0.942) as well as in patients with left ventricular  
ejection fraction (LVEF) > 35% and LVEF < 35% 
(LVEF > 35%, log-rank p = 0.497; LVEF < 35%, 
log-rank p = 0.753) (data not shown).

Accordingly, smokers presenting with ven-
tricular tachyarrhythmias on admission were not 
associated with the primary endpoint of all-cause 

1,993 patients
with ventricular tachyarrythmia

on admission

Before
matching

AHT
(n = 1,159)

versus
non-AHT

(n = 834)

Smoking
(n = 572)

versus
non-smoking
(n = 1,421)

1:1 propensity score matching

After
matching

Analysis 1:
494 matched pairs

—
AHT

versus
non-AHT

Analysis 1:
436 matched pairs

—
Smoking
versus

non-smoking

Figure 1. Flow chart of study population; AHT — arterial 
hypertension.
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Table 1. Characteristics of matched patients with or without arterial hypertension.

Characteristic Non-AHT
(n = 494; 50%)

AHT
(n = 494; 50%)

P

Gender: male 376 (76%) 378 (77%) 0.881

Age, median (range) 65 (21–89) 65 (30–94) 0.396

Ventricular tachyarrhythmias:

VT 296 (60%) 298 (60%)
0.897

VF 198 (40%) 196 (40%)

Cardiovascular risk factors:

Diabetes mellitus 90 (18%) 115 (23%) 0.050

Hyperlipidemia 74 (15%) 211 (43%) 0.001

Smoking 140 (28%) 160 (32%) 0.166

Cardiac family history 52 (11%) 63 (13%) 0.275

Comorbidities at index stay:

Acute myocardial infarction 161 (33%) 145 (29%) 0.271

Cardiogenic shock 58 (12%) 59 (12%) 0.922

Cardiopulmonary resuscitation 187 (38%) 177 (36%) 0.510

Cardiomyopathy 78 (16%) 60 (12%) 0.099

Valvular heart disease 44 (9%) 42 (9%) 0.821

Atrial fibrillation 137 (28%) 173 (35%) 0.014

Cardiac surgery 7 (1%) 7 (1%) 1.000

Hyperkalemia 7 (1%) 8 (2%) 0.795

Hypokalemia 28 (6%) 34 (7%) 0.431

Stroke 15 (3%) 19 (4%) 0.485

Clinically significant bleeding 18 (4%) 16 (3%) 0.727

Anemia 24 (5%) 31 (6%) 0.331

Septic shock 13 (3%) 13 (3%) 1.000

Chronic kidney disease 217 (44%) 219 (44%) 0.898

Liver cirrhosis 7 (1%) 4 (0.8%) 0.363

Coronary angiography:

Coronary angiography, overall 337 (68%) 368 (75%) 0.029

Coronary artery disease 243 (72%) 254 (69%) 0.130

No evidence of CAD: 94 (28%) 114 (31%) 0.163

1-vessel 78 (23%) 100 (27%) 0.069

2-vessel 88 (26%) 70 (19%) 0.118

3-vessel 77 (23%) 84 (23%) 0.547

Presence of CABG 37 (11%) 44 (12%) 0.684

Presence of CTO 71 (21%) 60 (16%) 0.085

PCI 157 (47%) 138 (38%) 0.015

Left ventricular function: 0.786

LVEF > 55% 143 (29%) 150 (30%)

LVEF 54–35% 176 (36%) 162 (33%)

LVEF < 35% 175 (35%) 182 (37%)

Patients at discharge 426 (86%) 442 (89%) 0.119

Overall ICDs 131 (31%) 132 (30%) 0.911

Medication at discharge:

Beta-blocker 358 (84%) 379 (86%) 0.482

ACEI 290 (68%) 314 (71%) 0.342

Alosterone antagonist 48 (11%) 58 (13%) 0.404

Æ
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Characteristic Non-AHT
(n = 494; 50%)

AHT
(n = 494; 50%)

P

Hospitalization time [days], median (IQR):

Total hospitalization time 13 (8–22) 14 (8–23) 0.991

ICU time 4 (0–8) 3 (0–8) 0.278

Follow-up time [days],  
mean; median (range)

1719;1539 
(3–5095)

1809;1595 
(3–5106)

0.331

All-cause mortality at 30 months:

At index 68 (14%) 52 (11%) 0.119

At follow up 68 (14%) 76 (15%) 0.471

Overall 136 (28%) 128 (26%) 0.377

ACEI — angiotensin converting enzyme inhibitor; AHT — arterial hypertension; AMI — acute myocardial infarction;  CABG — coronary artery 
bypass grafting; CAD — coronary artery disease; CTO — coronary chronic total occlusion; ICD — implantable cardioverter-defibrillator; ICU 
— intensive care unit; IQR — interquartile range; LVEF — left ventricular ejection function; PCI — percutaneous coronary intervention; VF — 
ventricular fibrillation; VT — ventricular tachycardia

Table 1. (cont.). Characteristics of matched patients with or without arterial hypertension.

Table 2. Baseline characteristics according to smoking status.

Characteristic Non-smoking
(n = 436; 50%)

Smoking
(n = 436; 50%)

P

Gender: male 362 (83%) 365 (84%) 0.785

Age, median (range) 65 (16–92) 63 (21–88) 0.001

Ventricular tachyarrhythmias:

VT 269 (62%) 266 (61%)
0.835

VF 167 (38%) 170 (39%)

Cardiovascular risk factors:

Arterial hypertension 252 (58%) 293 (67%) 0.004

Diabetes mellitus 113 (26%) 110 (25%) 0.816

Hyperlipidemia 135 (31%) 180 (41%) 0.002

Cardiac family history 33 (8%) 85 (20%) 0.001

Comorbidities at index:

Acute myocardial infarction 132 (30%) 155 (36%) 0.097

Cardiogenic shock 39 (9%) 56 (13%) 0.065

Cardiomyopathy 47 (11%) 36 (8%) 0.204

Cardiopulmonary resuscitation 156 (36%) 156 (36%) 1.000

Valvular heart disease 30 (7%) 26 (6%) 0.581

Atrial fibrillation 120 (28%) 123 (28%) 0.821

Cardiac surgery 4 (0.9%) 15 (3%) 0.011

Hyperkalemia 3 (0.7%) 6 (1%) 0.315

Hypokalemia 31 (7%) 16 (4%) 0.024

Stroke 8 (2%) 19 (4%) 0.032

Clinically significant bleeding 6 (1%) 15 (3%) 0.047

Anemia 19 (4%) 21 (5%) 0.746

Septic shock 5 (1%) 13 (3%) 0.057

Chronic kidney disease 175 (40%) 173 (40%) 0.890

Liver cirrhosis 3 (0.7%) 6 (1%) 0.315

Coronary angiography:

Coronary angiography, overall 297 (68%) 328 (75%) 0.020

Coronary artery disease 234 (54%) 263 (60%) 0.047

Æ
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mortality at 30 months compared to non-smokers 
(mortality rate smokers: 22% vs. non-smokers: 
25%; log-rank p = 0.683) (Fig. 3). Even in patients 
with LVEF > 35% smoking was not associated with 
any mortality difference (LVEF > 35%, log-rank  
p = 0.649; LVEF < 35%, log-rank p = 0.239) (data 
not shown).

Discussion

The present study evaluates the prognostic 
impact of AHT and smoking on long-term all-
cause mortality in high-risk patients presenting 
consecutively with ventricular tachyarrhythmias 
on admission. Paradoxically, this well-matched 
analysis suggests that neither AHT nor smoking 
were associated with increased secondary long-

Table 2 (cont.). Baseline characteristics according to smoking status.

Characteristic Non-smoking
(n = 436; 50%)

Smoking
(n = 436; 50%)

P

No evidence of CAD: 63 (21%) 65 (20%) 0.837

1-vessel 73 (25%) 97 (30%) 0.040

2-vessel 81 (27%) 71 (22%) 0.797

3-vessel 80 (27%) 95 (29%) 0.205

Presence of CABG 45 (15%) 44 (13%) 0.535

Presence of CTO 69 (23%) 68 (21%) 0.450

PCI 123 (41%) 157 (48%) 0.105

Left ventricular function: 0.679

LVEF > 55% 126 (29%) 125 (29%)

LVEF 54–35% 153 (35%) 152 (35%)

LVEF < 35% 157 (36%) 159 (37%)

Patients at discharge 399 (91%) 389 (89%) 0.181

Overall ICDs 115 (29%) 124 (32%) 0.467

Medication at discharge:

Beta-blocker 338 (85%) 341 (88%) 0.231

ACEI 257 (64%) 286 (74%) 0.006

Aldosterone antagonist 32 (8%) 47 (12%) 0.058

Hospitalization time [days], median (IQR):

Total hospitalization time 12 (4–23) 13 (8–23) 0.261

ICU time 3 (0–8) 3 (0-8) 0.383

Follow-up time [days],  
mean; median (range)

1954; 1930 
(3–5095)

1693; 1527 
(3–5089)

0.006

All-cause mortality at 30 months:

At index 37 (9%) 47 (11%) 0.191

At follow up 71 (16%) 51 (12%) 0.051

Overall 108 (25%) 98 (22%) 0.425

ACEI — angiotensin converting enzyme inhibitor; AHT — arterial hypertension; AMI — acute myocardial infarction;  CABG — coronary ar-
tery bypass grafting; CAD — coronary artery disease; CTO — coronary chronic total occlusion; ICD — implantable cardioverter-defibrillator; 
ICU — intensive care unit; IQR — interquartile range; LVEF — left ventricular ejection function; PCI — percutaneous coronary intervention; 
VF — ventricular fibrillation; VT — ventricular tachycardia

term all-cause mortality at 30 months in patients 
presenting consecutively with ventricular tachyar-
rhythmias straight from the admission scenario.

Previous studies showed that LVH due to AHT 
is a risk factor for ventricular tachyarrhythmias 
[16]. Data from the Framingham cohort demon-
strated in 1985, that AHT may increase the risk 
of sustained or non-sustained VT in the presence 
of LVH [17]. Depending on the grade of LVH, the 
authors showed an increasing risk of cardiovascular 
and death of any cause. However, this study did not 
report on a long-term follow up of patients present-
ing on admission with ventricular tachyarrhythmias 
according to the presence of AHT. The present 
study did not prove any prognostic impact of AHT 
on long-term prognosis in patients presenting with 
ventricular tachyarrhythmias. Notably, no prog-
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nostic impact of AHT was additionally observed 
in patients with or without CRT devices.

McLenachan et al. [18] compared patients with 
and without LVH and AHT assessed by 12-lead 
ECG (each n = 50) including matching for age, 
sex, smoking and blood-pressure levels. It was 
demonstrated that AHT/LVH patients had a sig-
nificant higher rate of ventricular tachyarrhythmias 
and SCD compared to patients without LVH [18]. 
Furthermore, effective control of blood pressure 
was shown to prevent ventricular tachyarrhythmias 
and SCD [16]. Especially, antihypertensive drugs, 
such as thiazide diuretics, were associated with 
ventricular tachyarrhythmias due to electrolyte 
shifts. Although, the exact mechanism is not fully 
understood, hypokalemia might play an important 
role [19]. In the double-blind and randomized 
HOPE-study the ACEI ramipril was associated 
with a reduced rate of death, myocardial infarction, 
stroke and cardiac arrest compared to placebo [20]. 
Since their market approval in the early 1980s, 
ACEI became the international gold standard in 
the therapy of AHT. ACEI are known to attenuate 
adverse structural myocardial remodeling and pro-
gression of LVH [21–23]. Data from Framingham 
and MCLenachan were collected until 1985/1987, 
whereas data about ACEI treatment were not 
reported sufficiently. It might be speculated as to 
whether the lack of prognostic impact of AHT itself 
may be attributed to modern therapies including 
ACEI within 2002 and 2016. In this study 26%  

of AHT patients had been already treated with 
ACEI. 

A majority of patients included in the present 
study suffered from systolic HF (LVEF < 55%) in 
almost two thirds of cases. Heart failure, especially 
in advanced stages (LVEF < 35%) is accompanied 
by progressive AHT in terms of low-output failure 
[24]. This might additionally support the hypoth-
esis of risk-factor paradox in patients presenting 
with ventricular tachyarrhythmias related to AHT. 
Here, the implantation of CRT-devices represents 
an established treatment option in patients with 
wide QRS complexes and LVEF < 35% [25, 26], 
and aims to improve left ventricular dysfunction 
by an effective biventricular stimulation rate of  
> 98%, which in turn, may increase systolic blood 
pressure. However, there are known predictors of 
ineffective CRT response, such as permanent atrial 
fibrillation, massively dilated left ventricles, severe 
mitral regurgitation, and large ischemic anterosep-
tal or posterior scars of the left ventricle [26]. In 
order to test for potential bias, the present study 
demonstrates that AHT had no effect on prognosis 
and neither in CRT, non-CRT and LVEF < 35% 
patients. However, the outlined circumstances 
might additionally support the hypothesis of the 
entitled risk-factor paradox in patients presenting 
with ventricular tachyarrhythmias related to AHT. 

The only and most modifiable cardiovascular 
risk factor represents the smoking of cigarettes, 
however smoking is still the leading preventable 

Figure 2. Long-term all-cause mortality of patients pre-
senting with ventricular tachyarrhythmias stratified ac-
cording to the presence and absence of arterial hyper-
tension (AHT).
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cause of death in the United States [3]. Smoking is 
directly associated with atherosclerosis, whereas 
its influence in patients with ventricular tachyar-
rhythmias is still unclear [3]. Several experimental 
studies investigated the toxicity of nicotine in 
animals and cell cultures. Mehta et al. [27] inves-
tigated the effect of intravenous application of nico-
tine in healthy dogs. In their dose-response study, 
increased rates of arrhythmias were observed at 
a dosage of 50 µg/kg (equivalent in humans of  
2 smoked cigarettes), including supraventricular, 
atrioventricular junctional and ventricular arrhyth-
mias [27]. An intravenous dosage of nicotine at  
100 µg/kg was shown to induce fatal ventricular 
flutter and fibrillation. The arrhythmogenic side 
effect of nicotine was explained by increased carbon 
monoxide and oxidative stress [27]. Unfortunately, 
these experimental results are not directly compa-
rable to humans, due to long-term use of smoking 
in humans [3, 27].  

In a case-control study including 95 CAD pa-
tients undergoing bypass surgery smoking was an 
independent predictor of atrial fibrosis [28]. Goette 
et al. [28] demonstrated increased levels of colla-
gen type III within an organo-typical atrial tissue 
culture model of smokers. This pro-fibrotic status 
(i.e. increase of extracellular matrix turnover and 
subsequent adverse structural myocardial remod-
eling) as a consequence of nicotine was also shown 
in an experimental study in dogs by Shan et al. [29], 
where a dose-dependent increase of atrial remod-
eling after intravenous administration of nicotine 
over 30 days was documented. Atrial tissue was 
preserved during open-heart surgery of the dogs 
and the fibrous tissue was finally quantified mi-
croscopically [3]. Furthermore, arrhythmogenesis 
might be related to tissue hypoxemia, oxidative 
stress and increased carbon monoxide by binding 
hemoglobin during smoking [30, 31]. 

Plank et al. [32] investigated in a sub-study of 
the Multicenter Automatic Defibrillator Implanta-
tion Trial-Cardiac Resynchronization Therapy 
(MADIT-CRT-trial) the risk of first and recurrent 
ventricular tachyarrhythmias in patients with mild 
HF and ICD therapy according to smoking [32]. 
The study compared 465 non-smokers, 780 past 
smokers and 197 current smokers with ischemic 
and non-ischemic cardiomyopathy [32]. Current 
smokers with mild HF were shown to be associated 
with higher risk of ventricular tachyarrhythmias 
compared to past- and non-smokers [32]. The 
MADIT-II trial showed that the risk of ventricular 
tachyarrhythmias in patients with CAD-related HF 
is higher in current smokers compared to past- and 

non-smokers. They also showed that smokers had  
a significantly higher risk for inadequate ICD-shocks  
[33]). MADIT-II and MADIT-CRT were primary 
preventive studies, whereas the present study in-
cluded patients who already survived an episode of 
ventricular tachyarrhythmias on admission. Unfor-
tunately, sub-analyses of MADIT did not undergo 
propensity matching which questions the results 
due to cofounding of heterogeneous sub-groups 
regarding comorbidities. 

Data about the effect of nicotine and cardiac 
arrhythmia are limited in humans. Pharmacody-
namics of nicotine is complex including the biphasic 
dose-response curve and additional development 
of nicotine tolerance. Therefore, more studies in 
humans are necessary to prove potential acute 
toxic and long-term prognostic effects of nicotine 
in patients presenting with ventricular tachyar-
rhythmias [3, 34–36]. Consistently, smoking does 
represent a risk factor for development of CAD and 
chronic obstructive pulmonary disease (COPD). 
Both diseases might promote ventricular tachyar-
rhythmias by themselves [37]. No evidence is yet 
available whether smoking may affect prognosis in 
the absence of CAD and COPD, even in high-risk 
patients with ventricular tachyarrhythmias. 

In conclusion, this study demonstrates  
a paradox that neither AHT nor smoking reveal 
any impact on long-term prognosis in terms of 
all-cause mortality in high-risk patients presenting 
with ventricular tachyarrhythmias on admission. 

Limitations of the study
This observational and retrospective registry-

based analysis reflects a realistic picture of con-
secutive health-care supply of high-risk patients 
presenting with ventricular tachyarrhythmias 
right upon hospital admission. Lost to follow-up 
rate regarding the evaluated endpoint of all-cause 
mortality was minimal. Additionally, heterogene-
ity within the study population was controlled by 
1:1 propensity-matched analyses. The potential 
influence of optimal treatment of hypertensive 
patients as well as investigation of smoking cessa-
tion programmes being offered at the documented 
institution might still have influenced the present 
results to a minor extent. Despite retrospective 
propensity-score matching with similar rates of 
cardioprotective drugs in both AHT and no AHT 
patients and no differences after stratification into 
left ventricular dysfunction, a certain bias may 
still be present especially in hypotensive patients 
associated with progressive HF usually receiving 
minor dosages and numbers of cardioprotective 
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drugs. Also, a CRT-treatment might improve the 
blood pressure and consecutive the survival in hy-
potensive patients. The prognostic impact of AHT 
and smoking in patients with ventricular tachyar-
rhythmias has to be re-evaluated in further studies.

Conclusions

Paradoxically, AHT and smoking were not 
associated with increased long-term all-cause 
mortality at 30 months in patients presenting with 
ventricular tachyarrhythmias on admission.
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Abstract
Background: Fibrosis of the extracellular matrix (ECM) in dilated cardiomyopathy (DCM) is com-
mon and compromises both systolic and diastolic function. The aim of this study was to investigate the 
kinetics of ECM fibrosis markers over a 12 month follow-up in patients with DCM based on the severity 
of diastolic dysfunction (DD). 
Methods: Seventy consecutive DCM patients (48 ± 12.1 years, ejection fraction 24.4 ± 7.4%) were 
included in the study. The grade of DD was determined using the ASE/EACVI algorithm. Markers 
of ECM fibrosis were measured at baseline and at 3 and 12 month follow-ups: collagen type I and III 
(PICP, PINP, PIIICP, PIIINP), transforming growth factor beta-1 (TGF1-b), connective tissue growth 
factor (CTGF) and galectin-3 were measured. 
Results: Patients were divided into three groups according to DD severity: 30 patients with grade I,  
18 with grade II and 22 with grade III of DD. Levels of PICP, PINP were increased over a 12-month 
period, while PIIINP decreased and PIIICP unchanged. Levels of TGF1-b decreased from the 3 to the 
12-month points in grade I and II DD, and in grade III they remained unchanged. Levels of CTGF 
decreased over 12 months in grade III DD but were unchanged in grades I and II. Galectin-3 levels 
remained the same over all observation periods, irrespective of DD grade. 
Conclusions: Regardless of the DD grade, markers of collagen type I synthesis increased, markers of 
collagen type III decreased. Levels of TGF and CTGF had a tendency to decrease. Galectin-3 was re-
vealed not to be a marker discriminating the severity of DD. (Cardiol J 2020; 27, 6: 726–734)
Key words: dilated cardiomyopathy, diastolic dysfunction, markers of fibrosis

Introduction

The prevalence of heart failure (HF) is 1–2% 
of the adult population in developed countries [1]. 
According to the current classification of diastolic 
dysfunction (DD), virtually all patients with HF 

with reduced ejection fraction (HFrEF) have at 
least a mild degree of DD [2]. Irrespective of HF 
etiology, e.g. ischemic or non-ischemic, progressive 
abnormalities in the extracellular matrix (ECM) 
result in a gradual worsening of both systolic and 
diastolic function. Reactive fibrosis of ECM typi-
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cally is observed in dilated cardiomyopathy (DCM) 
and importantly contributes to HF progression. 
Altered components of ECM, e.g. relative increase 
of collagen type I over III, leads to the stiffening of 
the myocardium and further worsening DD. Thus, 
ECM fibrosis and DD seems to be interrelated. 

Extracellular matrix fibrosis can be studied 
directly by means of endomyocardial biopsy or 
non-invasively with magnetic resonance. Further-
more, measurement of serum markers of fibrosis 
may provide insight into myocardial pathology. The 
dynamics of collagen turnover may be studied via 
circulating markers of collagen synthesis which are 
released into the bloodstream during conversion 
into the mature collagens [3–5]. In addition, levels 
of fibrosis controlling factors, including transform-
ing growth factor beta-1 (TGF1-b), connective 
tissue growth factor (CTGF) or galectin-3 may 
also indicate ongoing ECM fibrosis [6]. Numerous 
studies have explored the role of serum markers of 
fibrosis in various cardiac disorders, including HF, 
DCM and hypertension. In the majority of these 
studies only single measurements of markers of 
interests were performed and, based on those 
baseline values, associations were investigated. 
Conversely, a minority of studies examined for the 
kinetics of those markers, which may be equally 
important as patterns of biomarkers over time may 
be more relevant than single measures. 

Under a previous investigation, 12-month ki-
netics of serum markers of collagen synthesis, TGF 
and CTGF, in DCM patients were stratified accord-
ing to duration of disease and fibrosis status [7]. 
Different patterns of these markers were observed 
over time in patients with and without ECM fibro-
sis. Despite an extensive literature search, no stud-
ies were found exploring the relationship between 
the kinetics of serum markers and DD in patients 
with DCM. Therefore, in this study, the aim was to 
investigate changes over time in selected markers 
of fibrosis in DCM patients stratified on the basis 
of DD over a 12-month observation period. 

Methods

Study groups 
From July 2014 to October 2015, 70 consecu-

tive patients with DCM were included. DCM was 
diagnosed according to the current European 
Society of Cardiology 2007 guidelines after exclu-
sion of significant coronary artery disease, primary 
heart valve disease, congenital heart disease and 
arterial hypertension [8]. All patients were in the 
New York Heart Association (NYHA) class I–III 

for at least 2 preceding weeks.  An assessment of 
patient status, echocardiographic examinations and 
blood sampling were repeated at 3 and 12 months. 
The study protocol was approved by the relevant 
institutional committees and ethics committees. 
All patients gave written informed consent prior to 
inclusion in the study. During the study, 4 (5.7%) 
patients died within the first 3 months and another 
2 (3%) within 12 months. Thus, there were 64 
(94.3%) patients which comprised follow-up data.

Echocardiography
All measurements, including DD assessment, 

were performed according to the recommendations 
of the European Associations of Cardiovascular Im-
aging (EACVI) [2]. Based on the EACVI algorithm, 
DCM patients were divided into three groups; 
grade I, II or III DD.

Laboratory measurements
Venous blood samples and laboratory testing 

of serum markers of fibrosis were conducted us-
ing methods described in recent papers [9]. The 
concentrations of collagen synthesis markers and 
fibrosis controlling markers were determined in 
plasma using a commercially available ELISA tests 
as follows: collagen type 1 (manufacture reference 
values 46.7–178.9 pg/mL), procollagen I N-terminal 
propeptide (PINP 30.2–55.1 pg/mL), procollagen 
III N-terminal propeptide (PIIINP 2.69–63.56 ng/ 
/mL), procollagen I C-terminal propeptide (PICP 
64–186 pg/mL = 0.064–0.186 ng/mL), procol-
lagen III C-terminal propeptide (PIIICP 5.2–35.5 
ng/mL), connective tissue growth factor (CTGF 
2.3–42.5 ng/mL) (all from Cloud Clone Corp. 
Houston, TX, USA); TGF1-b (4.639–14.757 pg/mL  
= 4.639–14.757 ng/mL) (Diaclone SAS, Besancon 
Cedex, France), galectin-3 (4–114 ng/mL) (Abbott 
Diagnostics, Vienna, Austria). All measurements 
were performed by technicians blinded to the sam-
ple status. Intra-assay and inter-assay coefficients 
of variation were < 7%.

Statistical analysis
The normality of distribution of variables was 

assessed with the Shapiro-Wilk test. Comparisons 
of clinical parameters in the three groups were 
conducted with the Kruskal-Wallis ANOVA non-
parametric analysis of variance, with repeated 
measurements since differences between the 
time-points were not distributed normally. A post-
hoc analysis was conducted with the Dunnett test 
which is designed for heterogeneous covariance. 
All results were considered statistically significant 
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when p value was < 0.05. Statistical analysis was 
conducted with Statistica version 13.1 software. 

Results

Baseline characteristics
Table 1 shows the baseline characteristics of 

patients in the three groups of patients stratified 
according to DD grade. Patients with grade II 
DD had significantly larger left ventricular end-
systolic diameter as assessed by body surface area 
(34.1 mm/m2), while there were no differences 
in patients with grade I and III DD. E-wave and 
A-wave had significantly higher values in grade 

II and grade III DD in comparison to grade I DD 
while E/A ratio was highest in patients with grade 
III DD [2, 9]. There were no differences in age, 
gender, NYHA classification or body mass index 
between the groups. Patients with grade I DD had 
the highest concentration of hemoglobin (15.1 g/ 
/dL), while patients with grade II and grade III DD 
had significantly higher level of amino-terminal 
pro B-type natriuretic peptide (5627.8 pg/mL 
and 6802 pg/mL, respectively). No differences 
were observed in the frequency of sinus rhythm, 
atrial fibrillation or duration of QRS between the 
groups. All patients were receiving optimal HF 
pharmacotherapy but patients with grade III DD 

Table 1. Baseline characteristics of the study population divided according to diastolic dysfunction grade. 

Parameter Diastolic dysfunction P

Grade I Grade II Grade III 

Number 30 18 22

Age [years] 48.4 (42–53) 47.61 (39–56) 47.96 (36–61) 0.99

Sex (male/female) 27/3 18/0 18/4 0.16

BMI [kg/m2] 28.166 (24.5–31.2) 25.3 (21–30) 27.6 (22.3–30.9) 0.16

NYHA class (I–IV) 2.37 ± 0.76 2.57 ± 0.73 2.77 ± 0.61 0.08

LVESD/BSA [mm/m2] 27.6 (24.4–30.5)*** 34.10 (26–39) 31.43 (29.3–35.5) 0.01

LVEDD/BSA [mm/m2] 33.9 (29.5–36) 39.7 (33–43.5) 35.99 (32.2–40.5) 0.06

E-wave [m/s] 0.6 (0.48–0.7)*** 0.79 (0.62–0.9) 0.94 (0.77–1.04)* 0.00

A-wave [m/s] 0.7 (0.6–0.76)*** 0.44 (0.34–0.59) 0.34 (0.25–0.4)* 0.00

E/A ratio 0.86* 1.43 2.9** 0.00

LVEF [%] 26.4 (20–33) 23.39 (17–30) 22.46 (17–25) 0.14

ECG rhythm sinus/AFL/ 
/cardiac stimulator

26/4/0 11/5/2 19/2/1 0.06

QRS complex [ms] 103.67(80–120) 115.56(80–140) 22.46 (17–25) 0.14

Hemoglobin [g/dL] 15.10 (14.6–16.0)*** 13.76 (12.6–15.2) 14.1 (13.2–15) 0.004

Creatinine [µmol/L] 83.43 (68–96) 92.11 (72–112) 114.41 (13.2–15) 0.07

eGFR [mL/min] 94.07 (81–107) 82.19 (65.5–102) 76.3 (57–104) 0.04

NT-proBNP [pg/mL] 1917 (296–1898)*** 5627.8 (1736–5060) 6802 (1211–4924)* 0.00

Beta-blocker 29 (96.7%) 18 (100%) 22 (100%) 0.51

ACEI/ARB 28 (93.3%)/1 (6.7%) 16 (88.9%)/1 (1.1%) 22 (100%)/0 (0%) 0.31/0.57

MRA 28 (93.3%) 18 (100%) 20 (90.9%) 0.45

Furosemidum 9 (30%)*** 15 (83.3%) 17 (77.3%)* 0.00

Vitamin K antagonist 1 (6.7%) 0 (0%) 1 (4.5%) 0.68

NOAC 3 (10%) 3 (16.7%) 1 (4.5) 0.45

ICD/CRT-D 7 (23.3%) 10 (55.6%) 9 (40.9%) 0.13

*p-values for comparison between grades I, II, and III diastolic dysfunction (DD): p < 0.05 (grade I DD vs. grade III DD); **p-values for compar-
ison between grades I, II, and III diastolic dysfunction (DD): p < 0.05 (grade II DD vs. grade III DD); ***p-values for comparison between grade 
I, II, and III diastolic dysfunction (DD): p < 0.05 (grade I DD vs. grade II DD); ACEI — angiotensin converting enzyme inhibitor; AFL — atrial flut-
ter; ARB — angiotensin receptor type 1 blocker; A-wave — late mitral inflow velocity; BMI — body mass index; CRT-D — cardiac resynchroni-
zation therapy with cardioverter-defibrillator; E/A — ratio of early mitral inflow E-wave and late mitral inflow A-wave velocity; ECG — electro-
cardiogram; eGFR — estimated glomerular filtration rate; E-wave — early mitral inflow velocity, ICD— implantable cardioverter-defibrillator; 
LVEDD/BSA — indexed to body surface area left ventricular end-diastolic diameter; LVEF — left ventricular ejection fraction; LVESD/BSA 
— indexed to body surface area left ventricular end-systolic diameter; MRA — mineralocorticoid receptor antagonist; NOAC — non-vitamin K 
antagonist oral anticoagulants; NT-proBNP — amino-terminal pro B-type natriuretic peptide; NYHA — New York Heart Association class 
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required a loop diuretic more often. There were 
also no differences in implantable cardioverter-
defibrillator or cardiac resynchronization therapy 
with cardioverter-defibrillator implantations be-
tween groups. 

Kinetics of the serum markers of fibrosis in 
patients with grade I diastolic dysfunction

Baseline, 3 and 12-month levels of serum 
markers of collagen synthesis, TGF1-b, CTGF 
and galectin-3 in patients with DD grade I are 
presented in the Figure 1. Blood levels of mark-
ers of collagen type I synthesis (PICP and PINP) 
consistently increased from baseline to the 3- and 
12-month observation points. In contrast, dy-
namics of markers of collagen type III synthesis 
behaved in the opposite manner. Changes in mark-
ers of collagen type III synthesis (PIIICP) were 
not significant, whereas PIIINP levels decreased 
during the observation period. TGF1-b values 
were unchanged from baseline to the 3-month 
time-point but decreased significantly between 
the 3- and 12-month time-point. Finally, levels 
of CTGF and galectin-3 did not change over the 
observational period.

Kinetics of the serum markers of fibrosis in 
patients with grade II diastolic dysfunction

Baseline, 3- and 12-month levels of serum 
markers of collagen synthesis, TGF1-b, CTGF 
and galectin-3 in patients with DD grade I are  
presented in Figure 2. Blood levels of collagen 

type I synthesis marker — PICP consistently 
increased from baseline to the 3- and 12-month 
time-points, whereas PINP increased from the 3- to 
12-month time-point. Markers of collagen type III 
synthesis, PIIICP and PIIINP, behaved differently. 
PIIICP increased significantly over the period of 
observation but PIIINP decreased over a longer ob-
servation period between 3 to 12 months. TGF1-b  
blood levels did not differ between baseline and 
3-month follow-up, however it decreased between 
3- and 12-month time-points. Levels of CTGF and 
galectin-3 remained unchanged over 12-months of 
observation.

Kinetics of the serum markers of fibrosis in  
patients with grade III diastolic dysfunction

Baseline, 3- and 12-month levels of serum 
markers of collagen synthesis, TGF1-b, CTGF 
and galectin-3 in patients with DD grade I are 
presented in the Figure 3. Levels of markers of 
collagen type I synthesis PICP and PINP remained 
unchanged from baseline to 3-month time-point 
but both increased between 3- and 12-month time-
points. Changes in PIIICP were not significant, 
whereas values of PIIINP significantly decreased 
over a longer period of observation from baseline 
to 12 months and from 3 to 12 months. TGF1-b 
blood levels remained unchanged over 12 months 
of observation, whereas CTGF levels decreased 
between baseline and 12 months. Finally, levels of 
galectin-3 did not differ between baseline, 3- and 
12-month time-points.

Figure 1. Comparison of baseline, 3- and 12-month se-
rum levels of procollagen type I carboxy-terminal pep-
tide (PICP) in patients with different diastolic dysfunc-
tion (DD) grades.

Figure 2. Comparison of baseline, 3- and 12-month se-
rum levels of procollagen type I amino-terminal peptide 
(PINP) in patients with different diastolic dysfunction 
(DD) grades.
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Comparison of kinetics of serum markers 
of fibrosis between patients with various 
grades of diastolic dysfunction 

In general, the kinetics of markers of collagen 
type I and III synthesis did not differ between pa-
tients with different DD grades, e.g. markers of col-
lagen type I synthesis (PICP, PINP) increased (Figs. 
1, 2), whereas markers of collagen type III synthe-
sis (PIIINP) decreased over the 12-month period 
of observation regardless of DD grade (Fig. 3).  
However, it should be noted that the baseline 
values of PIIICP were higher and similar in grade 
I and grade III DD in comparison to patients with 
grade II DD (Fig. 4). Conversely, levels of PINP 
at the 3 months were significantly higher in grade 
I compared to grade II and III DD. Blood levels 
of TGF1-b and CTGF did not differ at baseline, 
at 3- and 12-months of observation, regardless of 
DD grade. The kinetics of TGF1-b were initially 
unchanged (during the first 3 months) of observa-
tion and then decreased (between 3 to 12 months) 
in patients with grade I and II DD, but the kinetics 
did not change during the observation period in 
patients with grade III DD (Fig. 5). The kinetics 
of CTGF were similar in patients with different 
DD grades and, while levels had a tendency to de-
crease, significant changes could only be observed 
in patients with grade III DD (Fig. 6). Finally, ga-
lectin-3 levels did not differ between patients with 
different DD grades either at baseline nor at 3- and 
12-month observational points (Fig. 7).

Correlations between serum markers of  
fibrosis and diastolic function parameters

A weak negative correlation was observed 
between baseline serum levels of PINP and base-
line left atrial volume index (LAVI) (r = –0.3;  
p < 0.05) and between baseline PINP and LAVI 
at 3 months (r = –0.29; p < 0.05). At 12 months, 
there was a moderate correlation between PINP 
and E/A ratio (r = 0.46; p < 0.05). As mark-
ers of collagen type III synthesis, PIIINP nega-

Figure 3. Comparison of baseline, 3- and 12-month se-
rum levels of procollagen type III amino-terminal pep-
tide (PIIINP) in patients with different diastolic dysfunc-
tion (DD) grades.

Figure 4. Comparison of baseline, 3- and 12-month 
serum levels of procollagen type III carboxy-terminal 
peptide (PIIICP) in patients with different diastolic dys-
function (DD) grades.
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Figure 5. Comparison of baseline, 3- and 12-month se-
rum levels of transforming growth factor beta-1 (TGF1-b)  
in patients with different diastolic dysfunction (DD) 
grades.
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tively correlated with E/E’ ratio and E’ (r = –0.4  
and r = –0.34; p < 0.05) at 3 months and with E’ at 
12 months (r = –0.31; p < 0.05), whereas PIIICP at 
12 months correlated with E/E’ and LAVI (r = 0.34;  
r = 0.36; p < 0.05, respectively). TGF1-b at base-
line correlated with LAVI (r = –0.33; p < 0.05).  
CTGF at 3 months correlated with E/E’ at  
12 months (r = 0.3; p < 0.05) and CTGF at 12 
months correlated with E/E’ at 12 months (r = 0.31;  
p < 0.05). Galectin-3 at baseline correlated 
with tricuspid regurgitation velocity and E-wave  
(r = 0.3 and r = 0.26; p < 0.05, respectively). 
Galectin-3 at 3 months correlated with 3-month 

E’ velocity (r = 0.42; p < 0.05) and between 
3-month and baseline E/A ratio and tricuspid 
regurgitation velocity (r = 0.28; p < 0.05 and  
r = 0.27; p < 0.05, respectively).  

Discussion

Kinetics of collagen synthesis markers in 
patients with various grades of diastolic 
dysfunction

The process of ECM fibrosis in DCM has 
been extensively studied. However, the kinetics 
of collagen synthesis markers and its relationship 
to DD are poorly understood. While several papers 
discussed selected markers of fibrosis and the de-
velopment of DD, few refer to DD in DCM. The 
present study is the first to report that long term 
(12th-month period) synthesis of collagen type I is 
enhanced, whereas synthesis of collagen type III is 
diminished in DCM patients, regardless of diastolic 
dysfunction degree. Intuitively, it may be thought 
that patients with more advanced DD (restrictive 
filling) have higher collagen synthesis but in fact 
collagen type I synthesis is uniformly increased 
in all DD groups. Collagens types I and III have 
different physical properties, e.g. collagen type I 
has a higher tensile strength and collagen type III 
is more elastic and complaint [10, 11]. Thus, an in-
crease in collagen type I may contribute to further 
worsening of DD. Consequently, collagen I and III 
ratios remained the same in patients with various 
DD grades. Of note, among markers of collagen 
type III synthesis (PIIICP and PIIINP), only PIIINP 
levels significantly decreased during the whole 
period, while PIIICP behaved differently, with  
a tendency to decrease and only increase in grade II  
DD. This observation cannot be easily explained, 
but it should be emphasized that only PIIINP is  
a truly proven marker of collagen synthesis, while 
the role of PIIICP is less clear [12]. 

Few studies have demonstrated the relation-
ship between markers of collagen synthesis and 
DD under differing cardiac conditions. The most 
frequently described marker, which exhibited an 
association with DD was PICP. Demir et al. [13] 
has shown that hypertensive patients with DD 
had a significantly higher serum level of PICP 
compared to those without DD. Another group 
reported that the serum level of PICP was related 
to DD in patients with early stage type 2 diabetes 
mellitus [14]. Roongsritong and colleagues also 
described the relationship between PICP and DD 
in elderly patients [15]. It should be emphasized 
that those studies reported associations between 

Figure 7. Comparison of baseline, 3- and 12-month se-
rum levels of galectin-3 in patients with different dia-
stolic dysfunction (DD) grades.

Figure 6. Comparison of baseline, 3- and 12-month se-
rum levels of connective tissue growth factor (CTGF) in 
patients with different diastolic dysfunction (DD) grades.
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particular markers of fibrosis and DD but no re-
lationships were found between those markers 
and degree of DD. Only a few researchers have 
discussed this issue. Roongsritong et al. [16] has 
shown that PICP was related to the severity of DD 
in patients with HFrEF. They observed that the 
PICP level was significantly higher among patients 
with a more severe degree of DD compared to 
those with less severe DD. In the present study, 
no correlation was observed  between PICP and 
DD grade. However, it should be noted that the 
authors used a currently outdated approach to DD 
classification and consequently compared only 
two groups of patients with non-severe (mild to 
moderate) and severe DD [16]. Therefore, from 
a methodological point of view it is impossible to 
compare the results of the present study to those 
observed by Roongsritong et al. [16]. The cur-
rent observations showed that PINP correlated 
with the E/A ratio, a crucial parameter in the DD 
algorithm. This may suggest that patients with 
advanced DD and a higher E/A ratio had a higher 
level of PINP. Further, Rossi et al. [17] compared 
serum levels of PIIINP between three groups with 
DD with non-restrictive, reversible restrictive 
and irreversible restrictive filling patterns. The 
authors observed that PIIINP was significantly 
higher in patients with a restrictive mitral inflow 
pattern [17]. However, the classification of patients 
according to mitral inflow pattern, described in 
the cited study, varies from the current grading of 
DD. In addition to the fact that this classification 
of DD is no longer used, the authors compared 
unmatched patient groups, with 9 patients having 
restrictive versus 88 patients having a non-restric-
tive filling pattern. In the present study, a negative 
correlation between PIIINP and E/E’ ratio was 
demonstrated. This may suggest that patients 
with grade I DD and a lower E/E’ ratio had higher 
serum levels of PIIINP. This observation seems 
accurate, since a heart muscle rich in collagen III 
is characterized by greater flexibility and elasticity 
and therefore has an improved diastolic function. 

Kinetics of TGF, CTGF and galectin-3  
in patients with various diastolic  
dysfunction grades

Levels of TGF1-b were similar regardless of 
the DD grade and the kinetics of TGF1-b did not 
differ between the subgroups. Numerous studies 
have confirmed that TGF and its downstream me-
diator — CTGF are crucial molecules stimulating 
cardiac fibrosis [18]. Thus, one may speculate that 
TGF1-b would be highest in patients with grade 

III DD. However, observed herein was that TGF 
levels were similar in all three DD groups. One pos-
sible explanation is that serum levels of TGF are 
not equivalent to the expression of TGF in the myo-
cardium [19]. Additionally, not all of TGF1-b but 
only its active forms are involved in biological pro-
cesses, and, as confirmed earlier, levels of TGF1-b  
and its active metabolites may not be correlated 
[20]. Conversely, the pro-fibrotic mechanisms 
of TGF1-b includes not only differentiation of 
cardiac fibroblasts to myofibroblasts, which have 
higher activity for collagen production, but also  
a differentiation throughout its effector cytokine — 
CTGF [21, 22]. In the present study, serum levels 
of CTGF did not differ significantly between the 
subgroups but a positive correlation was observed 
between CTGF and E/E’ ratio. This may suggest 
that patients with more advanced DD (higher E/E’ 
ratio) had higher levels of CTGF. Wu et al. [23] 
reached similar conclusions and demonstrated that 
serum levels of CTGF were the highest among 
patients with severe DD. With respect to the 
12-month kinetics of CTGF levels were found to 
decrease homogenously in all patients regardless 
of DD severity but significant changes were only 
observed in grade III of DD. 

Galectin-3 plays an important role in the patho-
genesis of left ventricular remodeling [24]. Only  
a few studies have examined the relationship be-
tween galectin-3 and DD in HF. Wu et al. [25] report-
ed correlations between plasma galectin-3 and E/E’ 
in advanced HFpEF. Gurel et al. [26] demonstrated 
that galectin-3 was an independent predictor of DD 
in patients with end-stage renal failure undergoing 
dialyses. Another study compared serum levels 
of galectin-3 in patients with HFrEF and HFpEF 
and demonstrated that it was higher in patients 
with HFrEF and correlated with E/E’ ratio [27]. 
Observed herein, was that galectin-3 levels were 
similar regardless of DD grade and remained stable 
over 12 months. However, a positive correlation 
between galectin-3 and E’-wave which reflects the 
rate of myocardial relaxation [28] was also observed. 
Nevertheless, based on  the analysis, serum levels 
of galectin-3 seemed not to be a good marker of DD 
severity in DCM. One possible explanation could be 
that circulating galectin-3 does not correlate with its 
myocardial expression as has been recently reported 
by Besler et al. [29].

In summary, 12-month kinetics of fibrosis 
controlling molecules (TGF, CTGF, and galectin-3) 
were similar in three DD groups. Furthermore, 
the pattern of TGF and CTGF was the same and 
decreasing, and as such is probably not a good 



www.cardiologyjournal.org 733

Sylwia Wiśniowska-Śmiałek et al., Fibrosis markers and diastolic dysfunction in dilated cardiomyopathy

target for eventual anti-TGF or anti-CTGF agents, 
provided that blood expression of those molecules 
have any relations with their myocardial counter-
parts or fibrosis progression, which at present is 
uncertain. What is more, it should be reiterated that 
the fact that none of the seven markers of fibrosis 
under study turned out to have a different pattern 
in all three DD groups and thus, none can serve as 
a marker of DD degree.

Limitations of the study
There are several potential limitations to this 

study. The division of DCM patients was based on 
the current DD classification, resulting in relatively 
small subgroups, which may have impacted statis-
tical relevance. As reported in previous studies, 
serum levels of ECM fibrosis markers might not 
reflect their myocardial expression and thereby may 
only be weakly correlated with myocardial function. 

Conclusions

Twelve-month kinetics of serum markers of 
fibrosis in DCM patients with various grades of DD 
is characterized with similar patterns. Regardless 
of the DD grade, markers of collagen type I syn-
thesis increased and markers of collagen type III  
decreased (mainly PIIINP). Levels of TGF and 
CTGF had a tendency to decrease over the obser-
vation period, whereas kinetics of galectin-3 was 
stable. This observation may indicate that the pres-
ence of myocardial fibrosis is just one component, 
among others, that affects DD. 
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Abstract
Background: Mild therapeutic hypothermia (MTH) is a recommended method of treatment for coma-
tose out-of-hospital cardiac arrest (OHCA) survivors. However, the proper site of temperature measure-
ment in MTH is still not defined. The aim of this study was to compare temperature measurements in 
the esophagus and urinary bladder in comatose post-OHCA patients treated with MTH.
Methods: This temperature comparison protocol was a part of a prospective, observational, multicenter 
cohort study. The study population included 36 unconscious patients after resuscitation for OHCA. The 
patient’s core temperature was independently measured every hour during MTH in the urinary bladder 
and in the esophagus.
Results: The mean temperature was lower in the esophagus (differences during induction phase: 
1.04 ± 0.92°C, p < 0.0001; stabilization phase: 0.54 ± 0.39°C, p < 0.0001; rewarming phase:  
0.40 ± 0.47°C, p < 0.0001). Nevertheless, a strong correlation between both sites was found (R2 = 0.83,  
p < 0.001). The decrease in temperature observed in the esophagus during the induction phase was 
faster when compared with the urinary bladder (1.09 ± 0.71°C/h vs. 0.83 ± 0.41°C/h; p = 0.002). As 
a consequence, time to reach temperature < 34.0°C was longer when temperature was measured in the 
urinary bladder (the difference between medians of the time 1.0 [0–1.5] h, p < 0.001).
Conclusions: Urinary bladder temperature measurements may lag behind temperature changes meas-
ured in the esophagus. Monitoring temperature simultaneously in the esophagus and in the urinary 
bladder is an accessible and reliable combination, although esophageal measurements seem to better 
reflect the dynamics of temperature changes, thus it seems to be more appropriate for MTH control. 
ClinicalTrials.gov Identifier: NCT02611934 (Cardiol J 2020; 27, 6: 735–741)
Key words: cardiac arrest, mild therapeutic hypothermia, temperature measurement

Introduction

Several relatively small randomized studies 
involving unconscious cardiac arrest survivors 
showed a significant improvement in neurologic 
function and survival rate with mild therapeutic 

hypothermia (MTH) of a target temperature be-
tween 32°C and 34°C [1–3]. A favorable effect of 
MTH on survival and neurological outcome was 
confirmed in meta-analysis pooling data from 
non-randomized studies [4]. However, results of 
the largest available randomized trial published  
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by Nielsen et al. [5] did not show superiority of 
MTH at the targeted temperature of 33°C above 
fever prevention at a targeted temperature of 
36°C. Therefore, in the current European Society 
of Cardiology (ESC) guidelines for both strategies 
are proposed as equivalent for comatose cardiac 
arrest survivors [6].

Regardless of the target temperature, an ac-
curate temperature control during MTH is required 
[7]. Measurement of central circulation tempera-
ture or brain tissue temperature is difficult to ap-
ply in an emergency setting, therefore surrogate 
sites such as urinary bladder, rectum, tympanic 
membrane, or esophagus, are often used [8–11]. 
However, the current guidelines do not define the 
proper site of temperature measurement for MTH 
control. It is recommended that patients undergo-
ing hypothermia body core temperature should 
be measured at two different sites [12], band yet 
for feedback-controlled devices with endovas-
cular cooling catheters or surface cooling, only 
one temperature measurement site for automatic 
guidance of MTH is required [13]. Esophagus and 
urinary bladder are currently the most commonly 
used sites.

Based on the available data from studies 
with a low number of patients enrolled it was hy-
pothesized that the temperature measured in the 
urinary bladder is not accurate when compared 
to the esophageal temperature at the induction 
phase of MTH. As expected herein, lagging of 
measurements in urinary bladder is behind the 
core temperature change measured in esophagus.

The aim of this study was to perform a 24-h, 
complete (covering three MTH phases: induction, 
stabilization and warming) comparison of tempera-
ture measurements in the esophagus and urinary 
bladder in comatose patients after cardiac arrest 
treated with MTH.

Methods

Study design
This temperature comparison protocol was  

a part of a prospective, observational, multicenter 
cohort study entitled Mild Therapeutic Hypother-
mia for Patients with Acute Coronary Syndrome 
and Cardiac Arrest Treated with Percutaneous 
Coronary Intervention (the UNICORN trial) [14]. 
The study was conducted in accordance with the 
principles contained in the Declaration of Helsinki 
and Good Clinical Practice guidelines. The study 
was approved by the Ethics Committee of Nico-
laus Copernicus University in Torun, Collegium 

Medicum in Bydgoszcz (study approval reference 
number KB 615/2015).

Study population
The study population included 36 unconscious 

patients after resuscitation for out-of-hospital 
cardiac arrest (OHCA) with shockable rhythm 
presenting with acute coronary syndrome (ACS). 
Initially 42 patients were enrolled in the study, 
however 6 of them were eventually excluded from 
analysis due to a lack of complete data. Baseline 
characteristics of study participants are presented 
in Table 1.

After admission to the study center and confir-
mation of initial diagnosis, patients were screened 
for eligibility to the trial. All enrolled subjects were 
treated with MTH in addition to standard therapy 
baccording to the previously described protocol [14].  
Inclusion criteria were defined as:

 — age ≥ 18 years;
 — OHCA survivor;
 — sustained return of spontaneous circulation 

(ROSC) for more than 20 min after resuscita-
tion;

 — unconsciousness with a score of ≤ 8 on the 
Glasgow Coma Scale after ROSC;

 — shockable initial rhythm;
 — diagnosis or suspicion of ACS.

The exclusion criteria included:
 — unwitnessed OHCA;
 — obvious or suspected pregnancy;
 — known serious infection before OHCA;
 — known bleeding diathesis;
 — confirmed or suspected internal bleeding;
 — confirmed or suspected acute stroke;
 — confirmed or suspected cerebral injury;
 — known serious neurological dysfunction before

OHCA (Cerebral Performance Category ≤ 4);
 — known serious disease making 180 days of 

survival unlikely;
 — hemodynamic instability with systolic blood 

pressure < 65 mmHg despite the treatment;
 — time delay from ROSC to MTH induction 

> 240 min;
 — asystole or pulseless electrical activity as the 

initial rhythm [14].

Treatment and temperature measurement
Mild therapeutic hypothermia was induced and 

maintained for 24 h at a target temperature of 33°C 
using Intravascular Temperature Management™, 
CoolGard 3000® (Zoll Circulation Inc., USA) and  
a MTH-dedicated catheter (Mon-a-Therm™ Foley 
Catheter with Temperature Sensor 400TM, Covidi- 
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ent Company, Ireland) introduced into the inferior 
vena cava through a femoral vein. The induction 
phase was supported by infusion of cold saline 

(0.9% solution of sodium chloride at the tempera-
ture of 4°C) and use of ice packs. The rewarming 
phase was conducted in an actively controlled 
manner (0.3°C per hour). The cooling device used 
urinary bladder temperature as feedback to guide 
changes in patient temperature.

Each patient’s core temperature was inde-
pendently measured every hour during the MTH 
procedure (including induction of hypothermia 
and rewarming phase) in the urinary bladder and 
in the lower one third of the esophagus using  
a dedicated monitor (Monitor Philips IntelliVue 
MP-60, temperature module M1029A, Philips 
Medical Systems, UK) and catheter (ER 400-9 
Level® Esophageal Temperature Probe Thermis-
tor, Smiths Medical ASD Inc., USA). Before every 
clinical application both probes were calibrated ex-
vivo and checked for measurement concordance.

All patients were mechanically ventilated with 
a concomitant continuous intravenous infusion of 
propofol and fentanyl for sedation and analgesia, 
and treated according to current ESC guidelines.

Sample size calculation
Based on a sample size calculation and data 

published by Lefrant et al. [15] and assuming  
a two-sided alpha value of 0.05, it was calculated 
that enrolment of 18 patients would provide a 95% 
power to detect significant differences between 
temperatures measured in the urinary bladder 
and the esophagus. To provide more reliable data, 
it was decided to double the minimum number of 
patients to be enrolled (n = 36).

Statistical analysis
Statistical calculations were performed using 

the Statistica 12.5 package (StatSoft, Tulsa, OK, 
USA). Due to the absence of normal distribution 
of data (as assessed by the Shapiro-Wilk test) all 
analyses were performed using nonparametric 
tests. The differences between paired medians 
were compared with the Wilcoxon signed rank 
test. The differences between medians together 
with lower and upper quartiles were quoted. In all 
cases, two-sided p-values < 0.05 were considered 
significant.

Results

The temperature was measured in all patients 
every hour during three phases of MTH (induc-
tion, stabilization and rewarming). In total 3286 
temperature measurements were analyzed (1643 
for each site — esophagus and urinary bladder). 

Table 1. Baseline characteristics of patients.

Variable Patients undergoing 
MTH procedure  

(n = 36)

Demographic characteristics

Age [years]  62.3 ± 12.9

Female 6 (16.7%)

Medical history

Diabetes mellitus 13 (36.1%)

Arterial hypertension 17 (47.2%)

Prior stroke 2 (5.6%)

Prior myocardial infarction 11 (30.5%)

Patient status on admission 
and in-hospital management

GCS on hospital admission:

3–4 points 25 (69.5%)

5–6 points 11 (30.6%)

7–8 points 0 (0.0%)

Shock on hospital admission 22 (61.1%)

LVEF on hospital admission [%] 32.6 ± 8.8

Underlying cause of OHCA:

STEMI 22 (61.2%)

NSTEMI 6 (16.7%)

Other 8 (22.2%)

Presence of CAD:

Single-vessel 10 (27.8%)

Multi-vessel 20 (55.6%)

Without significant 
coronary lesions

6 (16.7%)

Treatment with PCI 30 (83.3%)

Use of IABC 4 (11.1%)

Patient status on discharge

Survival rate 24 (66.6%)

CPC at discharge:

1 9 (25%)

2 6 (16.6%)

3 7 (19.4%)

4 2 (5.6%)

5 12 (33.3%)

Data are presented as mean ± standard deviation or number 
(percentages). CAD — coronary artery disease; CPC — Cerebral 
Performance Category; GCS — Glasgow Coma Score; IABC — 
intra-aortic balloon counterpulsation; LVEF — left ventricular 
ejection fraction; MTH — mild therapeutic hypothermia; NSTEMI — 
non-ST-segment elevation myocardial infarction; OHCA — out-of-
-hospital cardiac arrest; PCI — percutaneous coronary intervention; 
STEMI — ST-segment elevation myocardial infarction
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The mean temperature measured in the esopha-
gus was lower when compared with temperature 
in the urinary bladder during all three phases of 
MTH procedure (Figs. 1, 2). The greatest differ-
ence in temperature assessed at these sites was 
observed during the induction phase (difference of 
1.04 ± 0.92°C, p < 0.0001). Temperature differ-
ences between measurement sites at stabilization 
and rewarming phases were smaller than during 
induction, however these differences were also 
statistically significant (stabilization: difference 
of 0.54 ± 0.39°C, p < 0.0001; rewarming: differ-
ence of 0.40 ± 0.47°C, p < 0.0001). Nevertheless,  
a strong correlation between temperature meas-
urement sites was found (R2 = 0.8348, p < 0.001).

Figure 1. Mean temperatures at the induction, stabiliza-
tion and rewarming phase of mild therapeutic hypo-
thermia.

Figure 2. Temperatures measured in the esophagus and urinary bladder in patients undergoing mild therapeutic 
hypothermia.

The temperature measured in the esophagus 
decreased faster than in the urinary bladder during 
the induction phase (1.09 ± 0.71°C/h vs. 0.83 ± 
± 0.41°C/h; p = 0.002). As a consequence, time 
to reach hypothermia (< 34.0°C) was longer when 
temperature was measured in the urinary bladder 
than in the esophagus. The difference between 
medians of time to the target temperature at each 
site was 1.0 (0.5–1.5) hour with p < 0.001.

During the second phase of MTH, well man-
aged temperature stabilization was reached. The 
vast majority of measurements, regardless of 
measurement site, remained within target limits 
(32–34°C) (Figs. 1, 2).

Temporary velocities of temperature changes 
were greatest during the induction phase, smaller 
in the rewarming phase, while in the stabilization 
phase they remained close to zero.

The Bland-Altman plot of temperatures meas-
ured in the esophagus vs. temperatures measured 
in the urinary bladder confirmed substantial differ-
ences between both methods (Fig. 3).

Discussion

Although temperature of blood perfusing the 
hypothalamus is a reference of core body tempera-
ture, pulmonary artery temperature is considered 
the gold standard in critical care, because it has 
been shown to be closest to the temperature in 
the high internal jugular vein and core body tem-
perature [16]. Nevertheless, pulmonary artery 
catheterization is not routinely performed in 
intensive care patients. When evaluating possible 
surrogates for pulmonary artery temperature, it 
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was generally agreed that it would be desirable to 
have an accurate, easy-to-use monitoring. Yet, from 
a literature review it was evident that there is still 
much conflicting data regarding the best surrogate 
for measuring core temperature [11, 12, 16–18]. 

The main findings of this study were sig-
nificant differences in temperature measurements 
performed in the esophagus and urinary bladder 
during MTH procedure. The temperature in the 
esophagus was lower during hypothermia with the 
greatest differences observed during the induction 
phase. As a result, time to reach the target tem-
perature was approximately 1 h longer when the 
temperature was assessed in the urinary bladder 
compared with the esophagus.

Very few, low subject number and fragmentary 
studies comparing different methods of tempera-
ture monitoring during MTH are available [13, 17, 
19, 20]. Some reports suggest that urinary bladder 
site does not reflect real-time temperature changes 
when hypothermia is induced, and temperature 
changes at this location lag behind body core tem-
perature changes [17, 19]. This observation how-
ever, was not confirmed in other studies [15, 20].

Maintenance of the core temperature within 
32–34°C is one of the most important issues dur-
ing MTH. Lefrant et al. [15] showed that mean 
differences in blood temperature in the pulmonary 
artery vs. esophageal and urinary bladder tem-

Figure 3. Bland-Altman Plot analysis of temperature difference as measured in the esophagus and urinary bladder; 
CI — confidence interval; SD — standard deviation.

peratures were 0.11 ± 0.30°C and –0.21 ± 0.20°C, 
respectively, in patients with temperatures which 
ranged from 33.7°C to 40.2°C. According to this 
study, urinary bladder measurement site is prefer-
able because its accuracy reaches ± 0.4°C in the 
most critically ill patients, while the esophageal 
temperature could be an alternative when urinary 
bladder temperature cannot be used as an esopha-
geal probe can easily be inserted in intubated and 
sedated patients. However, according to Shin et al. 
[13] the accuracy of urinary bladder temperature 
measurement during the induction phase was lower 
than at maintenance and rewarming phases. Erick-
son and Kirklin [18] found that when patients were 
normothermic, bladder temperature was slightly 
higher than pulmonary artery temperature, but this 
was reversed when patients became hypothermic.

Data originating from another study suggested 
that during rapid temperature change in patients 
undergoing cardiopulmonary bypass in deep hypother-
mia, nasopharyngeal, esophageal, and pulmonary nar-
tery temperatures corresponded with brain tempera-
ture with smaller mean differences than temperatures 
measured at the tympanic membrane, urinary bladder, 
rectum, axilla, and sole of the foot [8]. Nevertheless, 
the differences reported for deep hypothermia may 
not reflect the situation present in MTH.

Markota et al. [19] compared temperature 
changes measured in the esophagus and urinary 
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bladder in 8 survivors of cardiac arrest at the induc-
tion phase of MTH with cold saline infusion. Target 
temperature was achieved significantly earlier in 
the esophagus as compared with the urinary blad-
der (33 ± 15 min vs. 63 ± 15 min; p = 0.006). The 
decrease in temperature measured in the esopha-
gus was much faster (3.27 ± 1.27°C/h vs. 1.6 ±  
± 0.89°C/h; p = 0.008) with the greatest differ-
ences after 30–35 min [19]. On the other hand,  
a study by Knapik et al. [20] comparing pulmo-
nary artery, nasopharyngeal, and urinary bladder 
temperatures in 12 OHCA survivors undergoing 
MTH found no differences between these sites. In 
that study, however, the induction of hypothermia 
was much longer (time to target temperature in 
esophagus was 4.2 ± 3.6 h). The mean cooling 
rate was 0.89 ± 0.96°C/h. The major limitation of 
both aforementioned studies was a low number of 
patients enrolled [19, 20]. Of note, the rate of tem-
perature decrease observed in urinary bladder in 
the present study was similar to the rate reported 
by Markota et al. [19] and by Knapik et al. [20].

According to results obtained by Krizanac 
et al. [17] in 20 patients undergoing MTH, the 
temperature difference between pulmonary artery 
and esophagus was 0.1 ± 0.1°C during the overall 
procedure of hypothermia and 0.2 ± 0.2°C during 
the induction phase. The respective differences 
between pulmonary artery and urinary bladder 
were 0.1 ± 0.2°C and 0.4 ± 0.3°C (p < 0.01 for 
all differences). These dissimilarities may result 
in serious differences of cooling duration and ac-
tual core temperature magnitude, when different 
temperature assessment sites are applied [17]. 
The current results confirmed this presumption, 
however showed much higher differences between 
temperatures measured in the esophagus and uri-
nary bladder, especially during induction of MTH. 
Thus, a cautious approach is warranted in order not 
to induce over-cooling when using urinary bladder 
temperature for hypothermia guidance.

According to available research, the present 
study has the highest number of systematic, 
complete (covering three MTH phases: induction, 
stabilization and warming) comparison of tempera-
ture measurements in the esophagus and urinary 
bladder in comatose patients after cardiac arrest 
treated with MTH.

Limitations of the study
The main limitation of this study was a lack of 

other temperature measurement sites, especially 
the pulmonary artery, which seems to be the most 

reliable site for core body temperature measure-
ment.

Conclusions

The temperature measured in the esophagus 
remains lower during all three phases of MTH 
procedure compared with temperature evaluated 
in the urinary bladder. However, during the stabi-
lization phase most measurements remain within 
target limits (32–34°C) regardless of the applied 
method.

Urinary bladder temperature measurements 
may lag behind temperature changes measured in 
the esophagus and time to reach target tempera-
ture may be longer when assessing temperature 
in the urinary bladder.

Monitoring temperature simultaneously in the 
esophagus and in the urinary bladder is an acces-
sible and reliable combination, although esophageal 
measurements seem to better reflect the dynamics 
of temperature changes, thus it seems to be more 
appropriate for MTH control.
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Abstract
Background: Chronic thromboembolic pulmonary hypertension (CTEPH) is a complication of venous 
thromboembolism (VTE) resulting from non-dissolving thromboemboli in the pulmonary arteries. 
Previous observations indicate a higher prevalence of atherosclerosis and cardiovascular risk factors in 
patients with VTE and CTEPH. The purpose of the present study was to evaluate the arterial stiffening 
assessed by pulse wave velocity (PWV), a marker of arterial stiffness, in CTEPH patients in comparison 
with a matched control group (CG).
Methods: The study group consisted of 26 CTEPH patients (9 male and 17 female, age 69 ± 10 years) 
and 22 CG (10 male, 12 female, age 67 ± 8 years). In all subjects a physical examination, carotid-
-femoral PWV and transthoracic echocardiography were performed. Right heart catheterization was 
done in all CTEPH. 
Results: Chronic tromboembolic pulmonary hypertension patients had significantly higher PWV than CG 
(10.3 ± 2.5 m/s vs. 9 ± 1.3 m/s, p < 0.05), even though systolic blood pressure was higher in CG (120 ± 11 vs.  
132 ± 14 mmHg, p = 0.002). PWV correlated only with age and pulmonary vascular resistance (PVR) 
in CTEPH (r = 0.45, p = 0.03 and r = 0.43, p = 0.03, respectively). Arterial stiffening defined as 
PWV > 10 m/s was found in 11 (42%) CTEPH patients and in 5 (23%) cases from CG (p = 0.13). 
CTEPH patients with PWV > 10 m/s were older (74 ± 8 vs. 66 ± 10 years, p < 0.05), had decreased 
oxygen saturation (SaO2 89 [73–96]% vs. 96 [85–98]%, p < 0.01) and tended to have higher PVR  
(8.1 [3.1–14.0] vs. 5.2 [3.1–12.7] HRU, p = 0.10).
Conclusions: Arterial stiffness, assessed with PWV, is increased in CTEPH. The elevated PWV is 
associated with older age, lower SaO2 and higher PVR in CTEPH. (Cardiol J 2020; 27, 6: 742–748)
Key words: arterial stiffness, pulse wave velocity, chronic thromboembolic pulmonary 
hypertension, atherosclerosis

Introduction

Chronic thromboembolic pulmonary hyperten-
sion (CTEPH) is a rare but severe complication of 
pulmonary embolism (PE) caused by the persistent 
obstruction of the pulmonary arteries. CTEPH was 
observed in 3.8% of patients within 2 years after 
acute PE [1].

Recently, the growing number of studies 
suggested that atherosclerosis and venous throm-
boembolism (VTE) can have a common etiology 
involving inflammatory processes [2]. 

“Classic” risk factors for cardiovascular dis-
ease (like smoking, hypertension, diabetes, dyslipi-
demia, and an unhealthy lifestyle) have an impact 
on VTE risk [3]. Patients with symptomatic athero-
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sclerosis were reported to have an increased risk 
of VTE, whereas patients with clinical symptoms 
of VTE more often developed atherosclerosis [2].

The unfavourable structural and functional 
changes in the peripheral arteries caused by ath-
erosclerosis leads to a reduction in their elastic 
properties and finally results in their increased 
stiffness. Aortic stiffening is one of the earliest 
detectable markers of vascular remodeling [4] and  
a predictor of cardiovascular events [5]. The predic-
tive value of aortic stiffening measured as carotid-
femoral pulse wave velocity (PWV) is considered 
the gold standard for assessment of the regional 
arterial stiffening. PWV allows for the prediction 
of cardiovascular mortality regardless of SCORE 
stratification [5, 6].

Risk factors associated with an increase of 
arterial stiffness include age [5, 7], hyperten-
sion [8] and, to a lesser extent, gender and other 
classic risk factors of cardiovascular diseases [5].  
A recent study has indicated a higher incidence of 
coronary artery disease in patients with CTEPH 
when compared to survivors of acute pulmonary 
embolism with excluded CTEPH [9]. The sug-
gested mechanisms promoting coronary artery 
disease in patients with persistent, non-resolved 
organized pulmonary artery thrombi included in-
flammation, systemic and local hypercoagulability, 
and endothelial injury. All these factors also play an 
integral mechanistic role in the pathophysiology of 
artery stiffening. The aim of the present study was 
to evaluate systemic arterial stiffening assessed 
with PWV in CTEPH patients in comparison with 
a matched control group (CG).

Methods

Patients with CTEPH diagnosis established in 
accordance with European Society of Cardiology/ 
/European Respiratory Society (ESC/ERS) guide-
lines were included in the study [1]. Complet-
ing at least 3 months of effective anticoagulant 
therapy, a mean pulmonary artery pressure  
≥ 25 mmHg, and wedge pressure in the pulmonary 
artery < 15 mmHg in right heart catheterization 
(RHC) present in patients with pulmonary arterial 
perfusion defects on imaging examinations con-
firmed the diagnosis of CTEPH. Patients matched 
by age, gender, and concomitant diseases associ-
ated with atherosclerosis were included in CG. 
Patients with severe diabetes mellitus, chronic 
kidney disease, ischemic heart disease, periph-
eral vascular disease, previous stroke or systemic 
rheumatic diseases were excluded from the study.

A physical examination, carotid-femoral PWV, 
transthoracic echocardiography and six-min-
ute walk test were conducted on the same day, 
while RHC in CTEPH patients performed within  
48 h after PWV. Systemic pulse pressure (PP) 
was calculated as the difference between systolic 
blood pressure (SBP) and diastolic blood pressure 
(DBP).

The study was conducted in accordance with 
the guidelines of Good Clinical Practice and with 
the approval of the local Ethics Committee. All 
patients received detailed information about the 
study and provided  voluntary written consent to 
participate.

Pulse wave velocity assessment
Carotid-femoral PWV measurement was per-

formed after a night’s rest in a horizontal position 
with the camera Complior SR (Artech Medical 
Company, Paris, France) equipped with two TY-306 
tonometric sensors recording changes in pressure 
in the range 0.01–100 Hz, which comprises har-
monic frequencies of pressure waves generated 
at various heart rates. Sensors were placed at the 
right common carotid artery and right femoral 
artery [5]. After the detection, registration, and 
computer processing the impulses were enhanced 
to draw out a curve of the pulse wave of the carotid 
artery and the femoral artery. Then, the time delay 
between the onset of the two pulse waves was 
automatically assessed and the pulse wave veloc-
ity was calculated (the distance between sites of 
measurements, divided by the delay time). The 
mean of three distance measurements was included 
in the analysis. 

The value of the PWV indicating a healthy 
artery is still debatable, however, the ESH/ESC 
2013 guidelines proposed PWV > 10 m/s to be 
considered abnormal [6].

Echocardiography
Transthoracic echocardiography examination 

was performed in all patients according to the 
recommendations of the European Association of 
Cardiovascular Imaging and the guidelines of the 
Echocardiography Working Group of Polish Cardiac 
Society [10, 11]. Phillips iE 33 (Andover, Md., USA) 
with a 2.5–3.5 MHz transducer was used. The size 
of both ventricles, ejection fraction (LVEF) and 
diastolic function of left ventricle, tricuspid annu-
lar plane systolic excursion (TAPSE), pulmonary 
velocity value and pattern, tricuspid regurgitation 
peak gradient, and the dimensions of the inferior 
vena cava were assessed.
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Laboratory tests
Kidney function was estimated according 

to the results of the glomerular filtration rate 
(eGFR) calculated from the Modification of Diet 
in Renal Disease formula from serum creatinine 
concentration.

Six-minute walk test
The distance an individual was able to walk 

over a total of 6 min was measured. Heart rate 
(HR), blood pressure (BP), oxygen saturation 
(SaO2) and dyspnoea (Borg Dyspnoea Score) were 
also recorded before and after exertion [1]. De-
saturation was defined as the difference between 
the baseline arterial blood saturation and SaO2 
measured immediately after the test.

Right heart catheterization
An experienced interventional cardiologist 

performed RHC in patients with CTEPH to confirm 
the diagnosis. The right atrial, right ventricular, 
pulmonary artery and wedge pressures were 
measured. The thermodilution method was used 
to determine stroke volume (SV), cardiac index 
(CI), and indexed pulmonary vascular resistance 
(PVR) [12].

Statistical analysis
Variables with normal distribution are pre-

sented as mean with standard deviation (SD), while 
variables without such distribution are described as 
median and range (min–max). The Student t-test or 
Mann-Whitney test was used for comparisons be-
tween the two groups. The Fisher or c2 tests were 
used to compare discrete variables, as appropriate. 
The Spearman or Pearson correlation coefficients 
were calculated, respectively. A stepforward mul-
tivariable analysis was performed to indicate the 
predictors associated with PWV > 10 m/s. All tests 
were two-sided. Data were considered significant 
at p < 0.05. STATISTICA (StatSoft 13.1, Inc. 2016, 
Tulsa, OK, USA) software was used for statistical 
calculations.

Results

The study group consisted of 26 patients with 
CTEPH (9 men and 17 women, age 69 ± 10 years), 
while 22 patients (10 men, 12 women, age 67 ± 8 
years) were qualified to CG. Patients with CTEPH 
presented II–III World Health Organization (WHO) 
functional class. Dyslipidemia and hypertension 
were present in 8 (30.8%) and 18 (69.2%) patients 
with CTEPH and in 10 (45.5%) and 13 (59.1%) 

of CG, respectively. Total and low-density lipo-
protein (LDL) plasma cholesterol concentrations 
were higher, while high density lipoprotein (HDL) 
cholesterol was lower in CTEPH patients than in 
controls. The prevalence of smoking history and 
diabetes did not differ significantly between groups. 
The clinical characteristics of studied subjects are 
presented in Table 1. CTEPH patients presented 
lower LVEF, decreased TAPSE and increased RV 
to LV dimensions ratio. Moreover, patients with 
CTEPH presented lower GFR than CG. The six-
-minute walk distance was remarkably longer in 
CG than in CTEPH patients (Table 1). CTEPH 
patients had significantly higher PWV than controls 
(PWV 10.3 ± 2.5 m/s vs. 9 ± 1.3 m/s, p < 0.05) 
(Fig. 1), even though SBP and PP were higher in 
the control group (Table 1). 

Pulse wave velocity correlated only with 
age and PVR in patients with CTEPH (r = 0.45,  
p = 0.03 and r = 0.43, p = 0.03, respectively), while 
in controls PWV correlated with age and inversely 
with body mass index (r = 0.54, p = 0.01 and  
r = –0.43, p < 0.05, respectively). Interestingly, 
there was no correlation between PWV and SBP 
nor DBP in any group. 

There was a borderline correlation between 
PWV and pulmonary compliance (ratio of SV to 
PP) (r = 0.37, p = 0.07), while the association 
between PWV and systemic arterial compliance 
was nonsignificant (r = 0.29, p = 0.16). 

Arterial stiffening defined as PWV > 10 m/s 
was found in 11 (42%) patients with CTEPH and 
in 5 (23%) cases from CG. CTEPH patients with 
PWV > 10 m/s compared to CTEPH patients with 
PWV ≤ 10 m/s were older (74 ± 8 vs. 66 ± 10 years,  
p < 0.05), had decreased oxygen saturation (SaO2 89  
[73–96]% vs. 96 [85–98]%, p < 0.01) and tended to 
have higher PVR (8.1 [3.1–14.0] vs. 5.2 [3.1–12.7] 
HRU, p ≤ 0.10) (Fig. 2). PWV > 10 m/s was not 
associated with lower SaO2 in controls. Multivari-
able analysis revealed the only significant predictor 
of PWV > 10 m/s was SaO2 (odds ratio [OR] 0.90; 
95% confidence interval [CI] 0.68–0.95, p < 0.01).

Discussion

The artery stiffening, associated with increased 
morbidity and mortality, is an important sign of 
systemic vascular disease. PWV is an independent 
predictor of adverse cardiovascular events and all-
cause mortality. A 1 m/s rise of its value increases 
cardiovascular risk by more than 10% [13].

The decreased arterial compliance results in 
an increase of central SBP, limits cardiac output and 
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augments the LV overload. Consequently, coronary 
blood flow is reduced and cardiac ischemia can 
develop [4]. The elevation of the PWV in CTEPH 
patients, compared with the age-matched and 
adjusted for the presence of comorbidity controls, 
indicates an increased arterial stiffness in the 
former. Moreover, the increased arterial stiffness 
in patients with CTEPH may suggest a greater 
risk of developing diseases associated with ath-
erosclerosis. 

Interestingly, the distinct nature of venous 
thrombosis and arterial thrombosis is being fre-
quently questioned in recent studies. There is 
a high number of common risk factors for these 

diseases [2, 3]. Furthermore, patients with clinical 
symptoms of VTE, particularly idiopathic, have an 
increased risk of symptomatic atherosclerosis [2]. 
Additionally, patients with unprovoked VTE have  
a higher risk of acute cardiovascular events includ-
ing acute myocardial infarction and ischemic stroke, 
than patients with provoked VTE [14].

The value of PWV depends on the thickness 
of the vascular wall and its elastic properties. It 
is inversely related to the inner radius of the ves-
sels and blood viscosity. Increased stiffness limits 
systolic expandability, while a loss of flexibility and 
cushioning mechanism leads to an increased SBP 
and a relative reduction of DBP, with a subsequent 

Table 1. Characteristics of the study groups.

Parameters CTEPH (n = 26)  CG (n = 22)  P

Clinical characteristics

Gender (male/female) 9/17 10/12 0.32

Age [years] 69 ± 10 67 ± 8 0.36

BMI [kg/m2] 28 ± 5 29 ± 4 0.23

Heart rate [bpm] 66 ± 11 68 ± 12 0.52

Systolic BP [mmHg] 120 ± 11 132 ± 14 0.002

Diastolic BP [mmHg] 76 ± 11 79 ± 8 0.43

Pulse pressure [mmHg] 43 ± 11 53 ± 12 0.005

eGFR [mL/min] 62 ± 13 89 ± 15 0.0001

SaO2 [%] 91 ± 7 98 ± 1 0.002

6MWD [m] 348 ± 136 599 ± 107 < 0.0001

Total cholesterol [mg/dL] 183 ± 56 144 ± 37 < 0.01

LDL cholesterol [mg/dL] 113 ± 51 79 ± 33 0.01

HDL cholesterol [mg/dL] 55 ± 15 42 ± 14 < 0.01

Triglycerides [mg/dL] 98 ± 46 128 ± 57 0.06

Fasting glucose [mg/dL] 100 ± 39 96 ± 12 0.60

History of smoking 9 (35%) 3 (14%) 0.09

Diabetes mellitus 5 (19%) 1 (5%) 0.15

Echocardiographic parameters

LVEF [%] 55 ± 4 62 ± 4 < 0.0001

TAPSE [mm] 18 ± 5 24 ± 3 < 0.0001

TRPG [mmHg] 74 ± 22 22 ± 10 < 0.0001

RV/LV 1.3 ± 0.3 0.8 ± 0.1 < 0.0001

Right heart catheterization results of CTEPH

mPAP [mmHg] 43 ± 9

PVR [HRU] 6.9 ± 2.9

Cardiac index [L/min/m2] 2.7 ± 0.6

Data are shown as mean ± standard deviation or number (percentage). 6MWD — six minute walk distance; BMI — body mass index; BP — 
blood pressure; CG — control group; CTEPH — chronic thromboembolic pulmonary hypertension; eGFR — glomerular filtration rate; HDL 
— high density lipoprotein; HRU — hybrid reference units (Wood units); LDL — low density lipoprotein; LVEF — left ventricular ejection frac-
tion; mPAP — mean pulmonary artery pressure; PVR — pulmonary vascular resistance; RV/LV — right ventricle/left ventricle; SaO2 — arterial 
oxygen saturation; TAPSE — tricuspid annular plane systolic excursion; TRPG — tricuspid regurgitation peak gradient
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elevation of PP and cardiac afterload [15]. Interest-
ingly, in the current study CTEPH patients were 
found to have higher PWV despite of lower SBP and 
PP. Low SBP is common in CTEPH due to low SV. 

Vascular stiffening develops from a complex 
interaction between stable and dynamic changes 
involving structural and cellular elements of the 
vessel wall, including the role of scaffolding pro-
teins, extracellular matrix, inflammatory mol-
ecules, endothelial cell function, reactive oxidant 
species and genetics [16]. 

In CTEPH the pathological lesions are formed 
by organized thrombi tightly attached to the pul-
monary arterial medial layer, replacing the normal 
intima [17]. The pathophysiology of distal disease 
may involve predominant obstructions of subseg-

mental elastic pulmonary arteries, arteriopathy 
of small muscular arteries and arterioles distal 
to non-obstructed vessels and pulmonary arte-
riopathy of small muscular arteries and arterioles 
distal to totally or partially obstructed vessels 
[18]. Distal pulmonary vasculopathy in both the 
occluded and nonoccluded pulmonary vascular bed 
is characterized by lesions considered typical for 
idiopathic pulmonary arterial hypertension. The 
pathogenesis of these vascular lesions may involve 
the endothelium, platelet production, release of 
mediators and altered pulmonary blood flow. Me-
dial hypertrophy, intimal proliferative, and fibrotic 
changes can be found in CTEPH [19, 20]. However, 
the down regulation of angiogenic gene expression 
and the dysfunction of endothelial cells, which may 
also impair thrombus resolution, were reported as 
well [21]. Moreover, systemic inflammation seems 
to be involved in the development of CTEPH [22]. 

Many patients with CTEPH develop hypox-
emic respiratory insufficiency. In the present study 
PWV correlated with PVR, age and SaO2, however, 
in multivariable analysis decreased SaO2 was the 
only significant predictor of PWV > 10 m/s. The 
association of vascular stiffening with age was 
previously well described [5, 7]. The decreased 
SaO2 can deteriorate endothelium function and in-
crease BP leading to arterial stiffening. Moreover, 
the low oxygen concentration can cause a rise of 
PVR and pulmonary arterial pressure [23]. The 
PVR is related to the geometry of small distal 
resistive pulmonary arterioles and is considered 
to reflect the functional status of pulmonary vas-
cular endothelium/smooth muscle cell coupled 
system. PVR is also positively related to blood 
viscosity and may be influenced by changes in the 
perivascular alveolar and pleural pressure [24]. 
Jujo et al. [20] suggested that a close relationship 
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between severe pulmonary arterial remodeling 
and elevated PVR could be the result of luminal 
narrowing of pulmonary muscular arteries. The 
pathomechanisms underlying CTEPH-related 
atherosclerotic arterial alternations are not clear. 
There are no studies available regarding whether 
thromboembolic pulmonary hypertension triggers 
mechanisms that may affect systemic arteries such 
as the aorta. Hou et al. [25] assessed the carotid 
artery in pulmonary hypertension and revealed 
that its stiffening might be related to the release 
of endothelium dependent vasoconstrictors and  
a decreased concentration of vasodilators. Addi-
tionally, in a meta-analysis by Wang et al. [26] which 
included 3198 patients with chronic obstructive 
pulmonary disease, markers of subclinical athero-
sclerosis and cardiovascular risk assessed inter 
alia with PWV were significantly elevated. The 
results of the present study point to a significant 
correlation between arterial stiffening, assessed 
by PWV, and low SaO2, older age, and increased 
PVR. They also suggest an association between 
increased stiffness of the systemic arteries with 
the occlusion of pulmonary arteries and decreased 
blood oxygenation in patients with CTEPH. 

Limitations of the study
This is a single center study on a relatively 

small group of patients with a very rare disease. 
The observations were not blinded, however, due 
to a semi-automatic measurement methodology, 
the influence of the investigator seems negligi-
ble. Based on the results of the current study it is 
impossible to conclude the pathogenesis of arte-
rial stiffening in CTEPH, however, the indicated 
associations suggest possible mechanisms and 
directions for further studies.

Conclusions

Arterial stiffness, a marker of atherosclerosis 
assessed as pulse wave velocity, is increased in 
patients with chronic thromboembolic pulmonary 
hypertension compared to matched controls. The 
elevated PWV is associated with older age, higher 
pulmonary vascular resistance and especially with 
lower oxygen saturation in chronic thromboembolic 
pulmonary hypertension.
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Abstract
Background: There is a paucity of data regarding response of cerebral blood flow to the postural un-
loading maneuver and its impact on the risk of syncope in patients with aortic stenosis (AS). The aim 
of the present study was to assess effects of orthostatic stress test on changes in carotid and vertebral 
artery blood flow and its association with syncope in patients with severe AS.
Methods: 108 patients were enrolled (72 with and 36 patients without syncope) with severe isolated 
severe AS. Peak systolic blood-flow velocity (PSV) and end-diastolic velocity in the carotid arteries and 
vertebral arteries were measured by duplex ultrasound in the supine position and at 1–2 min after the 
assumption of the standing position. 
Results: The orthostatic stress test induced a significant decrease in carotid and vertebral arterial flow 
velocities in all examined arteries (p < 0.001). The median (interquartile range) of mean change in 
PSV for carotid arteries was higher for patients with syncope (syncope [–] vs. syncope [+]: –0.6 cm/s 
[–1.8, 1.0] vs. –7.3 cm/s [–9.5, –2.0]; p < 0.001) and similarly for vertebral arteries (–0.5 cm/s [–2.0, 
0.5] vs. –4.8 cm/s [–6.5, –1.3]; p < 0.001, respectively). Age, aortic valve area, and mean change in 
PSV for carotid arteries were independently associated with syncope. 
Conclusions: In patients with AS, a decrease in carotid and vertebral arterial flow velocities in the 
standing position was observed and was associated with syncope. The present findings may support the 
value of an orthostatic test in identifying patients with severe AS and a high risk of syncope. (Cardiol J 
2020; 27, 6: 749–755)
Key words: aortic stenosis, syncope, orthostatic stress, Doppler ultrasound, cerebral 
blood flow

Introduction

Aortic stenosis (AS) with its primarily calcific 
form has an increasing prevalence in adults of ad-
vanced age and therefore requires a comprehensive 
diagnostic approach and treatment [1]. Syncope is 
a common symptom in patients with severe AS, 
and worsens prognosis, however, there remains 
scarce data regarding its predictors. Patients with 
severe AS should undergo a Doppler ultrasound 
examination of carotid and vertebral arteries as 
a part of a complex assessment before surgical 
valve replacement or transcatheter aortic valve 
implantation (TAVI). However, evaluation of valve 

disorder only at resting conditions may undervalue 
the real status of the defect and its clinical effects. 
Orthostatic-induced changes in Doppler echocar-
diographic evaluation of transaortic gradient in 
patients with AS have been shown previously [2]. 
Several studies have reported the importance of 
an upright position during exercise or in a pas-
sive way to determine left ventricular outflow 
tract gradients in hypertrophic cardiomyopathy 
and other conditions [3–5]. Moreover, in a recent 
study a significant blood velocity drop in carotid 
and vertebral arteries in patients with AS compared 
to healthy subjects was found but with no relation 
to syncope, probably due to low sample size [6]. 
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In this study, the aim was to assess effects of an 
orthostatic stress test on changes in carotid and 
vertebral artery blood flow and its association with 
syncope in patients with severe AS.

Methods

One hundred and eight patients who un-
derwent comprehensive echocardiography were 
included and carotid duplex ultrasound in the 
documented department from those who fulfilled 
the following inclusion criteria: severe, “isolated” 
AS, defined as an aortic valve area < 1.0 cm2; pre-
served left ventricular ejection fraction (> 50%);  
and sinus rhythm. Exclusion criteria were: detect-
ed significant atherosclerosis in carotid/vertebral 
arteries, more than mild concomitant mitral valve 
dysfunction, or atrial flutter/fibrillation, suboptimal 
Doppler signal during orthostatic stress. Patients 
were divided into two groups, patients presenting 
with (syncope [+]) and without syncope (syncope 
[–]). Standard echocardiography was done using 
Vivid 7 (General Electric, Fairfield, USA). M-mode  
and two-dimensional echocardiograms were ob-
tained for each patient, which was followed by  
a pulsed and continuous-wave Doppler ultrasound. 
Conventional techniques were used to measure 
the echocardiographic parameters. During the 
orthostatic test the patient stood for 1–2 min with 
their left hand on their head and the gradient as-
sessment from the apical window was assessed. 
The ultrasound transducer (4–10 MHz linear-array 
transducer) was used to perform carotid duplex 
ultrasound routinely in the supine position with 
peak systolic velocity (PSV) and end diastolic ve-
locity (EDV) assessment in common carotid artery, 
internal carotid artery (ICA) and vertebral artery 
(VA). In the second part of the examination, during 
an orthostatic test the patient stood for 1–2 min 
and carotid duplex ultrasound was performed, again 
with velocity measurements, respectively. Heart 
rate was assessed at baseline and after 1–2 min of 
orthostatic stress. Additionally, spectral analysis of 
flow pattern with time-averaged maximum veloc-
ity was assessed (TAMAX [cm/s]), time-averaged 
mean velocity (TAMEAN [cm/s]) and flow volume 
[mL/min] at baseline and in an upright position. 
Each echocardiographic and Doppler ultrasound pa-
rameter was assessed repeatedly 3 times and mean 
value was taken into the analysis. Change (delta) 
in PSV and EDV was calculated as a difference 
between values obtained in the standing and lying 
position. Mean change of PSV and EDV in carotid 
arteries was calculated as a mean of measurements 

from left and right common carotid artery, and left 
and right ICA. Similarly, mean change of PSV and 
EDV in vertebral arteries was calculated as a mean 
of measurements from left and right VA. The study 
protocol was approved by the institutional ethical 
board. All patients gave their written consent.

Statistical analysis
Continuous variables were presented as me-

dians (interquartile ranges). Categorical variables 
were expressed as percentages. Differences between 
patients with and without syncope were tested using 
the c2 test and the Fisher exact test for dichoto-
mous variables and the Mann-Whitney U-test for 
continuous variables. Differences between echocar-
diographic/duplex ultrasound parameters assessed 
in supine and upright position were assessed using 
the Wilcoxon signed-rank test. Independent predic-
tors of syncope were identified using multivariate 
logistic regression analysis. Forward selection in 
logistic regression with the probability value for 
covariates to enter the model was set at 0.05 level. 
All reported clinical, echocardiographic and duplex 
ultrasound data were tested as possible covariates. 
Relative risks of syncope were expressed as odds 
ratios (ORs) with 95% confidence intervals (CIs). 
In addition, receiver operating characteristic (ROC) 
curve analysis was used to assess the ability of se-
lected parameters to detect patients with syncope. 
Area under ROC curves were compared using De-
Long’s method. All tests were 2-tailed, and a p value 
of < 0.05 was considered statistically significant. 
All statistical analysis was performed using SPSS 
software, version 15.0 (SPSS Inc., Chicago, Illinois).

Results

A total of 108 patients with severe AS were  
enrolled. Of these, 72 patients were with and 36 
without syncope. Patients with syncope were 
older and more likely to present with a higher  
New York Heart Association class and had lower 
aortic valve area (AVA) as compared with patients 
without syncope (Table 1). Table 2 depicts Dop-
pler ultrasound data. Median heart rate in patients 
with syncope was 78.0 (65.0–82.0) at baseline and  
79.0 (64.0–83.0) in upright position (p = 0.93) and 
70.0 (60.0–78.0) at baseline and 70.0 (62.0–79.0) 
while standing in patients without syncope (p = 0.75).  
The orthostatic stress test induced significant 
decreases in carotid and vertebral arterial flow 
velocities (p < 0.001 for all). Importantly, change 
(delta) in PSV and EDV was higher in patients with 
than without syncope (Table 2). 
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Table 1. Demographic, clinical and echocardiographic data.

Variable Syncope (–) (n = 36) Syncope (+) (n = 72) P

Age [years] 69.0 (64.5, 72.0) 79.0 (73.5, 83.0) < 0.001

Male gender 41.7% 33.3% 0.40

Diabetes mellitus 25.0% 36.1% 0.59

NYHA class: < 0.001

I 47.2% 15.3%

II 47.2% 44.4%

III 5.6% 37.5%

IV 0.0% 2.8%

GFR [mL/min/1.73 m2] 53.0 (45.0, 54.0) 58.5 (43.8, 82.1) 0.56

HR supine [bpm] 77.0 (69.0, 80.0) 76.0 (65.0, 78.5) 0.27

TG max supine [mmHg] 95.0 (91.0, 100.0) 97.0 (75.0, 107.0) 0.79

TG max upright [mmHg] 88.0 (84.0, 90.5) 91.0 (70.0, 100.0) 0.68

TG max delta [mmHg] –7.0 (–9.5, –4.0) –6.0 (–9.0, –3.1) 0.29

TG mean supine [mmHg] 47.5 (44.0, 51.0) 50.0 (45.0, 58.0) 0.11

TG mean upright [mmHg] 42.0 (40.0, 44.0) 47.0 (41.0, 54.0) 0.002

TG mean delta [mmHg] –4.0 (–6.5, –2.0) –3.0 (–4.0, –1.0) 0.049

AVA [cm2] 0.9 (0.8, 1.0) 0.7 (0.6, 0.8) < 0.001

LVEF [%] 62.5 (60.0, 65.0) 62.0 (55.0, 65.0) 0.54 

AVA — aortic valve area; GFR — glomerular filtration rate; HR — heart rate; LVEF — left ventricular ejection fraction; NYHA — New York Heart 
Association; TG — transaortic gradient

Table 2. Doppler ultrasound data.

Variable Syncope (–) (n = 36) Syncope (+) (n = 72) P

PSV LCCA [cm/s]

Supine 123.5 (117.0, 131.5) 100.0 (95.0, 117.5) < 0.001

Upright 124.0 (117.0, 132.0) 92.0 (90.0, 116.5) < 0.001

Delta –1.0 (–2.5, 1.0) –7.0 (–8.0, –2.0) < 0.001

EDV LCCA [cm/s]

Supine 22.5 (17.0, 25.0) 25.0 (23.0, 27.0) < 0.001

Upright 21.0 (17.5, 22.5) 22.0 (20.0, 24.0) 0.015

Delta –1.0 (–2.5, 0.0) –4.0 (–5.0, –1.0) 0.014

LCCA TAMAX [cm/s]

Supine 48.2 (44.2, 49.7) 46.8 (43.3, 49.6) 0.55

Upright 45.1 (42.2, 46.7) 37.8 (35.9, 44.7) 0.017

Delta –1.8 (–3.9, –1.7) –6.8 (–7.0, –1.2) 0.016

LCCA TAMEAN [cm/s]

Supine 23.5 (22.7, 24.8) 23.7 (22.1, 25.1) 0.78

Upright 21.2 (20.8, 22.3) 18.4 (17.4, 22.8) 0.029

Delta –2.1 (–2.6, –1.2) –4.1 (–5.0, –0.7) 0.024

LCCA Flow volume [mL/min]

Supine 699.9 (636.0, 728.1) 699.9 (643.1, 723.5) 0.76

Upright 699.1 (629.1, 704.2) 674.7 (609.2, 690.2) 0.06

Delta –25.1 (–27.7, –20.7) –32.3 (–42.0, –6.5) < 0.001

Æ
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Table 2 (cont.). Doppler ultrasound data.

Variable Syncope (–) (n = 36) Syncope (+) (n = 72) P

PSV LICA [cm/s]
Supine 120.0 (113.0, 126.5) 96.0 (91.0, 115.0) < 0.001
Upright 122.0 (114.5, 130.0) 91.0 (85.5, 115.0) < 0.001
Delta 0.0 (–2.0, 1.5) –6.0 (–9.0, –1.0) < 0.001

EDV LICA [cm/s]
Supine 20.0 (15.0, 21.5) 22.0 (20.5, 23.0) 0.003
Upright 19.5 (15.5, 21.0) 20.0 (19.0, 21.0) 0.049
Delta –1.0 (–1.0, 0.0) –5.0 (–6.0, –1.0) < 0.001

PSV LVA [cm/s]
Supine 45.0 (43.0, 47.5) 45.0 (43.0, 49.0) 0.44
Upright 44.0 (42.0, 46.0) 40.0 (37.5, 46.0) 0.01
Delta –1.0 (–2.0, 1.0) –6.0 (–7.0, –1.0) < 0.001

EDV LVA [cm/s]
Supine 9.0 (8.0, 10.0) 13.0 (10.0, 15.0) < 0.001
Upright 9.0 (8.0, 10.0) 11.0 (10.0, 12.0) < 0.001
Delta 0.0 (–1.0, 0.0) –4.0 (–6.0, 0.0) 0.001

PSV RCCA [cm/s]
Supine 124.0 (117.5, 132.0) 100.0 (93.5, 117.5) < 0.001
Upright 124.0 (117.0, 132.0) 94.5 (89.5, 116.5) < 0.001
Delta –1.0 (–3.0, 1.0) –7.0 (–9.0, –1.5) 0.001

EDV RCCA [cm/s]
Supine 22.5 (17.0, 25.0) 24.0 (22.0, 26.0) 0.006
Upright 21.0 (17.5, 22.5) 19.0 (18.0, 23.0) 0.039
Delta –1.0 (–2.5, 0.0) –4.5 (–6.0, –1.0) 0.001

RCCA TAMAX [cm/s]
Supine 47.4 (44.2, 49.7) 46.8 (43.3, 49.6) 0.72
Upright 45.0 (41.3, 47.7) 37.9 (36.1, 47.5) 0.07
Delta –2.1 (–3.6, –1.3) –6.9 (–7.1, –1.2) 0.014

RCCA TAMEAN [cm/s]
Supine 23.5 (22.7, 24.7) 23.6 (22.2, 25.1) 0.64
Upright 21.3 (20.5, 22.5) 18.1 (17.4, 22.3) 0.028
Delta –1.8 (–2.2, –1.5) –4.4 (–5.2, –0.7) 0.015

RCCA Flow volume [mL/min]
Supine 699.9 (637.0, 728.1) 699.1 (641.2, 723.7) 0.72
Upright 687.6 (620.8, 700.5) 673.5 (610.5, 710.6) 0.08
Delta –20.4 (–27.6, –20.9) –26.8 (–28.3, –6.7) < 0.001

PSV RICA [cm/s]
Supine 120.0 (113.0, 126.5) 95.0 (90.5, 115.0) < 0.001
Upright 122.5 (114.5, 130.0) 91.5 (85.0, 115.5) < 0.001
Delta 0.0 (–2.0, 1.5) –5.8 (–7.0, –1.5) < 0.001

EDV RICA [cm/s]
Supine 20.0 (14.5, 21.0) 21.5 (20.0, 23.0) 0.001
Upright 21.5 (16.5, 22.0) 18.5 (18.5, 21.0) 0.03
Delta 0.0 (–1.0, 1.0) –4.5 (–6.0, –1.0) < 0.001

PSV RVA [cm/s]
Supine 44.5 (43.0, 46.5) 45.0 (43.0, 47.0) 0.52
Upright 44.0 (43.0, 46.0) 42.0 (40.0, 44.5) 0.001
Delta 0.0 (–2.0, 1.0) –5.0 (–6.0, –1.0) < 0.001

EDV RVA [cm/s]

Supine 9.0 (8.0, 10.0) 13.0 (11.0, 14.0) < 0.001
Upright 9.0 (7.5, 11.0) 12.0 (10.5, 12.0) < 0.001
Delta 0.0 (–1.5, 0.0) –4.0 (–6.0, 0.0) 0.001 

EDV — end diastolic velocity; LCCA — left common carotid artery; LICA — left internal carotid artery; LVA — left vertebral artery; PSV — peak 
systolic velocity; RCCA — right common carotid artery; RICA — right internal carotid artery; RVA — right vertebral artery; TAMAX — time-
-averaged maximum velocity; TAMEAN — time-averaged mean velocity
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The median (IQR) of mean change in PSV 
for carotid arteries was higher for patients with 
syncope (syncope [–] vs. syncope [+]: –0.6 cm/s 
(–1.8, 1.0) vs. –7.3 cm/s (–9.5, –2.0); p < 0.001) 
and similarly for VAs: (–0.5 cm/s [–2.0, 0.5] vs. –4.8 
cm/s [–6.5, –1.3]; p < 0.001, respectively).

In the multivariate logistic regression analysis 
age (OR 1.101 per 1 year, 95% CI 1.026–1.183;  
p = 0.008), AVA (OR 0.071 per 1 cm2, 95% CI 
0.005–1.033; p = 0.05), mean change in PSV in 
carotid arteries (OR 0.818 per 1 cm/s, 95% CI 
0.673–0.995; p = 0.044) were identified as inde-
pendent predictors of syncope. In ROC analysis, 
age, AVA, change in PSV and EDV for both carotid 
and vertebral arteries were good predictors of syn-
cope (Table 3). However, predictive ability of PSV 
or EDV derived from carotid arteries was better 
than what was derived from vertebral arteries. 

Discussion

One hundred and eight patients with severe 
AS by echocardiography and Doppler ultrasound 
of blood flow in extracranial arteries in either the 
supine position or after orthostatic stress were 
evaluated. Moreover, an assessment to find optimal 
predictors of syncope in those patients and the 
ability to identify the following factors predicting 
syncope: age, AVA and decreased blood flow ve-
locities in carotid and vertebral arteries after an 
orthostatic unload test. Aortic valve stenosis in 
its calcific form and with an increasing prevalence 
in the population of 65 year-olds and over requires  
a comprehensive clinical and echocardiographic 
assessment before any treatment [1]. Additionally, 
patients with severe AS should undergo a Doppler 
ultrasound examination of carotid and vertebral 
arteries as a part of a comprehensive assessment 
before surgical valve replacement or TAVI to re-
veal any severe stenosis or occlusion. In patients 

scheduled for TAVI there are concerns linked to 
the presence of significant stenosis or occlusion 
of ICA and rapid ventricular pacing during balloon 
aortic valvuloplasty and prosthesis deployment. 
In patients undergoing surgery, major concerns 
are related to intraprocedural hypotonia resulting 
in hypoperfusion in cerebral blood flow. The com-
mon symptom of AS is syncope, which initially may 
develop only during exercise or with changes in 
the body position. It may be caused by decreased 
cerebral blood flow, also as a result of arrhythmias 
[1, 7–10]. Several studies assessed the increased 
incidence of syncope in patients with severe AS but 
failed to show a link between any parameter apart 
from aortic valve stenosis severity and possible 
ventricular arrhythmias [9–11]. Left ventricular 
hypertrophy which occurs in patients with AS and 
reduced ejection fraction are well-known predic-
tors of higher incidence of arrhythmias [12–15]. 
Conduction disturbances, resulting with syncope, 
caused by calcifications are also possible. The eval-
uation of valve disorder only at resting conditions 
may underestimate the real state of the defect and 
its clinical impact. Orthostatic-induced changes in 
Doppler echocardiographic measures of transaortic 
gradient in patients with AS have been described 
before [2]. Standing is an incremental activity of 
everyday life and may induce a fall in patients 
predisposed to syncope recognized as important 
problem in patients with cardiac disease. Perform-
ing Doppler ultrasound for screening purposes may 
not be enough and, in a considered opinion, should 
also be extended to an orthostatic unload test in AS 
patients. In a previous study, emphasis of the role of 
the orthostatic stress test in patients with severe 
AS, in whom was found a significant decrease in 
carotid and vertebral arterial flow velocities and 
flow volume in the upright position [6]. Sato et al. 
[16] showed that blood flow in the internal carotid 
artery and medial cerebral artery were reduced 

Table 3. Receiver-operating characteristic curve analysis for the prediction of syncope.

Variable AUC P Optimal cut off value Sensitivity Specificity

Age [years] 0.80 < 0.001 > 75 70.8% 86.1%

Aortic valve area [cm2] 0.75 (0.66–0.83) < 0.001 ≤ 0.8 76.5% 63.9%

Change in PSV carotid [cm/s] 0.78 (0.68–0.85) < 0.001 ≤ –6.0 77.8% 77.8%

Change in PSV vertebral [cm/s] 0.71 (0.62–0.79) < 0.001 ≤ –3.5 75.0% 72.2%

Change in EDV carotid [cm/s] 0.74 (0.65–0.82) < 0.001 ≤ –3.3 75.0% 72.2%

Change in EDV vertebral [cm/s] 0.67 (0.58–0.76) 0.003 ≤ –1.5 76.4% 52.8%

AUC — area under curve; EDV — end diastolic velocity; PSV — peak systolic velocity
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during the head-up tilt test. Furthermore, Ogoh 
et al. [17] recently provided data that the effect 
of graded orthostatic stress on vertebral artery 
blood flow may be associated with hemodynamic 
changes in posterior rather than anterior cerebral 
blood flow. In the present study, however, mean 
PSV in carotid arteries were highly associated with 
syncope among all Doppler ultrasound parameters. 
Moreover, citing another study, the aim was to 
assess the effects of the orthostatic stress test on 
carotid and vertebral artery blood flow in patients 
with severe AS undergoing TAVI [18]. All duplex 
ultrasound parameters assessed in supine position 
have significantly improved in patients after TAVI 
as compared to baseline. The orthostatic stress 
test induced a decrease in carotid and vertebral 
arterial flow velocities in AS patients before and 
after TAVI. However, the drop in velocities and 
flow volume was numerically lower after TAVI. 
Therefore, TAVI may have some beneficial effect 
on extracranial artery blood flow by minimalization 
of its decrease as a response to orthostatic stress 
when assessed in long-term follow-up. In another 
study by Cammalleri et al. [19] monitoring of ca-
rotid Doppler measurements may be a useful and 
noninvasive method for acute assessment of the 
improvement of hemodynamic flow after TAVI for 
the cerebral region. A significant improvement of 
blood flow was found as the systolic peak velocity 
and the time average mean velocity increased at 
the end of the procedure.

Orthostatic unload is a very fast, safe and 
easy stress test without cost. It can be performed 
without additional equipment in terms of echo-
cardiographic and carotid and vertebral Doppler 
ultrasound assessment. As shown, the estimation 
of the changes in cerebral blood flow in response 
to the orthostatic stress test in patients with AS 
may be linked to syncope and therefore for prog-
nosis. Moreover, decreased blood flow in carotid 
and vertebral arteries in the supine position may 
play a role in asymptomatic patients with AS and 
may facilitate the time point of a decision about 
the final treatment — surgical valve replacement 
or TAVI.

Limitations of the study
The exclusion criteria of the study significantly 

constrained patient recruitment and resulted in 
relatively small sample size. Quality of acoustic 
window for Doppler assessment may also limit the 
use of the method.

Conclusions

In patients with AS, a decrease in carotid and 
vertebral arterial flow velocities in the standing 
position was observed and was associated with 
syncope. The present findings may support the 
value of the orthostatic test in identifying patients 
with severe AS and a higher risk of syncope.
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Abstract
Background: The plasma-derived atherogenic index (AIP) is associated with an increasing risk for 
cardiovascular diseases. Whether an increased AIP may predict the complexity of percutaneous coronary 
intervention (PCI) of chronic total occlusion (CTO), according to available research, has never been 
investigated before. 
Methods: Three hundred seventeen patients were included prospectively and treated with PCI for at 
least one CTO between 2012 and 2017. High-density lipoprotein cholesterol (HDL-C) and triglycerides 
(TG) plasma levels were measured 24 h before PCI. All patients were stratified into tertiles of AIP (de-
fined as 0.11, 0.11–0.21, > 0.21) based on their TG/HDL-C (AIP) levels. 
Results: Mean AIP of all patients undergoing CTO-PCI was 0.53 ± 0.29. The majority of patients 
were male (82.6%), and mean age was 61 ± 10.4 years. Increased AIP > 0.21 was associated with 
longer occlusion length (statistical trend p = 0.082) and stent routes (p = 0.022) and with a higher 
number of implanted stents (n > 4) (statistical trend p = 0.072). Success rates were similar in all AIP 
categories (p = 0.461). In-hospital PCI-related complications were rare and not statistically different 
(p = 0.852).  
Conclusions: This  study demonstrates for the first time that an increased AIP may predict the com-
plexity of CTO-PCI and additionally may help to improve planning and quality of CTO-PCI. (Cardiol J  
2020; 27, 6: 756–761)
Key words: atherogenic index, chronic total occlusion, coronary artery disease,  
percutaneous coronary intervention

Introduction

Recanalization of chronic total occlusion 
(CTO) still remains a challenging procedure in 
interventional cardiology. A CTO of a coronary 
artery can be identified in up to 18% among 

patients with a clinical indication for coronary 
angiography. With the advent of novel recanaliza-
tion techniques and emerging devices, percuta-
neous coronary intervention (PCI) has become 
promising leading treatment option for these 
patients [1–5].
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The atherogenic index of plasma (AIP), the 
logarithm of molar ratio of triglyceridemia (TG) to 
high-density lipoprotein cholesterol (HDL-C) has 
been established as one marker to predict plasma 
atherogenicity and coronary artery disease (CAD) 
[6, 7]. Although some lipid variables were associ-
ated with the extent of CAD, the specific ratio of TG 
to HDL-C ratio showed the strongest association 
respectively. Variation of TG/HDL-C ratio may also 
be more associated with substantial alterations in 
metabolic indices predictive for increasing risk of 
ischemic heart disease compared to variation of low-
density lipoprotein cholesterol (LDL-C)/HDL-C  
ratio [6, 7]. Is has been shown recently that AIP 
may reveal highest sensitivity for predicting acute 
coronary events [8].

Within this context, this study assessed the 
association between AIP, as a major risk factor of 
CAD, and CTO and CTO-PCI, as a complex coro-
nary intervention.

Methods 

Between 2012 and 2017, a total of 317 patients 
undergoing CTO-PCI in a German high volume 
CTO center. All patients had a clinical indication for 
CTO-PCI and/or positive functional ischemia test 
assessed by magnetic resonance imaging (MRI) 
or stress-echocardiography in the territory of the 
occluded coronary artery.

All procedures were performed via femoral 
access using 7-french guiding catheters; in the 
majority of patients contralateral injections of 
contrast were performed to determine the length 
of the lesion and the existence and extent of collat-
eral connections. Decisions to treat patients either 
by antegrade or retrograde CTO-PCI techniques 
was based on operator discretion. To prevent 
thrombembolic complications heparin was admin-
istered intravenously during CTO-PCI, guided by 
activated clotting time (> 300 s).

The J-CTO score, combining several param-
eters of CTO including the degree of calcification of 
lesion, bending > 45° in CTO segment, blunt proxi-
mal cap, length of occluded segment (> 20 mm)  
and a previously failed recanalization attempt, was 
calculated for all patients [9]. 

After PCI a dual antiplatelet therapy consist-
ing of 100 mg of acetylsalicylic acid once daily 
indefinitely and 75 mg of clopidogrel once daily 
for at least 6 months was continued. Procedural 
success was defined as successful recanalization 
of CTO with a residual stenosis < 30% and res-

toration of Thrombolysis in Myocardial Infarction 
(TIMI)-flow grade 3. 

A composite safety endpoint summarizing 
severe complications such as all-cause mortal-
ity, vessel perforation, myocardial infarction (MI) 
and thrombembolic events was evaluated for all 
patients.

Triglycerides and HDL-C levels were meas-
ured after taking venous blood samples in EDTA 
tubes 24 h before the procedure. Analysis of 
plasma or serum total cholesterol (TC) and HDL 
was measured directly in serum while TG were 
measured enzymatically in serum or plasma [10]. 
TG/HDL-C was calculated as TG (mmol/L) divided 
by HDL-C (mmol/L). The patients were separately 
grouped into tertiles based on TG/HDL-C levels. 
It has been demonstrated before that an AIP value 
of under 0.11 is associated with low risk of cardio-
vascular disease (CVD); the values between 0.11 
to 0.21 and upper than 0.21 are associated with in-
termediate and increased risks, respectively [6, 7]. 

Statistical analysis
The distribution of continuous variables is 

characterized by mean ± standard deviation, or 
median and minimum–maximum, the distribution 
of categorical variables by absolute and relative 
frequencies.

The Shapiro-Wilk test was used to test for nor-
mality of data. The differences of distributions of 
continuous variables between three AIP categories 
were tested with the Kruskal–Wallis test (rejected 
normality) or F test. Differences in distributions of 
categorical variables were tested using the Fisher 
exact test.

According to the exploratory character of 
analysis all p values were interpreted as descrip-
tive measures rather than as definitive inferential 
measures.

Results

The overall procedural success rate was 86% 
which is in accordance with actual trials. The ma-
jority of the patients were male (82.6%), and the 
mean age was 61 ± 10.4 years. The mean AIP of 
all patients was 0.53 ± 0.29; male patients were 
younger than women (60.3 ± 10.2 years vs. 64.6 ±  
± 10.7 years; p < 0.005). 92% of patients were 
already under medication with cholesterol synthe-
sis enzyme (CSE) inhibitors. No differences were 
found between patients with CSE inhibitor to those 
without CSE in this study population.
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Figure 1 shows a disproportionate distribu-
tion of AIP categories in the present cohort. Only 
5% of patients (n = 16) had a normal AIP level of 

< 0.11. Table 1 presents baseline characteristics 
of the patients studied, and are classified by AIP 
categories. 

Patients with an AIP > 0.21 were more fre-
quent male (p = 0.075) and had a higher body mass 
index (BMI) (p = 0.023). They also had a higher 
LDL-C (p = 0.043) and suffered more frequently 
from arterial hypertension (p = 0.084). There was 
an increase of frequency of diabetes mellitus (DM), 
BMI, smoking and family history of CAD alongside 
an increase in AIP. In summary, these cardiovas-
cular risk factors were associated with a high AIP.  

This increase was also seen for some peri-
procedural characteristics as shown in Table 2.  

A high AIP > 0.21 was associated with longest 
occlusions (statistical trend p = 0.082), the longest 
stent routes (p = 0.022; Table 1) and highest num-
ber of the implanted stents (n > 4) after successful 
recanalization (statistical trend p = 0.072) (Table 2).  
Although the J-CTO score — representing the 
complexity of the CTO lesion — was related to  
a high AIP (p = 0.015; Fig. 2), procedural variables 
such as amount of contrast medium, examination 
time and fluoroscopy time were independent of 
the extent of AIP. 

Figure 1. Distribution of atherogenic index of plasma 
(AIP) categories.

Table 1. Baseline and periprocedural characteristics of the study patients, classified by atherogenic  
index of plasma (AIP) categories.

Variable AIP

< 0.11 0.11–0.21 > 0.21 P

Number 16 20 281
Age [years]* 62 (37–86) 61 (39–81) 61 (33–87) 0.870
Male gender 68.8% (11) 70.0% (14) 84.3% (237) 0.075
BMI [kg/m²]* 26.0 (21–39) 27.0 (19–35) 27.4 (17–45) 0.023
Diabetes mellitus 18.8% (3) 30.0% (6) 24.6% (69) 0.742
Smoking 25.0% (4) 30.0% (6) 46.6% (131) 0.101
COPD 6.3% (1) 15.0% (3) 7.1% (20) 0.377
LDL-C > 100 mg/dL 18.8% (3) 50.0% (10) 50.5% (142) 0.043
Hypertension 56.3% (9) 75.0% (15) 79.4% (223) 0.084
Family history of CAD 12.5% (2) 25.0% (5) 27.4% (77) 0.446
Prior MI 6.3% (1) 30.0% (6) 28.8% (81) 0.139
Prior CABG 12.5% (2) 0.0% (0) 13.2% (37) 0.245
Prior CTO-PCI attempt 37.5% (6) 35.0% (7) 49.8% (140) 0.325
Prior PCI 37.5% (6) 30.0% (6) 40.2% (113) 0.706
LVEF ≥ 40% 93.8% (15) 100% (20) 97.5% (274) 0.403
Amount of contrast medium [mL]* 220.9 (90–500) 226.8 (90–600) 228.2 (70–600) 0.736
Examination time [min]* 108.4 (45–180) 95.3 (30–220) 110.9 (15–300) 0.110
Fluoroscopy time [min]* 37.4 (11–76) 34.9 (4–94) 37.6 (7–104) 0.476
Lenght of occlusion [mm]* 32.8 (15–70) 29.5 (15–70) 37.6 (10–100) 0.082
Stent diameter [mm]* 3.0 (2.5–3.5) 2.9 (2.5–3.5) 3.1 (2.25–4.0) 0.122
Lenght of stent [mm] 61.0 (23–119) 52.2 (18–104) 69.1 (12–157) 0.022

*Median (min–max); BMI — body mass index; CABG — coronary artery bypass graft surgery; CAD — coronary artery disease; COPD — chronic 
obstructive pulmonary disease; CTO — chronic total occlusion; LDL-C — low density lipoprotein cholesterol; LVEF — left ventricular ejection 
fraction; MI — myocardial infarction; PCI — percutaneous coronary intervention
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A majority of patients suffered from a multi-
vessel coronary disease; 38.8% had coronary 2-ves-
sel disease and 32.2% coronary 3-vessel disease.

No differences in procedural success rates in 
different AIP categories was shown (p = 0.461). In-
hospital, acute procedural complications were rare 
and showed no statistically significant difference  
(p = 0.852). They included mostly vascular compli-
cations such as a local hematoma at puncture site 
(n = 19) and one cardiac tamponade which could be 
treated with a pericardiocentesis without further 

consequences. No severe complications such as 
peri-procedural death or ST-segment elevation 
myocardial infarction occurred.

Discussion

Dyslipidemia is an established risk factor for 
CVD in the general population. 

The AIP, which was first described by Dobiášová 
and Frohlich in 2001 [11], is a comprehensive lipid 
index, and a strong marker for predicting risk of 
CAD [8]. In this retrospective study, we examined 
the association between AIP and patients with CTO 
and CTO recanalization, respectively. According 
to available research, no data are available in the 
current literature about this issue.

The present data emphasizes several im-
portant aspects. First, we did show that AIP may 
predict complexity of a CTO, evaluated by J-CTO 
score, including severe calcification, tortuosity, 
stump morphology and lesion length. Second, it 
could demonstrated that AIP is associated with 
peri-procedural characteristics such as number and 
length of stents after a successful recanalization. 
Third, it was confirmed that AIP is closely related 
to several cardiovascular risk factors including 
male gender. 

These findings are in accordance with previous 
trials, showing a strong association between AIP, 
cardiovascular risk factors and severity of CAD  
[7, 12]. Therefore Niroumand et al. [12] has sug-
gested that AIP could be used as a regular monitor-
ing index of CAD in every day practice, while Wan 
et al. [13] proved that an elevated AIP is a powerful 
independent predictor of all-cause mortality and for 
subsequent CVD after coronary revascularization 
[13]. Lee et al. [14] confirmed prognostic relevance 
of AIP within a nationwide prospective cohort in-
cluding more than 1,000 patients with a terminal 
renal failure. Furthermore Shimizu et al. [15] found 
a significant positive correlation between DM and 
AIP and as well as with carotid intima-media thick-
ness, progression and arterial stiffness.

An explanation may be the association of AIP 
with LDL-C particle size, insulin resistance and 
metabolic syndrome [11, 16–18]. Hermans et al. 
[19] demonstrated a relationship between AIP and 
vascular damage and an association with residual 
vascular risk, beta-cell function loss and microan-
giopathy in diabetic patients. 

The present study observes that patients 
with a higher BMI revealed an increased AIP  
(p = 0.023). These findings are in agreement 

Table 2. Angiographic characetristics and proce-
dural outcome, classified by median atherogenic 
index of plasma (AIP).

Variable N Mean  
AIP

P

CTO in: 0.862

LAD 87 0.511

LCX 32 0.564

RCA 197 0.528

Coronary vessel disease: 0.535

1 93 0.522

2 123 0.513

3 102 0.556

Blunt stump/no stump 215 0.536 0.483

Tortuosity > 90° 226 0.538 0.315

Severe calcification 248 0.538 0.208

J-CTO score: 0.015

0 9 0.358

1 28 0.366

2 56 0.587

3 77 0.539

4 108 0.558

5 39 0.502

Retrograde approach 80 0.596 0.015

Drug eluting stents 270 0.525 0.662

Number of stents: 0.072

0 36 0.545

1 53 0.424

2 117 0.553

3 25 0.531

≥ 4

Success 272 0.524 0.461

Complications 20 0.531 0.852 

CTO — chronic total occlusion; J–CTO — Japansese chronic total 
occlusion; LAD — left anterior descending; LCX — left circumflex; 
RCA — right coronary artery
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with previous data that proved close associa-
tion between abnormalities of blood lipoproteins  
and habits of people, such as life style and eating 
habits [12, 20, 21]. 

Higher AIP correlates with a higher J-CTO 
Score, but failed to shown as a predictor for procedural 
success in CTO recanalization. Lemieux et al. [6] 
proved that in predicting CAD the AIP is superior to 
other indices like TC/HDL-C ratio and LDL-C/HDL-C  
ratio [6]. Furthermore Yildiz et al. [22] suggested 
that AIP might be a method which can be used for 
both diagnosis of subclinical atherosclerosis and in 
deceleration processes of its progression.

The fact that the AIP is associated with male 
gender in this study (p = 0.075) is in accordance with 
a large chinese cohort with over 430 patients which 
showed increased AIP being independently associated 
with coronary heart disease in Chinese males [23].

The AIP may be helpful  to estimate the com-
plexity of the procedure in advance and to make  
a decision on this basis. It is also easy to calculate 
and may be included in daily clinical practice. 
Unfortunately it could not demonstrated that this 
index can predict possible complications related to 
the complex coronary intervention of CTO-PCI. 
Gritzenko et al. [24] pointed out that AIP may 
be necessary to risk assessment before PCI and 
CABG. In a trial of 186 patients it was shown that 

this index can significantly predict re-stenosis after 
CABG and PCI. 

Limitations of the study
The present study is a retrospective analysis 

and all data are collected from a single-center. The 
results of this study may have been influenced by 
selection criteria, operator experience, and varying 
techniques used by operators. Furthermore, there 
was no data about the impact of long term follow-up 
of AIP in CTO patients. Another limitation may be 
that the matched and un-matched data used in this 
study were already collected. Thus, the analysis 
represents an observational character only.

Conclusions

The TG/HDL-C ratio may be an independent 
predictor for complexity of a CTO. Prospective 
evaluation of AIP as a determinant of the lesion 
may add adjunctive information for procedural 
planning of intervention.
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Figure 2. Atherogenic index of plasma (AIP) in Japanese chronic total occlusion (J-CTO) score categories.
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Abstract
Background: Asian patients with acute coronary syndrome (ACS) are frequently prescribed moderate-
-intensity statin in real practice, even during the early stage of ACS.  Under assessment herein was 
the effect of moderate-intensity statin therapy on the resolution of plaque inflammation during the first 
month after ACS, a period with highest recurrent ischemic events, using dual time point 18F-fluorode-
oxyglucose positron emission tomography/computed tomography (FDG PET/CT).
Methods: This prospective study included statin-naïve patients with ACS and non-calcified carotid 
plaques (≥ 3 mm on ultrasound images). Baseline FDG PET/CT images of the carotid arteries of the 
patients were obtained. Then, all patients received atorvastatin (20 mg/day); follow-up FDG PET/ 
/CT images of the carotid arteries were then obtained after 1 month of therapy. The primary endpoint 
measurement was the change in the target-to-background ratio (TBR) of the carotid artery between the 
initial and follow-up FDG PET/CT scans.
Results: Thirteen ACS patients completed the initial and follow-up FDG PET/CT scans. Moderate-inten-
sity statin therapy failed to reduce plaque inflammation at 1 month after ACS (TBR 1.60 ± 0.20 at baseline 
vs. 1.50 ± 0.40 after therapy; p = 0.422) but significantly reduced serum low-density lipoprotein choles-
terol (LDL-C) levels (mean LDL-C 101.2 ± 21.1 mg/dL at baseline vs. 70.7 ± 12.4 mg/dL after therapy;  
p < 0.001). Changes in the TBR and serum LDL-C levels were not correlated (r = –0.27, p = 0.243).
Conclusions: Dual time point FDG PET/CT imaging demonstrates that moderate-intensity statin 
therapy was insufficient in  suppressed plaque inflammation within the first month after ACS in Asian 
patients, even though achieving target LDL levels. (Cardiol J 2020; 27, 6: 762–771)
Key words: statin, 18F-FDG PET/CT, low-density lipoprotein cholesterol, acute coronary 
syndromes
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Introduction

High-intensity statin therapy has significantly 
improved the clinical outcomes of patients with 
acute coronary syndrome (ACS). Because the 
greatest risk for recurrent cardiovascular (CV) 
events occurs during the first month after ACS 
[1, 2], the early initiation of high-intensity statin 
therapy in ACS patients at the time of intense vas-
cular inflammation improves their CV prognosis by 
systematically stabilizing highly inflamed plaques. 
Indeed, a previous study demonstrated the benefits 
of early statin therapy in reducing ischemic events 
within 30 days subsequent to ACS [3].

Statins are prescribed at lower starting doses 
to patients at risk of developing side effects: Asian, 
female, those with smaller body frame, age exceeding 
65 years, kidney or liver disease, or excessive alcohol 
consumption. Asian patients especially, receive lower 
doses of statin in most clinical settings compared with 
their Western counterparts [4]. In clinical practice, 
only 14.2% of Korean ACS patients received high-
intensity statin therapy even after percutaneous 
coronary intervention (PCI) [5]. Moreover, in the 
2013 ACC/AHA guidelines, Asian ancestry is consid-
ered as a characteristic that might modify a decision 
to use high-intensity statin therapy [6]. However, 
no evidence exists that moderate-intensity statin 
therapy is sufficient to resolve plaque inflammation 
in earlier stages of ACS in Asians.

To address this issue, dual time point 18F-
-fluorodeoxyglucose positron emission tomogra-
phy/computed tomography (FDG PET/CT) imaging  
of carotid arteries was used. FDG PET/CT provides 
a noninvasive measure of carotid plaque inflammation 
in patients [7] and successfully monitors alterations 
in plaque inflammation following therapy with sim-
vastatin [8, 9] and antioxidant probucol [10]. Under 
investigation in this study was the effect of moderate-
intensity statin therapy on plaque inflammation in 
early-stage non-ST-segment elevation (NSTE)-ACS 
patients by performing a longitudinal spatial assess-
ment of statin-modulated alterations of carotid FDG 
uptake. An assessment was also made as to whether 
changes in plasma low-density lipoprotein cholesterol 
(LDL-C) levels, a clinical marker of statin efficacy, 
correlated with changes in carotid FDG uptake. 

Methods

Design and subjects
This study was a prospective observational 

study involving statin treatment and imaging 
assessment of atherosclerotic plaque inflamma-

tion using dual time point FDG PET/CT scans of 
carotid arteries. The study protocol was approved 
by the institutional review board of Seoul St. 
Mary’s Hospital, Seoul, Korea (KC09MISV0195). 
All subjects provided written informed consent. 
Patients were eligible for this study if they pre-
sented with NSTE-ACS, underwent PCI and had 
non-calcified atherosclerotic plaques ≥ 3 mm in 
carotid arteries, as identified using cervical ul-
trasound (US) examination (Fig. 1). Patients with 
any of the following conditions were excluded: 
statin or thiazolinedione therapy within the prior 
4 weeks; elevated liver enzyme levels (≥ 2.5 
times the normal upper limit); congestive heart 
failure of New York Heart Association (NYHA) 
classification class 2 to 4; age < 18 years; and 
pregnancy. All patients first underwent initial 
FDG PET/CT scans of their carotid arteries within  
7 days after index PCI, followed by statin treat-
ment. One month later, follow-up FDG PET/CT  
scans of the carotid arteries were performed. 

Statin therapy
All study subjects received 20 mg atorvastatin 

immediately after baseline FDG PET/CT scanning. 
All medications, including antidiabetic medications, 
antiplatelet agents and antihypertensive medica-
tions, taken by patients prior to baseline FDG PET/ 
/CT scanning were continued.

18F-FDG PET/CT imaging
After a minimum of 6 h of fasting, patients with 

blood sugar levels of less than 130 mg/dL were 
intravenously administered approximately 10 mCi 
of 18F-FDG. Diabetic patients were instructed not 
to take oral anti-hyperglycemic agents or to inject 
insulins during fasting time. The patients were 
then encouraged to drink water and urinate often 
and had bed rest prior to image acquisition. 90 min 
after the FDG injection, PET/CT images of the 
neck region were obtained using a dedicated PET/ 
/CT scanner (High Definition Biograph Truepoint; 
Siemens, Germany). For carotid imaging, non-
contrast-enhanced CT images were obtained from 
the skull base to the lower margin of the neck and 
were used for attenuation correction (40-section 
helical, 5 mm section slice). PET images were 
acquired at 10 min per bed position, from ap-
proximately 2 to 4 beds. Contrast enhancement 
was not performed throughout PET/CT imaging. 
One month after atorvastatin therapy, follow-up 
PET/CT images of carotid arteries of 13 of the 
20 patients were obtained using the same imag-
ing protocol.
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18F-FDG PET/CT analysis
The FDG-PET/CT images were visually eval-

uated for the presence of abnormal FDG uptake in 
the bilateral carotid arteries. FDG uptake in the 
arterial plaques was then quantified by measuring 
the standardized uptake value (SUV) corrected 
for body weight. The SUV was calculated usinga 
pixel activity value within the region of interest 
(ROI) placed on the entire vasculature obtained 
from consecutive, co-registered transaxial FDG- 
-PET and non-contrast-enhanced CT images. The 
SUVmax was recorded as the highest pixel activity 
value within the ROI for every slice of the vessel. 
The SUVmax was measured along carotid arteries at 
5-mm intervals in an axial orientation. The mean 
SUVmax was calculated by averaging SUVmax values 
for all slices within arterial territories. The arterial 
target-to-background ratio (TBR) was calculated 
by dividing maximal arterial SUV by blood (jugular 
vein) FDG uptake to produce a blood-corrected 
arterial SUV (SUVcarotid/jugular). Additionally, metabolic 
lesion volumes (MLV) were computed for each 
patient’s carotid artery lesions by adding all pixels 
with SUVs greater than the designated cut-off val-
ues (SUV cutoff was set at 1.0, or SUVmax of neck 
muscle was used) in manually defined ROIs. Two 
nuclear medicine physicians who were blinded to 
patient clinical information performed FDG uptake 
measurements, which were then averaged. When 
the difference in measurements between the two 

readers was greater than 20%, a third nuclear 
medicine physician helped to reach a consensus. 
The change in TBR (DTBR) was defined as the 
difference in TBR between baseline and follow-up 
PET/CT images of the neck. 

The primary endpoint value was the absolute 
change in TBR within an index vessel after 1 month 
of atorvastatin therapy. The index vessel was de-
fined as the carotid artery in which plaque buildup 
was detected using cervical ultrasound before 
treatment. In cases where both carotid arteries 
had detectable plaque buildup, the artery with the 
higher FDG uptake was chosen as the index vessel. 

18F-FDG PET/CT reproducibility test 
FDG PET/CT reproducibility tests were per-

formed at the participating institution using phan-
toms asa requisite condition for enrollment in 
unrelated international drug trials. The various 
PET/CT system parameters were also assessed 
for quality control on a daily and bimonthly basis 
as part of a routine clinical practice. 

Measurement of blood metabolic, lipid,  
and inflammatory parameters

Blood was collected before and 1 month af-
ter atorvastatin therapy for the measurement of 
serum metabolic, lipid, and inflammatory param-
eters. Fasting serum glucose, total cholesterol, 
triglyceride, direct LDL-C and direct high-density 

NSTE-ACS patients who underwent PCI

Exclusion:
Age < 18 years, pregnancy, elevated liver enzyme,
congestive heart failure (NYHA II–IV), prior statin

or thiazolinedione therapy

Screen non-calcied plaque ≥ 3 mm 
on carotid ultrasound

18Completed baseline F-FDG PET/CT (n = 20)

Refused to take atorvastain (n = 2)

18Failed to completed follow up F-FDG PET/CT (n = 5)

18Completed 1 months follow up F-FDG PET/CT (n = 13)

Atorvastain 20 mg (n = 18)

Figure 1. Study design — flow chart of the patient enrollment process and study schema; abbreviations — see text.
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lipoprotein cholesterol (HDL-C) levels were meas-
ured using a Hitachi 7600 automatic chemistry 
analyzer (Hitachi Co., Tokyo, Japan) with reagents 
obtained from Sekisui Medical (Tokyo, Japan). 
High-sensitivity C-reactive protein (hsCRP) levels 
were measured using an immunoturbidimetric assay 
with reagents obtained from Wako Pure Chemical 
Industries (Osaka, Japan) and a Hitachi 7600 auto-
matic chemistry analyzer. Serum insulin levels were 
measured according to the radioimmunoassay meth-
od using an immunoradiometric assay kit obtained 
from Dinabot Co. (Tokyo, Japan). Plasma matrix 
metalloproteinase-9 (MMP-9), monocyte chemoat-
tractant protein-1 (MCP-1) and plasminogen activa-
tor inhibitor-1 (PAI-1) levels were measured using 
enzyme-linked immunosorbent assay (ELISA) kits 
(R&D systems, MN, USA). The homeostatic model 
assessment (HOMA) index was calculated based on 
serum glucose and insulin levels. 

Statistical analysis
Assuming that 20% of patients would not be 

available for dual time point PET/CT, it was esti-
mated that 18 patients would provide 80% power 
to detect an absolute decrease of 0.15 or greater in 
TBR, with a standard deviation of 0.2 and a = 0.05 
using 20 mg atorvastatin, based on the findings of 
a previous study [8].

Statistical analyses were performed using 
SPSS (v18.0; San Diego, CA). Data are expressed 
as the mean ± standard error of the mean (SEM). 
Paired Student t-test was used to assess differ-
ences in FDG uptake and blood parameters before 
and after therapy. Unpaired Student t-tests were 
used to test differences in the FDG uptake and 
blood parameters according to statin response. 
Spearman’s correlation coefficients (r-values) were 
calculated for correlations. A p-value of less than 
0.05 was considered statistically significant.

Results

Characteristics of the study population
Twenty statin-naïve patients who underwent 

PCI and were found to have non-calcified plaques 
in their carotid arteries consented to undergo 
dual time point FDG PET/CT studies of their 
carotid arteries, and 13 patients completed both 
pre- and post-statin FDG PET/CT scans and 
laboratory exams (Fig. 1). 11 male and 2 female 
patients were included, with a mean age of 67.3 
years (52–78 years). 9 patients presented with 
unstable angina, and 4 patients presented with 
NSTE myocardial infarction (NSTEMI). All pa-

tients received acetylsalicylic acid and clopidogrel.  
7 patients had diabetes mellitus and all of them 
were using oral hypoglycemic agents. The clinical 
profile and PCI data are summarized in Table 1.

Treatment effects of moderate-intensity 
atorvastatin on plasma lipid, metabolic  
and inflammatory parameters

Statin therapy significantly reduced serum 
total cholesterol (p < 0.001) and triglyceride  
(p = 0.033) levels. Serum LDL-C levels markedly 
decreased from 101.2 ± 21.1 mg/dL to 70.7 ±  
± 12.4 mg/dL (p < 0.001) following 1 month of 
statin therapy (Table 2). However, no change in 
serum HDL-C levels was observed. After statin 
therapy, 5 patients had follow-up serum LDL-C lev-
els greater than 70 mg/dL but less than 90 mg/dL.  
In contrast to these improved lipid profiles, plasma 
inflammatory markers such as hsCRP, MMP-9 

Table 1 Baseline characteristics of patients in the 
study (n = 13).

Age [years] (range) 67.3 (52–78)

Male 11 (84.6%)

Diagnosis at presentation:

Unstable angina 9 (69.2%)

NSTEMI 4 (30.8%)

Hypertension 9 (69.2%)

Diabetes mellitus 7 (53.8%)

Current smoker 3 (23.1%)

BMI [kg/m2] 24.7 ± 2.5 

Atorvastatin dose: 20 mg 13 (100%)

Other medications:

ASA 13 (100%)

Clopidogrel 13 (100%)

ARB/ACEI 12 (92.3%)

b-blocker 10 (76.9%)

PCI data:

Three vessel disease 3 (23.0%)

Two vessel disease 3 (23.0%)

One vessel disease 7 (53.8%)

Mean stent diameter [mm] 3.08 ± 0.29 

Total stent length [mm] 39.4 ± 20.4 

Total number of stent 1.69 ± 0.85

Number of B2 or C 0.77 ± 0.83

Peak CK-MB [ng/mL] 159.2 ± 165.3 

Peak troponin I [ng/mL] 132.2 ± 143.9

ARB/ACEI — angiotensin receptor blocker/angiotensin-converting 
enzyme inhibitor; ASA — acetylsalicylic acid; BMI — body mass  
index; CK — creatinine kinase; NSTEMI — non-ST-segment elevation 
myocardial infarction; PCI — percutaneous coronary intervention
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and MCP-1 were not significantly reduced despite 
statin therapy. Only PAI-1 responded to one-month 
statin therapy (p = 0.003). 

Dual time point FDG PET/CT  
of carotid arteries

As assessed by 90-min post-FDG PET/CT im-
ages, no significant difference was noted in FDG 
uptake parameters before and after statin therapy 
(Table 2). Baseline and follow-up TBR values 
(1.60 ± 0.2 vs. 1.50 ± 0.40, respectively) were 
not significantly different (p = 0.422). Addition-
ally, statin therapy did not alter any other FDG 
uptake parameter: (1) SUVmax (baseline 2.2 ± 0.5 
vs. post-statin 2.0 ± 0.3, p = 0.174); (2) the MLV 
of carotid lesions with a fixed SUV cutoff of 1.0 
(MLV1.0; baseline 705.4 ± 724.2 mm3 vs. post-statin 
733.1 ± 1,213.1 mm3, p = 0.926); (3) MLV with 
each patient’s sternocleidomastoid (SCM) muscle 
SUVmax as the cutoff (MLVSCM; baseline 1,683.8 ±  
± 1,612.5 mm3 vs. 1,149.2 ± 872.6 mm3, p = 0.349).  
When individually analyzed, nine patients had de-
creased TBR values at follow-up (“statin-responder 
by PET” group; Fig. 2A), and 4 patients showed 
similar or paradoxically increased TBR despite 
adequate statin therapy (“statin-non-responder 
by PET” group; Fig. 2B, C). The mean follow-up 
plasma LDL-C levels were 69.8 ± 13.7 mg/dL in 
the “statin-responder by PET” group and 72.9 ± 
± 9.9 mg/dL in the “statin-nonresponder by PET” 

group, and no significant difference was found be-
tween the two groups (p = 0.691). 

Comparison of changes in the blood inflamma-
tory markers and FDG uptake parameters between 
patients with post-statin LDL levels of less than 
and greater than 70 mg/dL

No differences in blood inflammatory param-
eters, including hsCRP, MMP-9, MCP-1 and PAI-1, 
or in FDG PET/CT parameters, including the mean 
SUVmax, TBR, MLV1.0 and MLVSCM were observed 
between the two groups (Table 3). 

Comparison of changes in the blood  
inflammatory marker between statin  
responder by PET and non-responder 

The inflammatory markers and FDG uptake 
markers were compared between PET-CT re-
sponder and non-responder. There were significant 
differences in MMP-9 change (DMMP-9) (baseline– 
–follow-up) (responder –1.99 ± 3.02 vs. 3.04 ± 2.31, 
p = 0.042), however no significant differences were 
noted in other inflammatory markers (Table 4).

Correlation between plasma LDL-C levels 
and carotid FDG uptake

No correlation was observed between base-
line serum LDL-C levels and the TBR (r = 
–0.57, p = 0.54) and between DLDL-C and DTBR  
(r = –0.35, p = 0.264). Additionally, no significant 
correlations were found between DLDL-C and 

Table 2 Baseline and post-statin therapy values of serum lipid, metabolic and inflammatory markers as 
well as fluorodeoxyglucose (FDG) uptake parameters.

Baseline Post-statin P 

Total cholesterol [mg/dL] 163.9 ± 18.5 129.0 ± 18.6 < 0.001

Triglycerides [mg/dL] 131 ± 81.9 99.5 ± 51.8 0.033

LDL cholesterol [mg/dL] 101.2 ± 21.1 70.7 ± 12.4 < 0.001

HDL cholesterol [mg/dL] 36.5 ± 8.1 38.4 ± 9.3 0.373

Glucose [mg/dL] 126.5 ± 32.9 107.0 ± 14.2 0.029

hsCRP [mg/dL] 0.60 ± 0.82 0.21 ± 0.24 0.073

MMP-9 [ng/mL] 3.6 ± 2.8 3.7 ± 3.0 0.935

PAI-1 [ng/mL] 40.4 ± 23.6 21.6 ± 11.0 0.003

MCP-1 [pg/mL] 32.7 ± 21.1 33.0 ± 9.0 0.965

Mean SUVmax 2.2 ± 0.5 2.0 ± 0.3 0.174

TBR 1.6 ± 0.2 1.5 ± 0.4 0.422

MLV1.0 [mm3] 705.4 ± 724.2 733.1 ± 1213.1 0.926

MLVSCM [mm3] 1683.8 ± 1612.5 1149.2 ± 872.6 0.349

HDL — high-density lipoprotein; hsCRP — high-sensitivity C-reactive protein; LDL — low-density lipoprotein; MCP-1 — monocyte chemoat-
tractant protein-1; MLV1.0 — metabolic lesion volume computed using an SUV cutoff of 1.0; MLVSCM — metabolic lesion volume computed  
using an SUV cutoff of sternocleidomastoid muscle; MMP-9 — matrix metalloproteinase-9; PAI-1 — plasminogen activator inhibitor-1;  
SUVmax — maximum standardized uptake value; TBR — ratio of the maximum standardized uptake value of the carotid plaque over the  
maximum standardized uptake value of the jugular vein
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changes in three other FDG uptake parameters 
were DSUVmax, DMLV1.0 and DMLVSCM (r = –0.15, 
p = 0.623; r = 0.268, p = 0.377; and r = 0.600, 
p = 0.067, respectively). In the analysis between 
FDG uptake parameters and inflammatory markers, 

no correlation was observed between DTBR and 
changes in inflammatory markers DCRP, DMMP-9,  
DPAI-1 and DMCP-1 (r = –0.086, p = 0.872;  
r = –0.667, p = 0.071; r = –0.591, p = 0.056;  
r = –0.471, p = 0.265). 

Figure 2. 18F-fluorodeoxyglucose positron emission tomography/computed tomography (FDG PET/CT) images — 
representative dual time point FDG PET/CT images of carotid arteries according to the response to statin therapy.  
A. “Responder by FDG PET/CT”. Ill-defined FDG activity is noted in the bilateral carotid arteries of a 64-year-old male. 
Coronal and axial images were obtained before (left column) and after (right column) statin therapy. The PET image 
acquisition time was set at 10 min per bed to improve sensitivity. The red arrows point to the right carotid artery, and 
white arrows point to the left carotid artery. Focal FDG uptake in the periphery of the carotid arteries reveals a de-
creased intensity and extent after statin therapy, despite a post-statin low density lipoprotein cholesterol (LDL-C) level 
of 86 mg/dL (above the target LDL-C level). The ratio of the maximum standardized uptake value of carotid plaque over 
the maximum standardized uptake value of the jugular vein (TBR) changed from 1.59 to 1.15, with baseline carotid 
maximum standardized uptake value (SUVmax) of 2.24 and jugular vein SUVmax of 1.41, and follow-up carotid 1.70 and 
jugular 1.48. Black arrowheads point to focal calcifications in the right carotid artery wall, which does not correspond 
to the highest FDG uptake focus as previously reported [18] but rather functions as a landmark for analyzing dual 
time point images in this study. B. “Nonresponder by FDG PET/CT.” Multi-focal FDG uptake areas are noted along 
the bilateral carotid arteries of a 56-year-old male. Coronal and axial images were obtained before (left column) and 
after (right column) statin therapy. The red arrows point to the right carotid artery, and the white arrows point to the 
left carotid artery. Post-statin images show a similar focal FDG uptake intensity and extent in the periphery of  carotid 
arteries compared with pre-statin images, despite a low post-therapy LDL-C level of 50.6 mg/dL. TBR was essentially 
unchanged from 1.48 to 1.47, with baseline carotid SUVmax of 1.85 and jugular vein SUVmax of 1.25, and follow-up 
carotid 2.01 and jugular 1.37. C. “Nonresponder by PET/CT.” Ill-defined focal FDG uptake areas are present in the 
bilateral carotid arteries of a 78-year-old male. Coronal and axial images were obtained before (left column) and after 
(right column) statin therapy. Red arrows point to the right carotid artery, and white arrows to the left carotid artery. 
The FDG uptake in the periphery of carotid arteries shows a similar or increased intensity and extent after therapy, 
suggesting a lack of improvement in plaque inflammation despite a low post-therapy LDL-C level of 61 mg/dL. TBR 
was increased from 1.69 to 2.18, with baseline carotid SUVmax of 2.67 and jugular vein SUVmax of 1.58, and follow-up 
carotid 2.62 and jugular 1.20. 
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Discussion

In this prospective dual time point study of 
carotid FDG uptake, moderate-intensity statin 
therapy occasionally failed to suppress plaque 
inflammation in ACS patients. Although moderate-
intensity statin therapy successfully achieved 
target plasma LDL-C levels of approximately  
70 mg/dL in all patients with ACS, about 31% (4 out 
of 13) patients failed to lower the levels of plasma 
and imaging biomarkers of plaque inflammation 
during the early stage following ACS, whereas 69% 
(9 out of 13) succeeded. 

The early initiation of high-intensity statin 
therapy significantly improved early and late 
clinical outcomes in ACS patients compared with 
standard-dose statin therapy [11, 12]. Observa-
tional studies have also supported the early use 
of high-intensity statin therapy in ACS patients 

[13]. However, many practitioners believe that 
Asians require lower statin doses [4], and the 
recommended doses of most statins approved in 
Japan are indeed much lower than those in the US 
[14]. A JAPAN-ACS study further demonstrated 
that 20 mg/day of atorvastatin led to the significant 
regression of coronary atherosclerosis after 8–12 
months of therapy [15]. However, no studies have 
validated the hypothesis that moderate-intensity 
statin therapy is sufficient to reduce plaque inflam-
mation within 30 days after ACS in Asian patients. 

 FDG PET/CT was employed in this study, 
which can precisely map, quantify, and track al-
terations in statin-induced plaque inflammation, 
to image carotid arteries [8]. Additionally, all 
patients selected who presented with NSTE-ACS 
and were treated with drug-eluting stent implanta-
tion and dual antiplatelet therapy; thus, the anti-
inflammatory effect of statins on atherosclerotic 

Table 3. Comparison of the changes in plasma inflammatory markers and fluorodeoxyglucose (FDG) 
uptake parameters between statin responders and statin non-responders.

D parameters  
(baseline–follow up)

Post-statin LDL-C  
£ 70 mg/dL (n = 8)

Post-statin LDL-C  
> 70 mg/dL (n = 5)

P

DhsCRP [mg/dL] 0.34 ± 0.74 0.44 ± 0.58 0.814

DMMP-9 [ng/mL] 0.18 ± 2.4 -0.40 ± 5.08 0.843

DPAI-1 [ng/mL] 16.8 ± 21.3 21.7 ± 10.6 0.349

DMCP-1 [pg/mL] –10.7 ± 7.8 7.9 ± 28.1 0.246

Mean DSUVmax 0.1 ± 0.5 0.4 ± 0.5 0.356

DTBR 0.1 ± 0.5 0.1 ± 0.3 0.926

DMLV
1.0 [mm3] –283.8 ± 1206.0 382.0 ± 649.2 0.825

DMLVSCM [mm3] 113.8 ± 991.9 1208.0 ± 3013.4 0.354

D — change; hsCRP — high-sensitivity C-reactive protein; MCP-1 — monocyte chemoattractant protein-1; MLV1.0 — metabolic lesion volume 
computed using  SUV cutoff of 1.0; MLVSCM — metabolic lesion volume computed using an SUV cutoff of sternocleidomastoid muscle; MMP-9  
— matrix metalloproteinase-9; PAI-1 — plasminogen activator inhibitor-1; SUVmax — maximum standardized uptake value; TBR — ratio of 
maximum standardized uptake value of carotid plaque over maximum standardized uptake value of the jugular vein

Table 4. Comparison of changes in plasma inflammatory markers and fluorodeoxyglucose (FDG) up-
take parameters between positron emission tomography/computed tomography (PET/CT) responders 
and non-responders.

Dparameters  
(baseline–follow up)

PET-CT responders  
(n = 9)

PET-CT non-responders  
(n = 4)

P

DTBR 0.59 ± 0.71 –0.64 ± 1.01 0.026

DhsCRP [mg/dL] 0.44 ± 0.78 1.39 ± 1.46 0.332

DMMP-9 [ng/mL] –1.99 ± 3.02 3.04 ± 2.31 0.042

DPAI-1 [ng/mL] 18.5 ± 14.6 28.30 ± 20.15 0.501

DMCP-1 [pg/mL] 4.63 ± 27.0 –10.29 ± 2.13 0.246

D — change; hsCRP — high-sensitivity C-reactive protein; MCP-1 — monocyte chemoattractant protein-1; MMP-9 — matrix metalloproteinase-9; 
PAI-1 — plasminogen activator inhibitor-1; TBR — ratio of the maximum standardized uptake value of  carotid plaque over the maximum 
standardized uptake value of the jugular vein
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plaques could be observed exclusively. Although 
the systemic inflammatory state in ACS can affect 
carotid plaque inflammation, the choice to include 
ACS patients in this study was made. Although 
statins exert both systemic and local effects dur-
ing this critical period after ACS, and the degree 
of statin efficacy differs when acting systemically 
versus locally, statin therapy should neverthe-
less suppress the inflammatory burden in carotid 
plaques. With this unique study design, it was  
observed that moderate-intensity statin therapy 
during the first month after ACS often succeeds 
but sometimes fails to resolve plaque inflammation 
in Asian patients. 

Notably, poor correlations were observed 
both between changes in carotid FDG uptake pa-
rameters and those in LDL-C levels and between 
changes in carotid FDG uptake parameters and oth-
er plasma inflammatory markers following statin 
therapy during the acute period of ACS. In contrast, 
previous studies have shown associations between 
reduced carotid FDG uptake and decreased LDL-C  
levels [9] and between decreased MMP-1 and 
hsCRP levels [16, 17]. The following factors might 
have contributed to this discrepancy between 
FDG uptake and blood metabolic and inflamma-
tory markers: (1) Inadequacy of serum LDL-C  
levels as a barometer of plaque inflammation, es-
pecially in the highly vulnerable period followed 
by plaque rupture; (2) Shortcomings of the clinical 
FDG PET/CT system currently used to quantify 
the inflammatory state in atherosclerotic lesions; 
and/or (3) Insufficiency of the duration of medica-
tion to clarify a mutual correlation; (4) Change in 
FDG uptake contributable to factors other than that 
of statin [18]. Atherosclerotic plaques are often 
dynamic in vivo and the FDG uptake is often tran-
sient throughout longitudinal clinical course with 
or without specific treatments [19, 20].

Using FDG uptake to measure the number 
and metabolic activity of macrophages in a given 
plaque and measuring serum LDL concentrations 
may be incongruent because these measures rep-
resent two closely related but distinct aspects of 
complex activities in a vulnerable plaque. Indeed, 
LDL-C might not mark all of the benefits of statin 
therapy, and there is insufficient evidence to state 
that achieving target LDL-C levels (< 70 mg/dL) 
will decrease CV events in the critical period after 
ACS [21]. In terms of FDG uptake, although the 
change in vascular inflammation independent of 
statin was not excluded, it is reasonable to expect 
statin does contribute to antinflammatory effect on 
vasculature in proportion to dose. 

Limitations of the study
This study has several limitations. First, the 

duration of moderate-intensity statin therapy 
only lasted for 1 month; this period may be in-
sufficient to draw a firm conclusion regarding 
whether moderate-intensity statin therapy can 
reduce plaque inflammation in Asian ACS patients. 
Most similar studies demonstrating the anti-
inflammatory action of statins on plaques used 
treatments lasting 3 months [8, 22]. However, the 
objective of this study was to investigate whether 
moderate-intensity statin therapy was sufficient 
to resolve plaque inflammation within the first 
month after ACS, which represents the period of 
highest risk for recurrent CV events. A previous 
study showed that the effect of statins on reducing 
FDG uptake can be observed within as early as  
4 weeks and that this reduction was in turn cor-
related with a further reduction after 12 weeks 
[22]. Additionally, a small, randomized study in 
Asian ACS patients showed that fluvastatin exerted  
a significant dose-dependent anti-inflammatory ef-
fect in as early as 1 week [23]. Consequently, the 
authors hypothesized that the anti-inflammatory 
effect of moderate-intensity statin therapy might 
be observed and measured using PET/CT within 
as early as 4 weeks after therapy if the statin is 
to be effective. If statin therapy is as effective as 
currently believed, the intensity of statin therapy 
rather than the 4-week time frame likely dictates 
the outcome. This needs to be studied separately 
in a similar patient population.

Second, the present study lacks a control 
group. The results of a single group “before–after” 
study such as the present one should be interpreted 
with caution. The result of the present study should 
not be considered conclusive on thequestion as 
to whether moderate-intensity statin is justified 
in treating Asian NSTE-ACS patients. Although 
not conclusive, the results presented suggest 
that because moderate-intensity statin therapy 
inconsistently “cool down” inflammatory status 
in atherosclerotic plaques in this study population, 
high-dose statin therapy might be more beneficial 
for patients with certain ACSs, even in patients at 
risk of developing statin side effects.

Third, the conclusion of this study is based on 
a small number of patients who underwent initial 
and follow-up FDG PET/CT scans. Regrettably, 
there were difficulties in recruiting patients who 
met our strict inclusion criteria consenting to 
undergo two FDG PET/CT exams. Thus, there 
was an inability to draw definitive conclusions. 
Although the sample was small, it showed that 
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30% of ACS patients exhibited significant carotid 
plaque inflammation despite good statin compliance 
and the achievement of target LDL goals and that 
moderate-intensity statin therapy is insufficient 
during an early stage after ACS. 

Fourth, in the analysis of FDG PET/CT imag-
ing, plaques 3 mm or greater on carotid artery US 
were selected and this criterion may have been an 
insufficient predictor of true plaque inflammation. 
The measured TBR as well as LDL levels were 
relatively low and the present patient group may 
not represent patients with a heavy inflammatory 
burden of plaques.

Additionally, the non-enhance CT used in the 
present FDG PET/CT imaging may have limited 
the resolution of atherosclerotic plaques.

Conclusions

In summary, by using dual time point FDG 
PET/CT images of carotid arteries in ACS patients, 
this study demonstrates that early moderate-inten-
sity statin therapy does not guarantee resolution of 
atherosclerotic plaque inflammation after 1 month 
of statin therapy and the present data indicate it 
may fail in 30% of patients. Furthermore, plasma 
LDL-C levels do not reflect the status of local 
plaque inflammation.
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Abstract
Background: Previous studies have demonstrated therapeutic benefits of slow breathing (SLOWB) in 
chronic heart failure (HF) but its impact on cardiovascular reactivity in response to laboratory stressors 
remains unknown. 
Methods: Using device-guided breathing this study explored the acute and long-term effects of SLOWB 
on hemodynamic responses to handgrip, mental and cold pressor tests, and health-related quality of life 
(QoL) in stable HF patients with reduced ejection fraction (HFrEF) who had received all available opti-
mal drug and device therapies. Blood pressure (BP) and heart rate (HR) were measured in 21 patients 
with HFrEF (23.9 ± 5.9%) at rest, during laboratory stressors, before and after acute SLOWB, and  
12 weeks after SLOWB home training (30 min daily). Health-related QoL (MacNew questionaries) was 
assessed before and 12 weeks after SLOWB home training. 
Results: Resting BP significantly increased in response to three laboratory stressors. Pressor and car-
diac changes during mental stress were greater than responses to the handgrip test (p < 0.05). Mental 
stress also produced a greater HR change than cold pressor test (p < 0.05). Both acute and long-term 
SLOWB significantly reduced BP and HR responses to mental stress (p < 0.05), but not to isometric 
and cold pressor tests. SLOWB improved scores of all domains of QoL (p < 0.05) at 12 weeks follow-up. 
Conclusions: These findings demonstrate that SLOWB reduces acute and chronic effects of cardio-
vascular reactivity to mental stress and improves various aspects of health-related QoL in patients with 
severe HFrEF. Whether stress reduction and psychological changes achieved with SLOWB may translate 
to improved outcomes in HFrEF warrants further exploration. (Cardiol J 2020; 27, 6: 772–779)
Key words: heart failure with reduced ejection fraction, slow breathing, hemodynamics, 
laboratory stressors, health-related quality of life

Introduction

Chronic heart failure (HF) is considered  
a global pandemic with survival outcomes as malig-
nant as some common cancers [1]. The progression 
of HF, worsening of symptoms and increasingly fre-

quent hospitalizations negatively influence patient 
functional ability and health-related quality of life 
(QoL) [2–5]. Depression is one of the most impor-
tant factors determining QoL in HF patients, this 
also contributes to social isolation [6, 7]. Depressed 
mood and vital exhaustion are strong predictors of 
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low life expectancy, all-cause and cardiovascular 
(CV) mortality, independent of classical risk factors 
[8–12]. Acute emotional stress has been linked to 
a high incidence of acute CV events, arrhythmias 
and sudden cardiac death [13]. Mental stress per se 
is a potent trigger for myocardial ischemia. Chronic 
effects of mental stress and psychological states 
have been reported as important independent pre-
dictors of coronary heart disease, atherosclerosis, 
hypertension and other adverse consequences [13, 
14]. CV responses to mental stress independently 
predicted fatal and non-fatal cardiac and vascular 
events in patients with coronary artery disease 
(CAD) [15, 16]. Furthermore, altered CV reactivity 
to acute mental stress were independently associ-
ated with an increased risk of earlier mortality in 
HF [17].

Despite the disease burden, there are a limited 
number of clinical studies in patients with very se-
vere HF. Given the importance of psychological dis-
tress and poor QoL to the severity of HF, associated 
morbidity and mortality, hospital readmission, and 
duration of hospital stay [2, 4, 18–21], interventions 
to specifically target potentiated reactivity to men-
tal challenges, physical exertion [22], social aspects 
and associated QoL are likely to be of substantial 
clinical benefit. The feasibility and therapeutic 
effectiveness of the slow breathing (SLOWB) 
technique has been documented in chronic HF 
[23–28]. Very recently, it was documented that 
SLOWB home training improves clinical symp-
toms, physical and cardiorespiratory capacity, and 
vagal activity in patients with severe HF with 
reduced ejection fraction (HFrEF) irrespective of 
HF etiology [29]. However, health-related QoL in 
response to SLOWB is less known, demonstrat-
ing an overall improvement without a clear trend 
toward a reduction of any specific component [25] 
or a non-significant tendency toward improved 
QoL [27]. The impact of SLOWB on CV responses 
to laboratory stressors remain unknown in HF. 
Therefore, this study investigated CV reactivity 
to laboratory-induced stressors and whether, and 
to what extent home paced SLOWB may restrain 
hemodynamic responses to challenge stressors 
and improve QoL in patients with severe HFrEF. 

Methods 

Subjects
The study was approved by the Institutional 

Ethics Committee and written informed consent 
was obtained from all patients. This prospective 
study was previously described in detail [29] 

and included a total of 21 non-smoking patients 
(16 males, 5 females) with stable chronic HFrEF 
diagnosed as per European Society of Cardiology 
(ESC) guidelines [4, 30]. Patients were recruited 
from a larger cohort of HF patients following the 
CONSORT guidelines. Only patients who received 
all available treatment options including optimal 
medical drug and device therapies were enrolled. 
All patients were receiving stable doses of optimal 
multi-drug therapy which had been kept unchanged 
for at least 6 weeks prior to study enrolment and 
was maintained (including drugs and dosage) over 
the 3-month study period. 

Study protocol 
Patients were studied at baseline before and 

after acute performance of SLOWB exercise, and 
then at 3 months follow-up of monitored SLOWB 
home training according to the same protocol. 
Measurements of continuous beat-to-beat finger 
blood pressure (BP), heart rate (HR), respiration 
and saturation (ADInstruments, Dual Bio Amp; 
ADInstruments, Ltd., Oxford, UK) were recorded 
in a supine position at rest over a 20-min duration 
followed by an application of two laboratory stress-
ors (i.e. sustained handgrip, mental arithmetic) 
under carefully standardized conditions. Then 
patients performed a SLOWB exercise with the 
use of device-guided breathing (RESPeRATE®) 
for 15 min. Following SLOWB and a 20-min re-
covery period, application of sustained handgrip 
and mental arithmetic tests were repeated. A cold 
pressor test was performed once at the end of the 
study protocol, due to its sustained hemodynamic 
effects. The protocol investigating the impact of 
SLOWB on CV responses to laboratory stressors 
is consistent with a previous study in patients with 
untreated essential hypertension [31]. 

In line with our established protocol [31–33], 
an isometric handgrip test was conducted by 
asking patients to sustain a handgrip of 30% of 
patient maximum voluntary contraction using  
a dynamometer. Mental stress was performed by 
asking the subject to do serial subtractions as fast 
as possible. Each stress test lasted 3 min with 
a 10-min rest period between tests. Following  
a 10-min recovery period, a cold pressor test was 
performed by immersing the hand into an ice water 
container for 2 min. 

MacNew Health-related Quality of Life 
questionnaire

The MacNew is a self-administered heart 
disease-specific health-related QoL instrument and 
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addresses three major QoL domains: the Emotion-
al, Physical, and Social domains. This instrument 
consists of 27 items, each with a 7-point Likert 
response scale, measuring the 3 inter-related do-
mains of physical activities (13-item), emotional 
(14-item) and social functioning (13-item). There 
are 5 items related to patient symptoms including 
angina, shortness of breath, fatigue, dizziness and 
aching legs. The maximum possible score in any 
domain is 7 and the minimum is 1 with the minimal 
important difference of 0.50 points on the 7-point 
MacNew global scale and each subscale. Domain 
scores are calculated by taking the average of the 
responses to the items in each domain and by aver-
aging all 27 items providing a global health-related 
QoL score. Amongst other conditions, the MacNew 
questionnaire has been validated in HF patients 
[34, 35]. As part of the international HeartQOL 
Study, the MacNew form was translated into Polish 
demonstrating its reliability and validity in patients 
with CAD, myocardial infarction and HF [36, 37]. 

The MacNew questionnaire was completed by 
all patients at baseline and by 16 (76%) participants 
3 months after SLOWB home training. 

Serum biochemistry
Routine blood tests were performed in all pa-

tients at each study visit at the associated Clinical 
Laboratory Centre. 

Slow-breathing technique
A device-guided SLOWB pacing (goal below 10 

breaths per minute) was performed twice daily with 
each session lasting 15 min, through use of an ad 
hoc device RESPeRATE® (Intercure Ltd., Northern 
Industrial Area, Israel) as described previously 
[31]. At the first visit, patients were instructed on 
how to synchronize their breathing with guiding 
tones generated by the RESPeRATE® in response 
to their breathing pattern. Following the comple-
tion of all tests at baseline, all patients received the 
device and a translated training manual on its use 
in a home setting. Performance of SLOWB exercise 
was scheduled for two 15-min daily sessions (in 
total 30 min per day) over the 3 months. Patients 
were asked to breathe effortlessly and gradually 
at home, irrespective of the time of the day, in  
a quiet room and in a comfortable position as recom-
mended in the RESPeRATE® manual. Patients were 
called by an investigator (K.L.) weekly through the 
duration of the study to obtain information stored 
on the device regarding the SLOWB exercise (i.e. 
number of sessions, therapeutic minutes, initial 
breathing, final breathing rate, the ability to syn-

chronize respiratory rate with guiding tones, breath 
detection). Patients were asked to repeat all tests 
after 3 months of SLOWB home exercise.

Statistical analysis 
Results are expressed as means ± standard 

deviation (SD) or percentage (%). Changes in vari-
ables between baseline and 3 month follow-up were 
analyzed using a paired t-test. Analysis was per-
formed on ranks for non-Gaussian data. Statistical 
analysis was performed using SigmaPlot Version 
13.0.0.83 (Systat Software, Inc. Leadtools, Dundas 
Software LTD. Reg. No. 775201235). The sample 
size and power calculation for this patient cohort 
had been published previously [29]. An additional 
analysis revealed that 10 patients would have 80% 
power for a paired t-test in detecting an increase  
in systolic BP (SBP) in response to mental stress 
of 3.4 mmHg at the level of significance 0.05  
and an estimated SD of 3.4. The present study 
revealed that 21 patients with a SD of 3.4 and an 
increase in SBP of 3.4 mmHg had a power of 99.2%. 
A value of p < 0.05 was considered statistically 
significant. 

Results

Patient demographic characteristics are shown 
in Table 1. Twenty-one patients with HFrEF in 
New York Heart Association classes I (n = 5),  
II (n = 13) and III (n = 3) had a mean left ventricu-
lar ejection fraction (LVEF) of 23.9 ± 5.9%, at the 

Table 1. Heart failure (HF) etiology and associa-
ted co-morbidities of the entire study cohort.

Parameter Number (n = 21)

Ischemic HF 9 (43%)
Non-ischemic HF 12 (57%)
Myocardial infarction 8 (38%)
Paroxysmal AF 3 (14%)
Persistent AF 2 (10%)
Arterial hypertension 8 (38%)
Diabetes 5 (24%)
CKD (eGFR < 60 mL/min/1.73 m2) 6 (29%)
PCI 6 (29%)
CABG 3 (14%)
ICD 9 (43%)

CRT-D 7 (33%)

Data expressed as numbers or percentage (%). AF — atrial fibrilla-
tion; CKD — chronic kidney disease; PCI — percutaneous coronary 
intervention; CABG — coronary artery bypass graft; ICD — implant-
able cardioverter-defibrillator; CRT-D — cardiac resynchronization 
therapy defibrillator
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age of 52 ± 17 years and a body mass index (BMI) 
of 28 ± 4 kg/m2. 

Patients were on optimal drug therapy includ-
ing beta-blockers (carvedilol, bisoprolol or meto-
prolol), aldosterone antagonists (spironolactone 
or eplerenone), angiotensin-converting enzyme 
inhibitors (ACEI, quinapril, ramipril, enalapril 
or perindopril). Three patients were receiving 
angiotensin II receptor blockers (valsartan or 
telmisartan) due to intolerance of ACEI. Other 
drugs included amiodarone (n = 5), ivabradine  
(n = 4), trimetazidine (n = 3), furosemide (n = 11), 
torasemide (n = 9), statins (n = 14) (atorvastatin, 
rosuvastatin or simvastatin), acetylsalicylic acid  
(n = 5) and anticoagulants (n = 12) including war-
farin, dabigatran or rivaroxaban. No patients were 
receiving Entresto (sacubitril/valsartan).

Systolic BP and diastolic BP (DBP) signifi-
cantly increased in response to acute exposure to 
handgrip, mental and cold pressor tests at baseline 
visit (Table 2). However, pressor (5.7 ± 4.5 vs. 
3.4 ± 3.4, p < 0.05) and cardiac (4.8 ± 6.0 vs.  
2.5 ± 4.1, p < 0.05) responses to mental stress 
were significantly greater than the handgrip test. 
Mental stress also produced a greater HR change 
than cold pressor test (4.8 ± 6.0 vs. 0.9 ± 4.4,  
p < 0.05) but not in BP (5.7 ± 4.5 vs. 3.5 ± 6.7, 
p = 0.13). A significant rise in HR was observed 
following isometric and arithmetic tests but not 
cold pressor test (Table 2). 

Acute effects of SLOWB on SBP, DBP and HR 
responses to mental and handgrip stress tests are 
demonstrated in Table 3. BP and HR responses to 

isometric handgrip tests were similar before and 
after acute SLOWB (Table 3). 

Acute SLOWB significantly reduced BP and 
HR responses to mental stress (Table 3). 

Long-term SLOWB home training resulted 
in further significant attenuation of BP and HR 
responses to mental tests but had no significant 
impact on hemodynamic responses to handgrip 
and cold pressor tests (Table 3). 

SLOWB home training significantly improved 
physical, mental and social components, and  
a global score in HFrEF (Fig. 1). 

Discussion

The novel finding of the present study is that 
both acute and long-term SLOWB significantly 
diminishes CV effects of mental stress but not 
physical stressors in patients with severe HFrEF. 
This report also documents that, in these HFrEF 
patients, a 3-month SLOWB home training im-
proves subjective health-related QoL in all domains 
including physical, mental, social components and 
a global score. 

Recent reports documenting the effectiveness 
of SLOWB home training in improving oxygen 
saturation, cardiorespiratory capacity, functional 
performance, vagal activity, LVEF and reducing 
pulmonary pressure and breathlessness highlight 
the important role of breathing frequency in HF 
patients [23, 25, 26, 28, 29, 38–40]. 

High sympathetic excitation is a hallmark of 
HF and independent predictor of CV mortality in 

Table 2. Acute cardiovascular reactivity to mental stress, handgrip and cold pressor tests in heart failure 
with reduced ejection fraction patients at baseline. 

Measurements Before test After test D changes P

Handgrip test

SBP [mmHg] 113 ± 7 116 ± 9 3.4 ± 3.4 < 0.001

DBP [mmHg] 88 ± 5 90 ± 6 2.1 ± 2.4 < 0.001

HR [bpm] 64 ± 8 66 ± 6 2.5 ± 4.1 < 0.05

Mental stress

SBP [mmHg] 114 ± 9 119 ± 9 5.7 ± 5.0 < 0.0001

DBP [mmHg] 88 ± 5 92 ± 6 3.2 ± 2.4 < 0.0001

HR [bpm] 65 ± 6 69 ± 8 4.8 ± 6.0 < 0.01

Cold pressor test

SBP [mmHg] 118 ± 10 121 ± 13 3.5 ± 6.7 < 0.01

DBP [mmHg] 90 ± 5 92 ± 7 1.5 ± 2.9 < 0.05

HR [bpm] 64 ± 7 65 ± 7 0.9 ± 4.4 0.39

Data are means ± standard deviation. SBP — systolic blood pressure; DBP — diastolic blood pressure; HR — heart rate
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chronic HF [41–43]. The magnitude of sympathetic 
activation has been directly linked to the severity 
of HF and reduced left ventricle (LV) function [44]. 
LV dysfunction results in several neurohumoral 
compensatory mechanisms including increases in 
HR, myocardial oxygen demand, ischemia, myo-
cardial contractility, peripheral vasoconstriction 
and blood volume to maintain cardiac output and 
peripheral tissue perfusion [45]. However, with 
further LV impairment and HF progression, the 
compensatory regulatory alterations in autonomic 

control may be counter effective, contributing to  
a depletion of myocardial noradrenaline (NA) store 
and decreased myocardial adrenoreceptor density, 
subsequently potentiating stress to cardiac mus-
cle, impairment of reactivity to exogenous chal-
lenges (i.e. physical exertion, fatigue, dyspnoea) 
and CV responses, thereby worsening prognosis. 
While pharmacological blockade of neurohumoral 
hyperactivation provides a biological rationale for 
HF management, the increasing number of hospi-
talizations for HF decompensation and associated 
death suggests the necessity for additional treat-
ment options. In this context, our recent findings 
and others of beneficial effects of SLOWB home 
training are likely to be associated with breaking 
or weakening the vicious cycle in patients with 
severe HFrEF [29]. 

Previous studies have demonstrated that 
both exaggerated (likely occurring at an earlier 
stage of disease) and blunted (likely occurring in 
an advanced stage of disease) CV and hormonal 
reactivity to psychological stress bear negative 
prognostic health outcomes [46, 47]. In chronic 
HF (mean LVEF 31.8 ± 6.9%), low DBP and HR 
responses to acute mental stress were indepen-
dently associated with a higher mortality risk [17]. 
In the present study, patients with severe HFrEF 
(mean LVEF 23.9 ± 5.9%) had diminished BP and 
HR reactivity to laboratory stressors compared 
to patients with untreated essential hypertension 
[31]. In patients with severe HFrEF, the magnitude 

Figure 1. Effects of slow breathing (SLOWB) home train-
ing on health-related quality of life changes in physical, 
mental and social domains, and a global score in heart 
failure with reduced ejection fraction (HFrEF) patients at 
3 month follow-up (3 MFU) compared to baseline (BSL).

Table 3. Changes in systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart rate (HR) 
in responses to handgrip and mental stress tests before and after acute effects of slow breathing 
(SLOWB) at baseline, and at 3 month follow-up (3MFU) of SLOWB home training in heart failure with 
reduced ejection fraction patients.

Measurement Before SLOWB  
— baseline

After 
SLOWB

P Before SLOWB 
— 3MFU

After 
SLOWB

P P: baseline  
vs. 3MFU

Handgrip test

D SBP [mmHg] 3.4 ± 3.4 3.0 ± 3.2 0.49 2.5 ± 3.4 2.6 ± 3.1 0.91 0.25

D DBP [mmHg] 2.1 ± 2.4 2.1 ± 2.2 0.38 1.8 ± 2.8 2.7 ± 2.9 0.57 0.52

D HR [bpm] 2.5 ± 4.1 1.8 ± 3.3 0.70 1.0 ± 7.6 4.0 ± 5.4 0.14 0.97

Mental stress

D SBP [mmHg] 5.7 ± 4.5 3.7 ± 3.1 < 0.05 3.4 ± 4.1 1.3 ± 3.4 < 0.05 < 0.05

D DBP [mmHg] 3.2 ± 2.4 2.1 ± 2.1 < 0.01 2.2 ± 2.4 1.5 ± 1.9 0.17 < 0.05

D HR [bpm] 4.8 ± 6.0 2.8 ± 5.9 < 0.05 2.7 ± 5.0 2.2 ± 4.5 0.19 < 0.05

Cold pressor test

D SBP [mmHg] – 3.5 ± 6.7 – – 3.3 ± 5.8 – 0.93

D DBP [mmHg] – 1.5 ± 2.9 – – 1.5 ± 3.1 – 0.95

D HR [bpm] – 0.9 ± 4.4 – – –0.01 ± 3.5 – 0.29 

Data are means ± standard deviation.
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of pressor and cardiac responses to mental stress 
were markedly reduced and reached one-fourth and 
one-third of the values obtained in patients with 
untreated essential hypertension [31]. Similarly, 
CV reactivity to hand-grip and cold pressor tests 
were substantially attenuated in HFrEF compared 
to hypertensive patients likely as a result of higher 
sympathetic drive in the failing heart compared to 
essential hypertension. 

Notably, mental arithmetic stress per se has 
been shown to induce threefold increases in NA 
release from sympathetic nerves to the heart in 
essential hypertension [48] and to cause silent 
myocardial ischemia in patients with CAD [49]. 
This observation indicates that repetitive expo-
sure to psychological factors is likely to cause 
silent damage to the heart, adversely affecting the 
CV system (i.e. alterations in myocardial oxygen 
demand and supply), thereby predisposing acute 
adverse events. The present study found sig-
nificant increases in BP and HR responses to all 
laboratory stressors with a greater CV reactivity 
to mental stress than isometric and cold pressor 
tests. Moreover, in this study acute SLOWB sig-
nificantly reduced BP and HR responses to acute 
mental stress, whereas a 3-month therapy with 
SLOWB led to a further and pronounced reduction 
in CV responses to mental stress in patients with 
severe HFrEF that is beyond improvements in 
oxygen saturation, functional performance levels, 
cardiorespiratory capacity and HR variability [29]. 
Whether the incremental benefit on stress reduc-
tion achieved with SLOWB is likely to translate to 
improved outcomes in HFrEF needs to be investi-
gated in larger clinical trials.  

A further important finding observed after  
3 months of SLOWB was an improvement in 
health-related QoL including mental, physical, 
social and global domains. This could be of clinical 
relevance given the high incidence of depression 
in HF and its adverse contribution to the long-
term prognosis. The current management of HF 
predominantly aims at reducing symptoms of hy-
pervolemia and arrhythmia with the subsequent 
reduction in hospitalization rates [4], whereas the 
mental health component is often ignored in clinical 
practise, mostly due to the lack of the validity and 
significance of QoL assessment methods. Recently, 
it has been highlighted that data documenting ef-
fects of therapeutic and behavioural interventions 
on prognostic parameters, exercise performance, 
functional capacity and psychological status in ad-
vance HF are scarce [3]. Of note, the psychological 
care is not available for the vast majority of HF 

patients and is rather limited to antidepressant 
therapy [4], indicating an unmet need for patient 
participation in behavioral therapy to regain control 
of the disease and manage breathing rate. In this 
context, the present findings support the notion 
that the assessment of QoL using MacNew ques-
tionnaires can be easily implemented in clinical 
practice for HF management, particularly in the ab-
sence of a professional psychotherapist. Certainly, 
SLOWB therapy is easy to use in home settings 
and a cost-effective approach to be offered to HF 
patients to improve patient engagement in health 
care and associated QoL. 

It is noteworthy to mention that a substantial 
proportion of HF patients on optimal pharmaco-
logical and HF device therapies report subjective 
perceptions of dyspnoea in the absence of objec-
tive indications of hypervolemia. In this clinical 
scenario, SLOWB home training exerts beneficial 
effects in treating breathlessness. The present 
findings are supported by objective evidence docu-
menting long-term effectiveness of SLOWB home 
training in improving oxygen saturation, functional 
performance levels, cardiorespiratory function and 
slowing progression of the disease in patients with 
severe HFrEF [29]. 

Strengths of the present study include pre-
cise evaluations of acute and long-term effects 
of SLOWB on hemodynamic responses to labo-
ratory stressors in patients with severe HFrEF 
who received available treatment options as per 
ESC guidelines. Secondly, medication remained 
unchanged during the 3-month therapy of SLOWB 
home training, thereby eliminating potential con-
founding effects of drug therapy. Thirdly, all pa-
tients reached final breathing rate of 6 ± 1 breaths/ 
/min at the end of the RESPeRATE® session and 
significantly reduced a spontaneous breathing rate 
at 3 months follow-up [29]. Fourthly, no patient 
presented with active stimulation during expo-
sure to laboratory tests and response dependent 
stimulation which might have affected results of the 
HR change under the stressors. Finally, no patient 
experienced worsening of HF or other events over 
the duration of the study indicating clinical benefits 
achieved with SLOWB therapy.

Limitations of the study
The limitations of the present study include 

a modest number of patients and the lack of  
a control group. However, this study was a logi-
cal continuation of previous clinical experience in 
patients with essential hypertension who under-
went a similar study protocol and could thereby 
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serve as controls. Moreover, the present study 
included patients with severe HFrEF who received 
evidence-based therapy for HF and still remain at 
high risk for HF decompensation, hospital readmis-
sion and HF-related mortality. While the possible 
occurrence of a potential “learning effect”, with 
repetition of applied stressor tests over time could 
be viewed as a limitation, it was previously shown 
that no changes in hemodynamics were observed 
in response to repeated mental or isometric tests 
without SLOWB therapy [31]. 

Conclusions

The present results indicate that even in 
the absence of other available treatment options, 
behavioural intervention such as SLOWB home 
training appears to have substantial impact on 
distress and health-related QoL in severe HFrEF 
on top of evidence-based HF management. These 
favourable benefits of SLOWB occurred in addition 
to improvements in cardiorespiratory capacity, 
functional performance levels, vagal activity and 
attenuation of HF progression. While this study 
involves patients with very severe HFrEF, it seems 
that SLOWB as an add-on therapy may provide 
beneficial effects on mental, social, physical and 
global components in all HF patients independent 
of HF etiology. Ideally these benefits  could be 
tested in further clinical studies. 
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Abstract
Background: Out-of-hospital cardiac arrest (OHCA) frequently occurs in the early phase of acute myo-
cardial infarction (MI). Survivors require percutaneous coronary intervention (PCI) with concomitant 
dual antiplatelet therapy. Target temperature management, including mild therapeutic hypothermia 
(MTH), should be applied in comatose patients after resuscitation. However, an increased risk of stent 
thrombosis in patients undergoing hypothermia is observed. The aim of this study was to assess the 
impact of MTH on pharmacokinetics of ticagrelor in cardiac arrest survivors with MI treated with 
MTH and PCI. 
Methods: In a prospective, observational, single-center study pharmacokinetics of ticagrelor were 
evaluated in 41 MI patients, including 11 patients after OHCA undergoing MTH (MTH group) and 
30 MI patients without OHCA and MTH (no-MTH group). Blood samples were drawn before admin-
istration of a 180 mg ticagrelor loading dose, and 30 min, 1, 2, 4, 6, 12, and 24 h after the loading dose. 
Results: In patients treated with MTH total exposure to ticagrelor during the first 12 h after the load-
ing dose and maximal plasma concentration of ticagrelor were significantly lower than in the no-MTH 
group (AUC(0–12): 3403 ± 2879 vs. 8746 ± 5596 ng·h/mL, difference: 61%, p = 0.01; Cmax: 475 ± 353 
vs. 1568 ± 784 ng/mL, p = 0.0002). Time to achieve maximal ticagrelor plasma concentration was 
also delayed in the MTH group (tmax for ticagrelor: 12 [6–24] vs. 4 [2–12] h, p = 0.01). 
Conclusions: Bioavailability of ticagrelor was substantially decreased and delayed in MI patients 
treated with MTH after OHCA.
Trial registration: ClinicalTrials.gov Identifier: NCT02611934 (Cardiol J 2020; 27, 6: 780–788)
Key words: cardiac arrest, myocardial infarction, hypothermia, ticagrelor, platelets, 
pharmacokinetics
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Introduction

Out-of-hospital cardiac arrest (OHCA) fre-
quently occurs in the early phase of acute myocar-
dial infarction (MI). OHCA survivors presenting 
symptoms of acute MI require primary percutane-
ous coronary intervention (PCI) with concomitant 
dual antiplatelet therapy (DAPT), including acetyl-
salicylic acid (ASA) and a P2Y12 receptor inhibitor 
[1–4]. Early administration of antiplatelet agents is 
necessary as the highest risk of stent thrombosis 
was reported within the early phase after stent 
implantation [5]. Ticagrelor and prasugrel are 
the preferred P2Y12 inhibitors in this clinical set-
ting [6–11]. In patients remaining in a coma after 
resuscitation targeted temperature management 
should be applied with a constant core temperature 
between 32°C and 36°C [12]. 

It has been shown that plasma concen-
trations of ticagrelor and its active metabolite  
(AR-C124910XX) are diminished in patients with 
ST-segment elevation MI. This effect is even more 
pronounced with concomitant morphine adminis-
tration [13–19]. In survivors of OHCA due to MI 
additional factors including mild therapeutic hypo-
thermia (MTH) may further impede ticagrelor’s 
bioavailability [20–22]. The decreased antiplatelet 
effect of ticagrelor caused by hindered pharma-
cokinetics might be responsible for an increased 
risk of stent thrombosis in resuscitated patients 
undergoing MTH despite DAPT [23, 24].

Thus, the present study was designed [21] 
and performed using a prospective observational 
approach to assess pharmacokinetics of ticagrelor 
in MI patients after OHCA treated with primary 
PCI and MTH. 

Methods

The study was designed and performed as 
a phase IV, single-center, investigator-initiated, 
prospective, observational trial aimed to com-
pare pharmacokinetics of ticagrelor between MI 
patients after OHCA treated with primary PCI 
and MTH (MTH group) and MI patients without 
OHCA treated with primary PCI (no-MTH group). 
The inclusion as well as exclusion criteria for both 
groups have been previously published [21]. 

Mild therapeutic hypothermia was defined as 
a body core temperature below 34°C, with a target 
temperature of 33°C. In order to reach the target 
temperature and maintain it over subsequent 24 h, 
intravascular cooling supported by cold saline (4°C) 
infusion and external cooling at the induction phase 

of MTH were used. The MTH procedure applied in 
this study has also been previously described [21].

All study participants received treatment 
according to the European Society of Cardiol-
ogy guidelines. All patients included in the trial 
received a 300 mg loading dose (LD) of plain ASA 
and a 180 mg LD of ticagrelor in integral tablets 
administered through a nasogastric tube in the 
MTH group, and orally in the no-MTH group. 

The study was conducted in accordance 
with the Declaration of Helsinki and Good Clini-
cal Practice guidelines and was approved by the 
Ethics Committee of The Nicolaus Copernicus 
University in Torun, Collegium Medicum in 
Bydgoszcz (approval number KB 339/2015). 
All MI patients without MTH provided written, 
informed consent to participate in the study 
before enrollment, as additional blood sampling 
was required.  In patients treated with MTH 
due to OHCA it was not possible to obtain in-
formed consent, however these patients did 
not require additional sampling outside the 
standard protocol of MTH monitoring. This is  
a sub-study of the Mild Therapeutic Hypothermia 
for Patients with Acute Coronary Syndrome and 
Cardiac Arrest Treated with Percutaneous Coro-
nary Intervention (UNICORN) study (ClinicalTri-
als.gov Identifier: NCT02611934).

Endpoints
The primary endpoint of this study was the 

area under the plasma concentration-time curve 
(AUC(0–12)) for ticagrelor during the first 12 h af-
ter administration of LD. Secondary endpoints 
included AUC(0–12) for AR-C124910XX, AUC(0-6) for 
ticagrelor and AR-C124910XX, maximum concen-
tration of ticagrelor and AR-C124910XX for 12 h 
(Cmax12), and time to Cmax (tmax) for ticagrelor and  
AR-C124910XX, plasma concentrations of ticagre-
lor and AR-C124910XX at baseline, and 30 min,  
1, 2, 4, 6, 12, and 24 h after ticagrelor LD.

Evaluation of pharmacokinetics
Blood samples for pharmacokinetic evaluation 

were drawn before administration of a 180 mg 
ticagrelor LD, and 30 min, 1, 2, 4, 6, 12, and 24 h 
after LD. Ticagrelor and AR-C124910XX plasma 
concentrations were analyzed using liquid chroma-
tography coupled with tandem mass spectrometry. 
Analysis was performed using Shimadzu UPLC 
Nexera X2 system consisting of LC-30AD pumps, 
SIL-30AC Autosampler, CTO-20AC column oven, 
FCV-20-AH2 valve unit, and DGU-20A5R degasser 
coupled with Shimadzu 8030 ESI-QqQ mass spec-
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trometer. Lower limits of quantification were 4.69 
ng/mL for both ticagrelor and AR-C124910XX [25].

Statistical analysis 
All calculations were performed using Sta-

tistica 13.0 package (StatSoft, Tulsa, OK, USA). 
Continuous variables are presented as means  
± standard deviation and median with quartiles. 

For categorical variables, counts with percentages 
have been used. Due to non-normal data distribution 
(as verified with the Shapiro-Wilk test), comparisons 
between both groups at each measurement point 
were performed with the Mann-Whitney test. For 
comparison of categorical variables, the c2 test or 
the Fisher exact test was applied as appropriate. In 
all cases p values ≤ 0.05 were considered significant.

Table 1. Characteristics of patients enrolled in the study group — mild therapeutic hypothermia (MTH) 
and control group (no-MTH).

MTH group (n = 11) No-MTH group (n = 30) P

Gender, male 73% (8) 80% (24) NS

Age [years] 62.0 ± 11.9 64.4 ± 10.3 NS

History of:

Coronary artery disease 27% (3) 20% (6) NS

Acute myocardial infarction 27% (3) 13% (4) NS

PCI 27% (3) 20% (6) NS

CABG 0% (0) 0% (0) NS

Heart failure 9% (1) 0% (0) NS

Arterial hypertension 54.5% (6) 47% (14) NS

Stroke 9% (1) 0% (0) NS

Smoking 45.5% (5) 60% (18) NS

Acute myocardial infarction:

STEMI 54.5% (6) 60% (18) NS

NSTEMI 45.5% (5) 40% (12)

Number of vessels diseased:

1 36.4% (4) 27 % (8) NS

2 18.2% (2) 43% (13)

3 45.5% (5) 30% (9)

TIMI before PCI:

0 45.5% (5) 40% (12) NS

1 27% (3) 6.6% (2)

2 9% (1) 6.6% (2)

3 18.2% (2) 47% (14)

TIMI after PCI:

0 0% (0) 0% (0) NS

1 0% (0) 3.3% (1)

2 0% (0) 0% (0)

3 100% (11) 96.7% (29)

Number of used stents:

0 0% (0) 3.3% (1) NS

1 54.5% (6) 70% (21)

2 36.4% (4) 20% (6)

3 or more 9% (1) 6.6% (2)

Echocardiography:

LVEF [%] 34.0 ± 11.6 45.5 ± 7.9 0.003

CABG — coronary artery bypass grafting; LVEF — left ventricular ejection fraction; NS — non significant; NSTEMI — non-ST-segment eleva-
tion myocardial infarction; PCI — percutaneous coronary intervention; STEMI — ST-segment elevation myocardial infarction; TIMI — Throm-
bolysis in Myocardial Infarction
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Results 

Overall 43 MI patients were included in the 
study. There were no significant differences in 
baseline characteristics between both groups, 
except higher left ventricular ejection fraction in 
the no-MTH group (Table 1). Initially, 13 patients 
were enrolled into the MTH group, however com-
plete data (results from all study time-points) were 
available for only 7 patients, as 4 of them had died 
before 24 h from the beginning of the MTH proce-
dure. Additionally, 2 patients from MTH group were 
excluded from the analysis of the primary end point 
due to hemolysis in blood samples that precluded 
complete pharmacokinetic evaluation. Ventricular 
fibrillation was the first recorded rhythm during 
cardiac arrest in all 13 patients. The no-MTH group 
consisted of 30 MI patients without OHCA treated 
with primary PCI. 

Analysis of bioavailability of ticagrelor and 
AR-C124910XX revealed pronounced differences 
between compared groups (Fig. 1). Total exposures 
to both ticagrelor and AR-C124910XX within the 
first 12 h after LD administration, as measured 

by the AUC(0–12) was significantly lower in MTH 
group vs. no-MTH group for ticagrelor (AUC(0–12): 
3403 ± 2879 vs. 8746 ± 5596 ng·h/mL, corre-
sponding to a difference of 61%, p = 0.01), while 
no difference for AR-C124910XX was present 
(AUC(0–12): 1195 ± 1022 vs. 1963 ± 1726 ng·h/mL, 
difference: 40%, p = 0.3). The observed differ-
ences were more pronounced during the first 6 h  
after ticagrelor LD (AUC(0–6) for ticagrelor: 1012 ±  
± 981 vs. 4487 ± 3608 ng·h/mL, difference: 77%, 
p = 0.01; AUC(0–6) for AR-C124910XX: 253 ± 281 
vs. 922 ± 980 ng·h/mL, difference: 73%, p = 0.06). 
The maximal plasma concentration of ticagrelor 
was lower in MTH group vs. no-MTH group  
(Cmax for ticagrelor: 475 ± 353 vs. 1568 ± 784 ng/mL,  
p = 0.0002), whereas there were no differences in 
maximal concentration of the metabolite between 
the groups (Cmax for AR-C124910XX: 203 ± 121 
vs. 337 ± 186 ng/mL; p = 0.1). Time to achieve 
maximal plasma concentrations was delayed for 
both ticagrelor and AR-C124910XX in MTH group 
vs. no-MTH group (tmax for ticagrelor: 12 [6–24] vs. 
4 [2–12] h, p = 0.01; tmax for AR-C124910XX: 18 
[12–24] vs. 4 [4–12] h, p = 0.01) (Fig. 1). 
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Figure 1. The exposures to ticagrelor (A) and AR-C124910XX (B) within 24 h after the administration of ticagrelor load-
ing dose (180 mg). Only patients with complete data were included; MTH — mild therapeutic hypothermia.
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Comparison of plasma concentrations of ti-
cagrelor in consecutive time-points showed sig-
nificant discrepancy between the groups with 
higher drug concentrations seen in no-MTH group, 
starting from the first hour after administration of 
ticagrelor LD (Fig. 2). The difference reached level 
of statistical significance at 2, 4 and 6 h post-LD  

(no-MTH group vs. MTH group, respectively: 
882.45 ± 1041.77 vs. 70.36 ± 118.70 ng/mL,  
p = 0.049; 904.43 ± 758.31 vs. 183.41 ± 255.35 
ng/mL, p = 0.005; 834.58 ± 595.51 vs. 382.09 ± 
± 329.72 ng/mL, p = 0.036). Higher concentrations 
of AR-C124910XX in no-MTH group were present 
up to 6 h (Fig. 3), and this difference was significant 

Figure 3. Plasma concentrations of AR-C124910XX over in mild therapeutic hypothermia (MTH) group (n = 11) vs. 
no-MTH group (n = 30). All available data presented.
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Figure 2. Plasma concentrations of ticagrelor over in mild therapeutic hypothermia (MTH) group (n = 11) vs. no-MTH 
group (n = 30). All available data presented.
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at 2 and 4 h (no-MTH group vs. MTH group, respec-
tively: 155.25 ± 223.16 vs. 7.10 ± 22.46 ng/mL,  
p = 0.04; 218.82 ± 219.14 vs. 41.67 ± 69.12 ng/mL,  
p = 0.015). 

Moreover, additional analysis revealed that  
the proportion of plasma concentration of  
AR-C124910XX to concentration of ticagrelor 
changed during observation according to different 
patterns in MTH group vs. no-MTH group. This 
proportion was lower in MTH group in comparison 
to no-MTH group during the first 2 h. The similar 
ratios were observed 4 h after administration of 
ticagrelor LD (22.7% vs. 24.2%), and later this 
proportion was higher in MTH group up to the end 
of observation, achieving the highest difference at 
6 h (80.1% vs. 22.7%). Of note, none of 4 patients 
who died (all from MTH group) during the study 
observation period (24 h) had detectable plasma 
ticagrelor or AR-C124910XX.

Discussion

According to available research, this is the 
first study assessing the impact of OHCA treated 
with MTH on pharmacokinetics of ticagrelor in MI 
patients undergoing primary PCI.

Impaired bioavailability of ticagrelor expressed 
by lower total exposure, lower maximal plasma 
concentration and delayed maximal plasma concen-
tration of the drug in patients undergoing MTH and 
PCI due to OHCA in the course of MI in comparison 
with patients treated with primary PCI for uncom-
plicated MI, advocates impaired gastrointestinal 
absorption of ticagrelor in critically ill patients 
undergoing therapeutic hypothermia. Moreover, 
presence of different AR-C124910XX formation 
rates between compared groups suggests potential 
diversity in drug metabolism and/or elimination. 
Recently, it has been reported that the presence of 
STEMI and diabetes are connected with impaired 
metabolism of ticagrelor during the first 6 h after 
ticagrelor LD for acute coronary syndrome [26]. In 
the current trial clear differences were observed in 
ticagrelor’s active metabolite formation between 
patients with and without OHCA treated with 
MTH, however small the size of cardiac arrest,  the 
survivor group did not allow formal conclusions to 
be drawn. This important issue requires clarifica-
tion in further research. 

Straub et al. [27] showed that adenosine 
diphosphate (ADP) plays a central role in hypo-
thermia-induced platelet activation during hypo-
thermia, suggesting that inhibition of ADP recep-
tor binding has the potential to protect platelets 

against hypothermia-induced activation. However, 
in previously published studies insufficient efficacy 
of clopidogrel in patients undergoing MTH after 
OHCA was reported [28–32]. It was mostly ex-
plained by accelerated platelet turnover, increased 
platelet activation as well as by decreased bioavail-
ability of clopidogrel due to its impaired absorption 
and diminished active metabolite generation [1, 28, 
33, 34]. The effect of ticagrelor and prasugrel in 
this clinical setting is not clear [35].

The high rate of stent thrombosis observed in 
some studies in resuscitated MI patients treated 
with MTH and primary PCI may be caused by 
insufficient inhibition of P2Y12 platelet receptors 
[23, 24, 36–40]. In an observational study pub-
lished by Gouffran et al. [24], 10.9% of OHCA 
survivors treated with MTH had stent thrombosis 
(the latter occurred in 4.2% of patients on clopi-
dogrel, 18.2% on prasugrel, and 16.7% on ticagre-
lor). Jiménez-Brítez et al. [37] reported in-hospital 
stent thrombosis in 7.1% of patients, exclusively 
those treated with clopidogrel (11.4%), while no 
stent thrombosis occurred in patients on ticagre-
lor or prasugrel. Joffre et al. [23] found cardiac 
arrest treated with MTH to be an independent 
risk factor for confirmed stent thrombosis (odds 
ratio = 12.9; 95% confidence interval 1.3–124.6, 
p = 0.027) regardless of the type of P2Y12 antago-
nist. Penela et al. [36] reported clinical resistance 
to clopidogrel with an extremely high incidence 
of acute stent thrombosis. In a small group of 
11 MTH patients enrolled in the study, stent 
thrombosis occurred in 5 (31.2%) cases, while 
2 other patients experienced other thrombotic 
complications. Of note, most of the thrombotic 
complications occurred long after rewarming [36]. 

It is not clear if hypothermia itself or rather 
centralization of circulation in critically ill patients 
is responsible for impairment of ticagrelor absorp-
tion. The results of the ISAR-SHOCK registry 
demonstrated a weaker antiplatelet effect in shock 
patients receiving either clopidogrel or prasugrel 
without hypothermia [41]. This observation may 
suggest that the impaired effect of oral P2Y12 inhibi-
tors in OHCA is related not only to hypothermia, 
but rather multifactorial [41, 42]. Regardless of 
what the exact mechanisms of ineffectiveness of 
these drugs are, intravenous infusion of a short-
acting P2Y12 receptor antagonist — cangrelor 
— is capable of inhibiting life-threatening platelet-
mediated prothrombotic events in the setting of 
MTH. This innovative pharmacological strategy 
could significantly improve the safety of MTH 
[43–45]. Infusion of glycoprotein IIb/IIIa inhibitors 
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is another therapeutic option allowing patients to 
overcome shortcomings of oral antiaggregatory 
agents, it is however, associated with markedly 
increased risk of bleedings [46–49]

Limitations of the study
The main limitation of the present study, which 

is similar to all previously published reports, is the 
low number of enrolled OHCA survivors treated 
with MTH and primary PCI. This did not permit 
the evaluation of clinical end points. Moreover, it 
was not possible herein, to differentiate the impact 
of MTH from consequences of local circulatory 
disorders. Also, the current trial did not evaluate 
pharmacodynamics of ticagrelor.

Nevertheless, careful monitoring of plasma 
concentrations of ticagrelor and AR-C124910XX at 
multiple time-points allowed us to demonstrate ex-
tensive differences in drug bioavailability between 
OHCA patients treated with MTH and primary 
PCI and patients with uncomplicated MI treated 
with primary PCI. Observations in the present 
research provide important evidence which may 
help to elucidate causes of the higher prevalence 
of stent thrombosis and other thrombotic events 
in patients undergoing MTH.

Conclusions

Bioavailability of ticagrelor is substantially 
decreased and delayed in MI patients treated with 
MTH after OHCA compared with patients with 
uncomplicated MI and without OHCA requiring 
MTH. 
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Abstract
Background: Left ventricular (LV) mechanics are impaired in patients with severe aortic stenosis 
(AS); however, transcatheter aortic valve implantation (TAVI) may positively affect LV mechanics. As-
sessed herein is the performance of the SAPIEN 3 transcatheter heart valve (THV) and the effect of TAVI 
on LV function recovery, as assessed by global longitudinal strain (GLS).
Methods: A subset of patients from the SOURCE 3 registry (n = 276) from 16 European centers 
received SAPIEN 3 balloon-expandable THV. Echocardiography was performed at baseline, post-
procedure, and at 1 year, including assessment of GLS using standard two-dimensional images, and 
was analyzed in a core laboratory. Paired analyses between baseline and discharge, baseline and at  
1 year were conducted.
Results: Hemodynamic parameters were improved after TAVI and sustained to 1 year. At 1 year, 
the rate of moderate to severe paravalvular leaks (PVL), and moderate to severe mitral and tricuspid 
regurgitations were 1.8%, 1.7%, and 8.0%, respectively. The discharge GLS (–15.6 ± 5.1; p = 0.004; 
n = 149) improved significantly from baseline (–15.1 ± 4.8) following TAVI. This improvement was 
sustained at 1 year compared with baseline (–17.0 ± 4.6, p < 0.001; n = 100). Conversely, LV ejection 
fraction (LVEF) did not significantly change following TAVI (p = 0.47).
Conclusions: Following TAVI with a third-generation THV, valve performances were good at 1 year 
with low PVL rate. The LV mechanics improved immediately after the procedure and were maintained 
at 1 year. These findings demonstrate the benefit of TAVI on LV mechanics, and suggests that GLS may 
be superior to LVEF in assessing this benefit. 
Clinicaltrial.gov number: NCT02698956 (Cardiol J 2020; 27, 6: 789–796)
Key words: strain, left ventricular mechanics, echocardiography, aortic stenosis,  
transcatheter aortic valve implantation
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Introduction

Degenerative aortic stenosis (AS) is one of 
the most prevalent cardiovascular diseases in 
developed countries. Over the past decade, tran-
scatheter aortic valve implantation (TAVI) has 
emerged as the therapy of choice for patients with 
AS considered inoperable or at high surgical risk 
[1, 2]. TAVI has improved the prognosis of these 
patients. And, as transcatheter heart valves (THV) 
have evolved, patients who had received TAVI suf-
fered fewer complications. 

Aortic stenosis induces a series of adaptive 
responses. It generates a pressure overload that 
alters left ventricular (LV) geometry and perfor-
mance; although, LV volume and LV ejection frac-
tion (LVEF) may be preserved, even in advanced 
stages of the disease [3]. The most important 
changes caused by the pressure overload include 
hypertrophic remodeling [4], diastolic dysfunction 
[5, 6], and impaired contractility [7]. 

Patients with AS who are treated with TAVI 
can experience relief from this pressure overload 
that is reflected in changes in LV strain [4]. The 
immediate result of TAVI is often an acute decrease 
in transvalvular gradient, leading to an improve-
ment of LV mechanics. This could be a precursor 
to, or a reverse in, remodeling, possibly leading 
to a reduction in LV mass and an improvement in 
long-term diastolic function.

Studies have demonstrated that strain (global 
longitudinal strain [GLS]) imaging is the most 
appropriate method to evaluate subtle changes 
in myocardial function that occur in patients with 
AS [8, 9]. Additionally, GLS is independently pre-
dictive of mortality [10]. In a recently published 
study of 92 patients treated in Europe with either 
the self-expanding CoreValve (Medtronic, Minne-
apolis, MN, USA) or the mechanically expanded 
Lotus valve (Boston Scientific, Natick, MA, USA), 
TAVI was associated with an immediate improve-
ment in LV mechanics, as demonstrated by GLS 
increase; although LV systolic function remained 
unaltered [4].

The literature on post implantation LV me-
chanics is limited. The impact of TAVI on LV 
mechanics using GLS in patients who received 
the SAPIEN 3 (Edwards Lifesciences; Irvine, CA, 
USA) balloon-expandable, transcatheter valve at  
1 year follow-up were analyzed. 

Methods

Study population
Patients with symptomatic, severe AS were 

implanted with the third-generation, balloon-
expandable SAPIEN THV (SAPIEN 3). The selec-
tion of patients was based on a clinical consensus 
of the Heart Team. A subset of patients from the 
SOURCE 3 registry had planned, per protocol, 
to have their echocardiograms reviewed by an 
independent central echocardiography core labora-
tory (ECL; Ramon y Cajal, Madrid). Patients had 
echocardiograms at baseline, discharge, and at  
1 year after implantation.

Intervention and purpose
The SAPIEN 3 Aortic Bioprosthesis European 

Outcome (SOURCE 3) is a European, post-approval 
multicenter, observational registry, aimed to evalu-
ate the safety and performance of the SAPIEN 3 
THV under real-world conditions. The full cohort 
of 30-day and 1-year results had been published 
previously [11, 12]. A protocol was developed for 
this echocardiographic sub-study. It was approved 
by the local ethics committees and the respec-
tive health authorities in participating countries 
(France, Germany, United Kingdom, and Italy). All 
patients provided written, informed consent before 
the study commenced.

Clinical outcomes (cardiac death and disabling 
stroke to 1 year and life-threatening bleedings 
to 30 days) were adjudicated by a clinical event 
committee.

Patients had two-dimensional (2D) transtho-
racic echocardiograms according to the protocol. 
The sites sent the echocardiograms to the core 
laboratory for comprehensive evaluation of hemo-
dynamic performance of valve and LV function. 
The protocol stipulated multiple echocardiographic 
measurements before and after prosthesis implan-
tation, as well as quantification of LV mechanics, 
measuring LV strain with standard 2D imaging 
(Image Arena and CPA package, TomTec Imag-
ing System). The assessment of GLS was done 
using averages of measures taken from images 
on three views: apical 4-, 3- and 2-chamber views 
in an 18-segment LV model. To obtain LV strain 
measurements, endocardial contour needed to be 
manually outlined, after which the system gener-
ated the myocardial perimeter on the end systolic 
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frame. Images of measures in a patient with base-
line, discharge, and 1-year measures are displayed 
in supplementary files (Suppl. Images 1 and 2).

Two experienced cardiologists examined all 
echocardiographic data. Intraoperatory aortograms 
were also performed during valve implantation by 
many participating sites. A hemodynamic cardiolo-
gist from the core laboratory, who was blinded to the 
echocardiographic results, evaluated these studies. 

The aim of the study was to evaluate the im-
pact of TAVI on myocardial longitudinal LV systolic 
strain in patients with severe, degenerative AS. 
Additionally, the ECL evaluated hemodynamic 
parameters.

Statistical analysis
Study staff at participating centers entered 

echocardiographic data into an electronic capture 
system. The Sponsor monitored it before it was 
sent to the ECL. Comparisons of baseline and 
procedural characteristics between the subset of 
patients analyzed and the rest of the SOURCE 3 

cohort were conducted using the Wilcoxon sum 
rank test for the continuous variables and the 
Fisher exact test for categorical variables.

Echocardiographic parameters were compared 
between discharge and at 1 year, using paired 
analysis with the Wilcoxon sum rank test. Mean 
gradient, effective orifice area (EOA), and GLS 
were compared (baseline vs. discharge and baseline 
vs. 1 year), using a paired analysis with the t test.

Results

Baseline and procedural data
A total of 276 patients were enrolled in the 

echocardiographic analysis between July 2014 and 
October 2015 in 16 European centers. In summary, 
patient baseline characteristics were a mean age of 
80.8 years and a mean EuroSCORE II of 4.6 ± 3.98 
(Table 1). The latter was statistically lower than the 
mean EuroSCORE II of the SOURCE 3 patients not 
included in this sub-analysis (p = 0.002), as more 
echo patients had a logistic EuroSCORE of < 10%, 

Table 1. Baseline characteristics of the SOURCE 3 cohort.

Patients with AS  
who received  
SAPIEN 3 THV  

(n = 276)

Patients with AS who  
received SAPIEN 3 THV,  
with no ECL assessment  

(n = 1670)

P 

Demographics and clinical variables

Age [years], mean ± SD 80.8 ± 7.47 81.7 ± 6.49 0.124

Age ≥ 80 years 184 (66.7%) 1136 (68.0%) 0.677

Female 126 (45.7%) 809 (48.4%) 0.399

Logistic EuroScore, mean ± SD 15.6 ± 10.60, N = 226 18.7 ± 13.46, N = 1558 0.002

EuroScore II, mean ± SD 4.6 ± 3.98, N = 204 5.7 ± 5.71, N = 1295 0.007

NYHA class IV 19 (7.0%), N = 272 150 (9.3%), N = 1607 < 0.001

Hypertension 199 (72.1%) 1392 (83.4%) 0.090

Dyslipidaemia 136 (49.3%) 918 (55.0%) 0.103

History of smoking 95 (34.4%) 490 (29.4%), N = 1669 0.117

Diabetes 70 (25.4%) 504 (30.2%) 0.194

Coronary artery disease 132 (47.8%) 870 (52.1%) 0.546

Myocardial infarction 29 (10.5%) 199 (11.9%) 0.414

Coronary bypass grafting 27 (9.8%) 194 (11.6%), N = 1669 0.001

Congestive heart failure 129 (46.7%) 577 (34.6%) 0.561

Renal insufficiency 80 (29.0%) 455 (27.2%) 0.039

Percutaneous coronary intervention 78 (28.3%) 580 (34.8%), N = 1669 0.124

Aortic valve severity 

Mitral regurgitation (degree moderate to severe) 24 (9.2), N = 260 224 (14.8), N = 1513 0.015

Tricuspid regurgitation (moderate to severe) 18 (7.3), N = 245 162 (11.5), N = 1404 0.059

P values are from the Wilcoxon sum rank test for the continuous variables and the Fisher exact test for categorical variables. AS — aortic  
stenosis; ECL — echocardiology core laboratory; LV — left ventricle; NYHA — New York Heart Association; SD — standard deviation;  
THV — transcatheter heart valve
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compared with other patients of the SOURCE 3 
cohort (35.0% vs. 28.2%; p = 0.041), and fewer 
echo patients had a logistic EuroSCORE of > 30% 
compared with other patients of the cohort (10.2% 
vs. 16.6%; p = 0.011). Most other baseline clinical 
characteristics and comorbidities were comparable 
between the subset of patients analyzed and the 
rest of the SOURCE 3 cohort, except for hyperten-
sion (72.1% in the echo patients vs. 83.4% in other 
SOURCE 3 patients; p < 0.001), congestive heart 
failure (46.7% vs. 34.6%; p < 0.001), and mitral 
regurgitation of moderate or severe grade (9.2% 
vs. 14.8%; p = 0.015).

Most TAVI procedures were performed  
using a transfemoral approach (87.3%), with the 
SAPIEN 3 THV 23 mm (40.6%), 26 mm (36.2%), 
and 29 mm (23.2%).

An intraprocedural angiography was retrieved in 
103 patients; most were adjudicated as grade 1, but  
a small percentage were considered grade 2 (Table 2).

In terms of clinical outcomes, the cohort had  
a 30-day and 1-year mortality rate of 1.5% and 
5.4%, respectively. The cardiac mortality rate was 
0.7% and 3.1%, at 30 days and 1 year, respectively. 
The disabling stroke rate was 0.7% and 1.1%, at  
30 days and 1 year, respectively. The life-threaten-
ing bleeding rate was 5.4% at 30 days.

Echocardiographic parameters 
Aortic regurgitation severity was predomi-

nantly grade 1, using both the Seller and Valve 
Academic Research Consortium-2 criteria (93.2% 
each; Table 3). Other echocardiographic param-
eters are presented in Table 4.

Effective orifice area and mean gradient
The TAVI treatment significantly improved 

the mean EOA from 0.8 ± 0.3 cm2 at baseline to  
1.6 ± 0.6 cm2 at discharge (Fig. 1, Table 4). This im-
provement was sustained at 1 year (1.5 ± 0.5 cm2;  
p < 0.001 compared with baseline). Similarly, the 
mean gradient was decreased following the THV 
treatment from 41.2 ± 14.6 mmHg at baseline 
to 12.2 ± 5.3 mmHg at discharge (p < 0.001), 
and was maintained at 1 year (12.7 ± 5.8 mmHg;  
p < 0.001 compared with baseline).

Total aortic regurgitation and PVL 
Few patients had total aortic regurgitation 

(TAR) at discharge; it was moderate severity in 
5 (2.1%) patients and severe in 2 (0.8%) patients 
(Fig. 2). At 1 year, 3 (1.7%) patients had moder-
ate TAR; no severe TAR was observed (Fig. 2). 

Similarly, few severe to moderate paravalvular 
leak (PVLs) were present at discharge (2.9%)  
and 1 year (1.8%; Fig. 2).

Mitral and tricuspid regurgitation
At discharge, 2 patients had moderate sever-

ity mitral regurgitation and 2 had severe mitral 
regurgitation (Fig. 3). At 1 year, 3 patients had 
moderate mitral regurgitation. The percentage of 
mild mitral regurgitation was significantly lower at 
1 year compared with discharge (20.3% vs. 28.3%, 
respectively; p = 0.011).

Table 2. Procedural characteristics.

Procedural  
characteristics

Patients who  
received  

echocardiograms  
(n = 276)

Total procedure time [min] 72.1 ± 52.23  
(n = 204)

Total anaesthesia time [min] 127.0 ± 84.71  
(n = 127)

Access approach:

Transfemoral 241 (87.3%)

Transapical 26 (9.4%)

Transaortic 7 (2.5%)

Implanted valve size [mm]:

23 mm 112 (40.6%)

26 mm 100 (36.2%)

29 mm 64 (23.2%)

Table 3. Aortic regurgitation severity.

Criteria Patients  
who received  

intraprocedural  
angiography  

(n = 103)

Evaluation with Seller’s criteria:

Grade 1 96 (93.2%)

Grade 2 7 (6.8%)

Grade 3 0 (0%)

Grade 4 0 (0%)

Evaluation with VARC 2 criteria:

Grade 1 96 (93.2%)

Grade 2 7 (6.8%)

Grade 3 0 (0%)

Grade 4 0 (0%)

VARC — Valve Academic Research Consortium
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Table 4. Echocardiographic parameters.

Parameter Baseline
Mean ± SD  

(n)

Discharge
Mean ± SD  

(n)

1 year
Mean ± SD  

(n)

P* (n)
Baseline  

vs. discharge

P* (n)
Discharge  
vs. 1 year

LVEDV [mL] 81.3 ± 36.0 (211) 76.0 ± 36.1 (183) 80.0 ± 33.7 (130) 0.013 (151) 0.316 (85)

LVESV [mL] 36.3 ± 26.5 (211) 34.8 ± 26.0 (183) 35.5 ± 26.2 (129) 0.028 (151) 0.760 (85)

LVEDD [cm] 4.8 ± 0.8 (221) 4.7 ± 0.8 (187) 4.7 ± 0.8 (123) 0.109 (162) 0.160 (92)

LVESD [cm] 3.2 ± 1.0 (210) 3.2 ± 1.00 (183) 3.1 ± 0.9 (119) 0.036 (152) 0.325 (88)

LVEF [%] 58.6 ± 15.6 (211) 57.5 ± 14.9 (183) 58.8 ± 13.2 (129) 0.471 (151) 0.712 (85)

LV posterior wall  
diastolic

1.1 ± 0.2 (219) 1.2 ± 0.2 (187) 1.1 ± 0.2 (120) 0.123 (162) 0.025 (90)

Interventricular septum 
diastolic

1.3 ± 0.3 (221) 1.4 ± 0.3 (192) 1.3 ± 0.2 (120) 0.235 (166) 0.210 (93)

Left atrial volume [mL] 75.6 ± 35.5 (237) 77.4 ± 32.2 (212) 74.9 ± 29.6 (163) 0.754 (186) 0.380 (124)

AV mean gradient 
[mmHg]

41.2 ± 14.6  
(251)

12.2 ± 5.3  
(242)

12.7 ± 5.8  
(178)

< 0.001  
(223)

0.025  
(155)

AV area (EOA) [cm2] 0.8 ± 0.3 (227) 1.6 ± 0.6 (202) 1.5 ± 0.5 (159) < 0.001 (173) 0.007 (120)

AV velocity time  
integral

96.7 ± 22.6  
(251)

44.0 ± 11.4  
(240)

49.6 ± 13.8  
(178)

< 0.001  
(221)

< 0.001  
(153)

Mitral annulus  
velocity [cm/s]

6.1 ± 1.9 (99) 6.2 ± 2.0 (89) 6.5 ± 2.4 (85) 0.911 (47) 0.167 (44)

E/e’ ratio (filling  
pressures) [mmHg]

17.9 ± 7.9 (96) 17.2 ± 8.1 (86) 17.8 ± 8.1 (80) 0.920 (44) 0.917 (41)

Systolic pulmonary  
pressure [mmHg]

302.2 ± 52.0  
(47)

273.2 ± 42.25 
(59)

282.2 ± 45.8  
(65)

0.843  
(14)

–

*P values are from the Wilcoxon sum rank (paired) test. Mean ± standard deviation (SD) presented in the 3 first columns were calculated on 
all values available. AV — atrio-ventricular; EOA — effective orifice area; LVEDD — left ventricular end diastolic diameter; LVEF — left ventric-
ular ejection fraction; LVEDV — left ventricular end-diastolic volume; LVESD — left ventricular end-systolic diameter; LVESV — left ventricular 
end-systolic volume

Figure 1. Effective orifice area and mean gradient — 
paired analyses.

Figure 2. Total aortic regurgitation and paravalvular leak 
— paired analyses.
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Similarly, 6 patients suffered from tricuspid 
regurgitation of moderate severity at discharge and 
3 others presented with severe tricuspid regurgita-
tion (Fig. 3). At 1 year, 7 patients presented with 
moderate tricuspid regurgitation and 4 patients 
with severe tricuspid regurgitation. The percent-
age of mild mitral tricuspid regurgitation was sig-
nificantly lower at 1 year compared with discharge 
(22.1% vs. 40.1%, respectively; p = 0.006).

Global longitudinal strain analysis
The LV peak systolic longitudinal strain sig-

nificantly improved after TAVI (Fig. 4A), and 
significantly increased at 1 year compared with 
baseline (–17.0 ± 4.6; p = 0.001). No change was 
observed on the LVEF (Fig. 4B). 

Discussion 

This echocardiographic evaluation performed 
in a real-world setting in European patients with 
severe AS who received a transcatheter SAPIEN 3 
demonstrated good valve performance, low PVL of 
moderate to severe grade at 1 year, and statistically 
significant improvement in LV function as assessed 
by GLS. No change in LVEF was observed.

Population studied 
It was thought that the population analyzed in 

the present study was representative of patients 
with severe AS and were usually referred for 
the TAVI procedure. Demographic and clinical 
parameters at baseline were comparable with 
those of the entire SOURCE 3 cohort, except 
for a slightly lower surgical risk score in the 
SOURCE 3 cohort.

Echocardiographic parameters 
A comprehensive echocardiographic assess-

ment from randomized trials, including the PART-
NER 2 SAPIEN 3 registry, presented comparable 
mean gradient and EOA at discharge or at 30 days 
(mean gradient of 11.18 ± 4.35 mmHg and EOA 
of 1.66 ± 0.38 cm2; n = 1470) as assessed by the 
ECL [13]. 

One potential disadvantage of TAVI is an 
increased incidence of post-procedural aortic re-
gurgitation, which is an independent predictor of 
short- and long-term mortality, and which may have 
a negative impact on LV myocardial recovery [14, 
15]. The presence of post-procedural PVL appears 
to limit LV structural and functional recovery [16]. 
Post-procedural PVL was rare at 1 year and no 
patients presented with severe PVL. 

Figure 4. A. Global longitudinal strain analysis; B. Left 
ventricular ejection fraction; the box plot represents 
the mean ± standard deviation, median, minimum and 
maximum (whiskers) of the global longitudinal strain.  
P values compare baseline with discharge, and baseline 
with 1-year data using the paired t-test.

Figure 3. Mitral regurgitation and tricuspid regurgitation 
— paired analyses.
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Left ventricular strain analysis
The first signs of reverse LV remodeling at 

discharge were observed, and were sustained for  
1 year. A significant increase in GLS was numeri-
cally modest, but statistically significant, observed 
at discharge and not only sustained, but also 
improved at 1 year. This result represents signs 
of reverse remodeling, as previously reported in 
TAVI [4, 17] or surgical aortic valve replacement 
studies [7]. Several studies have demonstrated 
an amelioration in LV mass [18], some diastolic 
filling parameters [18, 19], and left atrial func-
tion in patients after TAVI [16, 19]. The LVEF is 
confounded by the positive remodeling of the left 
ventricle, i.e., regression of LV concentric hyper-
trophy; LVEF is not a good marker of LV intrinsic 
myocardial function.

Limitations of the study
A few patients were not evaluable, mainly be-

cause their echocardiographs were of poor quality, 
so there may have been selection bias. 

One of the limitations of the study is loss to 
follow-up of some patients. The reason for this was 
due to the multicenter recruitment: many patients 
travelled far to have the TAVI procedure and could 
not return for the 12-month echo. However, updates 
were received from the sites and local phone calls 
related to the absence of mortality in non-returning 
patients. In addition, some studies were excluded 
from analysis due to the poor quality of examinations.

This SOURCE 3 sub-study was designed as  
a purely echocardiographic study. Consequently, 
no clinical parameters were collected in follow-up, 
including those affecting quality of life data. Further 
studies are required to seek correlation between 
echocardiographic improvement in LV mechanics 
and clinical response. 

Conclusions

A subset of patients from the SOURCE 3 regis-
try who received the SAPIEN 3 balloon-expandable 
THV had improved LV mechanics immediately 
following the procedure that were sustained for  
1 year, as determined by standard 2D imaging. 
The valve performance was good at 1 year, with  
a low PVL rate.
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Echocardiographic assessment of tricuspid  
regurgitation and pericardial effusion  

after cardiac device implantation
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Monika Budnik, Dominika Hołowaty, Krzysztof Jakubowski, Marcin Michalak,  
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Abstract
Background: The frequency of cardiac implantable electronic device (CIED) implantations is con-
stantly increasing. Pericardial effusion (PE) and tricuspid regurgitation (TR) may occur after CIED 
implantation. The aim of the present study is to evaluate the prevalence and risk factors for new occur-
rences or progression of TR and PE early after CIED implantation.
Methods: This is an on-going, single-center, observational study of patients after their first CIED im-
plantation, with an echocardiographic evaluation within 60 days before and 7 days after the procedure. 
Data are presented for first 110 consecutive patients who underwent CIED implantation from August 
2015 to July 2016. 
Results: Median age was 75 years, and 44% were women. In total, 87 (79%) pacemakers, 21 (19%) 
implantable cardioverter-defibrillators and 2 cardiac resynchronization therapy devices were implanted. 
After CIED implantation, there was TR progression in 17 (16%) patients: 5 patients developed mod-
erate TR, none developed severe TR. An increase in TR was more often observed after implantations 
performed by operators in training than by certified operators (35% vs. 12%, p = 0.02). New PE after 
the procedure was observed in 8 (7%) patients and was trivial (< 5 mm) in all cases. Patients with new 
PE after implantation had lower baseline hemoglobin levels and tended to be women.
Conclusions: New PE and an increase in TR severity are rare complications early after CIED im-
plantation. Operator experience might be related to TR progression. Increasing the number of patients 
in the current on-going study will allow a more reliable assessment of the prevalence and risk factors of 
these complications. (Cardiol J 2020; 27, 6: 797–806)
Key words: cardiac implantable electronic device, pacemaker, implantable cardioverter-
-defibrillator, complications 

Introduction

Since the first pacemaker implantation in 
1958, the number of cardiac implantable electronic 
devices (CIEDs): permanent pacemakers (PPMs), 
implantable cardioverter-defibrillators (ICDs) and 

cardiac resynchronization therapy (CRT) has been 
constantly rising [1]. According to a report from 
the European Heart Rhythm Association, 500,411 
PPMs, 85,289 ICDs and 51,274 CRTs were im-
planted in European Society of Cardiology (ESC) 
countries in 2013 [2]. Although CIED implanta-
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tion is considered a relatively low-risk procedure, 
especially if performed in specialized centers, it 
can lead to some early and late complications [3]. 

Discovering tricuspid valve leaflet perforation 
at an autopsy in 1974 was the first described case 
of right ventricle (RV) lead-associated tricuspid 
regurgitation (TR) [4]. In general, in most cases, 
TR is secondary to increased pulmonary and RV 
pressure resulting in RV and tricuspid annular 
dilatation; less often it is the result of primary 
leaflet pathology [5]. In the Framingham Heart 
Study, the prevalence of moderate to severe TR 
increased with age, reaching up to 1.5% and 5.6%, 
respectively, in men and women aged 70 years and 
more [6]. Due to a lack of prospective studies, the 
incidence of hemodynamically significant TR after 
CIED implantation is difficult to estimate, however, 
in a retrospective, case-control study conducted 
by Paniagua et al. [7] in a large echocardiography 
database, the prevalence of moderate to severe 
TR in patients with transvenous PPM leads was 
twice as high as in the control group. Depending on 
time after RV lead implantation, TR can be caused 
by mechanical interference or lead-related leaflet 
fibrosis. Mechanical mechanism occurs earlier and 
includes adherence, impingement of electrodes to 
tricuspid leaflets or laceration and rarely perfora-
tion of valve apparatus, while lead-related fibrosis 
appears over time after implantation [8, 9]. The 
relation between tricuspid leaflets and pacing lead 
might also be crucial in cases of future transvenous 
lead extraction, which is a complex surgical pro-
cedure itself and might cause or increase TR [10]. 
TR may also occur as a result of atrioventricular 
dyssynchrony, specifically in ventricular pacing [11]. 
To avoid future TR after lead implantation some au-
thors suggest only left ventricular lead stimulation 
especially in patients with either prosthetic tricuspid 
valve, annulus or baseline severe TR [12]. Regard-
less of the mechanism, implantation-induced TR is 
associated with worse prognosis [13, 14]. However, 
the exact incidence of implantation-induced TR in  
a modern series is to be determined, as previous 
studies usually only included small numbers of 
patients or were limited by lack of baseline echo-
cardiographic assessment [15–17].

Rarely, CIED implantation procedures may 
be complicated by pericardial effusion (PE) and 
tamponade, with a prevalence of approximately 
2% and 0.6%, respectively [18]. These complica-
tions can lead to prolonged hospital stay and higher 
costs [3, 18].

The aim of the present study is to evaluate 
the prevalence and progression of TR and PE early 

after CIED implantation, and to determine risk fac-
tors for the development of these complications. 
This article presents the design of the current 
study, as well as preliminary results based on data 
from the first 110 patients.  

Methods 

Study population
In this single-center, observational, retrospec-

tive study, analyses data are presented from 400 
consecutive patients after first CIED implantation 
(PPM, ICD or CRT), who had echocardiographic 
assessment of TR and PE before and after the proce-
dure. Only patients with echocardiogram performed 
less than 60 days before and up to 7 days after 
implantation are included in the study. So far, 110 
patients, who underwent device implantation from 
August 2015 to July 2016, were included in the study.

Data collection
In the study, data on baseline clinical charac-

teristics, results of diagnostic tests performed, and 
pharmacotherapy (including antithrombotic treat-
ment) are collected retrospectively from medical 
records. Data on CIED implantation include: type 
of device, number of leads, localization of leads, 
device manufacturer, operator, and information 
on complications (occurrence or progression of 
TR, occurrence of PE, pneumothorax, or other 
complications). Five different physician operators 
performed the CIEDs implantation: operators 1, 
3 and 5 are certified operators with more than  
10 years experience in CIED implantation, while 
operators 2 and 4 were, at the time of the procedure 
performed, operators in training with experience 
of less than or equal to 5 years.

Echocardiographic assessment
All patients included in this study had two-

dimensional transthoracic echocardiogram per-
formed, before and after the procedure. In the 
documented department, echocardiographic as-
sessment following CIED implantation is rou-
tinely performed within 7 days in all patients, as 
a standard of care, usually on the first day after 
the procedure, regardless of the patient’s clinical 
condition. Only patients with available pre- and 
post-implantation transthoracic echocardiography 
results with assessment of both PE and TR were 
included in the study. Echocardiograms are per-
formed in the Department’s Echocardiography 
Laboratory (certified with grade C accreditation 
of the Section of Echocardiography of the Polish 
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Cardiac Society), using Philips iE33 or Philips 
EPIQ 7 Ultrasound Machines (Philips Medical 
Systems, Andover, Massachusetts, USA) by quali-
fied echocardiographers. Presence of PE and TR 
severity are analyzed using all standard views, 
including parasternal, apical and subcostal views. 
TR is graded as trivial/mild, moderate and severe 
according to the current European Association of 
Cardiovascular Imaging (EACVI) guidelines [19]. 
PE is graded as trivial (< 5 mm), mild (≥ 5 and  
< 10 mm), moderate (10–20 mm) and large  
(> 20 mm) according to ESC guidelines [20]. 

In the study, TR is described either as newly 
developed (if no TR was present before the pro-
cedure) or as TR progression 1) from trivial/mild 
to moderate, 2) from moderate to severe, 3) from 
trivial/mild to severe, or as a decrease in TR sever-
ity. Similarly, PE is reported as newly developed 
or as an increase in the amount of fluid after the 
procedure.

Clinical endpoints
Primary endpoints include: 1) occurrence or 

progression of TR, and 2) occurrence or progres-
sion of PE after first CIED implantation.

Statistical analysis
Statistical analyses were performed using 

SPSS software, version 22 (IBM SPSS Statistics 

22, New York, USA). Normally distributed continu-
ous variables were presented as mean values and 
standard deviations, while ordinal variables and non-
normally distributed continuous variables as median 
values and interquartile ranges (IQR). Categorical 
data were presented as percentages. The significance 
of differences between groups was determined by 
the Fisher exact test for categorical variables and the 
Mann-Whitney U test for continuous and ordinal vari-
ables respectively. P-value of ≤ 0.05 was considered 
significant. All tests were two-tailed.

Results 

From August 2015 to July 2016, 110 patients 
after their first CIED implantation were included in 
the study. Figure 1 shows flow-chart of patient in-
clusion in the study and types of devices implanted. 
Median age of the study group was 75.1 years and 
44% were female. Hypertension was present in 
77% of patients, coronary artery disease — in 37%, 
heart failure — in 45%, and atrial fibrillation — in 
56%. Table 1 presents baseline clinical character-
istics of the study group.

Pre- and post-interventional TR prevalence 
is shown in Figure 2. Change in TR severity after 
the procedure was observed in 34 (31%) patients, 
including 17 (16%) patients with TR worsening 
and 17 (16%) patients with TR improvement, as 

462 CIED implantations

307 rst CIED implantations

110 patients included in the analysis

2 CRTs
(1.8%)

21 ICDs
(19%)

16 ICD-VR
(15%)

87 PPMs
(79%)

59 DDD
(54%)

28 VVI
(26%)

5 ICD-DR
(4.5%)

197 patients with missing
echocardiographic data:
— 169 with missing data on TTE within
 60 days before the procedure
— 23 with missing data on TTE within
 7 days after the procedure*
— 5 with missing both TTE results

Figure 1. Flow-chart of patient inclusion in the study and types of devices implanted from August 2015 to July 2016; 
*missing data on tricuspid regurgitation after cardiac implantable electronic device (CIED) implantation; CRT — car-
diac resynchronization therapy; ICD — implantable cardioverter-defibrillator; ICD-VR — single-chamber cardioverter-
defibrillator; ICD-DR — dual-chamber cardioverter-defibrillator; PPM —  permanent pacemaker; DDD — dual-chamber 
pacemaker; VVI — ventricular single-chamber pacemaker; TTE — transthoracic echocardiography.
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Table 1. Baseline characteristics of the study population and comparison of patients with and without 
an increase in tricuspid regurgitation (TR) after cardiac device implantation.

Variable Study population 
(n = 110)

With an increase 
in TR (n = 17)

Without an  
increase in TR  

(n = 93)

P

Age [years] 75.1 (69.0–84.0) 70.0 (65.0–84.5) 79.0 (69.0–84.0) 0.46

Female gender 44% 59% 41% 0.19

BMI [kg/m2] 27.9 (24.1–30.7);  
n = 91

28.1 (23.4–29.8);  
n = 11

27.7 (24.1–30.8);  
n = 80

0.97

Comorbidities

Hypertension 77% 76% 77% 1.00

Coronary artery disease 37% 35% 38% 1.00

Previous MI 18% 12% 19% 0.73

Prior PCI 19% 12% 20% 0.52

Prior CABG 7.3% 0% 8.6% 0.35

Heart failure 45% 47% 44% 1.00

Atrial fibrillation: 56% 41% 58% 0.29

Paroxysmal 29% 24% 30% 0.77

Persistent 5.5% 5.9% 5.4% 1.00

Permanent 21% 12% 23% 0.52

Diabetes 26% 18% 27% 0.55

Obesity 32% 27% 33% 0.56

Hyperlipidemia 67% 82% 65% 0.26

Current or former smoking 33% 29% 33% 1.00

Pharmacotherapy

Anticoagulation: 67% 53% 70% 0.17

Rivaroxaban 20% 30% 18% 0.50

Dabigatran 6.4% 0% 7.5% 0.59

Vitamin K antagonist 19% 12% 20% 0.50

LMWH as bridging therapy 31% 24% 33% 0.38

Single antiplatelet therapy 26% 18% 27% 0.55

Dual antiplatelet therapy 3.6% 5.9% 3.2% 0.49

Diuretics 73% 65% 75% 0.38

Laboratory findings 

Hemoglobin [g/dL] 13.0 (12.0–14.0) 13.0 (12.0–14.4) 13.0 (12.0–14.0) 0.97

WBC count [103/mm3] 7.1 (5.9–8.5) 6.5 (5.7–8.6) 7.2 (5.9–8.6) 0.60

Platelets [103/mm3] 205 (156–243) 223 (193–243) 202 (149–245) 0.14

Serum creatinine [mg/dL] 1.12 (0.91–1.36) 0.96 (0.87–1.20) 1.17 (0.92–1.39) 0.21

eGFR [mL/min/1.73 m2] 56 (45–60) 60 (44–60) 55 (45–60) 0.32

CRP [mg/L] 2.35 (1.3–7.0);  
n = 100

3.1 (1.3–7.2);  
n = 15

2.2 (1.2–5.6);  
n = 85

0.50

NT-proBNP [pg/mL] 1123 (482–2313);  
n = 78

1464 (523–2646);  
n = 13

991 (464–2238);  
n = 65

0.62

INR 1.1 (1.0–1.2);  
n = 104

1.1 (1.0–1.1);  
n = 15

1.1 (1.0–1.2);  
n = 89

0.72

APTT [s] 30.9 (27.4–35.8);  
n = 98

31.5 (28.0–36.8);  
n = 14

30.9 (27.2–35.6);  
n = 84

0.68

APTT — activated partial thromboplastin time; BMI — body mass index; CABG — coronary artery bypass grafting; CRP — C-reactive protein; 
eGFR — estimated glomerular filtration rate; INR — international normalized ratio; LMWH — low-molecular weight heparin; MI — myocardial 
infarction; NT-proBNP — N-terminal pro-B-type natriuretic peptide; PCI — percutaneous coronary intervention; PT — prothrombin time;  
WBC — white blood cell
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presented in Figure 2. Comparison of patients with 
and without an increase in TR after the procedure 
is presented in Tables 1 and 2. In the present study, 
newly developed TR and/or TR progression was 
more often observed after implantations performed 
by operators in training than after procedures exe-
cuted by certified operators (35% vs. 12%, p = 0.02),  
as shown in Table 3. 

None of the patients had any PE before the 
procedure. PE after the procedure was observed in 
8 of 110 patients (7.3%) and only trivial (< 5 mm)  
amounts were found. Comparisons of patients with 
and without PE after the procedure is shown in 
Tables 4 and 5. Patients who developed PE after 
CIED implantation had lower baseline hemoglobin 
concentration. There was a tendency for women 
to develop PE more often.

No cases of pneumothorax nor other severe 
complications were observed early after CIED 
implantation in the study group.

Discussion

The preliminary results of the current study 
suggest that newly developed TR or worsening 
of TR early after CIED implantation was not very 
common (16% of patients) and was, in most cases, 
not hemodynamically significant (at least initially), 
as none of the patients developed severe TR and 
only 5 (4.5%) patients developed moderate TR. 
However, these observations were made early 
after CIED implantation, and it is difficult to pre-
dict further TR progression and its implications 
in long-term follow-up in these patients. Previous 

studies did not yield consistent results, mostly be-
cause they were retrospective analyses conducted 
in small patient cohorts, allowing only a rough 
estimation of post-implantation TR incidence. 
The present findings are similar to the results of  
a study by Rothschild et al. [15] on small popula-
tion (n = 36), where 6 (17%) patients developed an 
immediate increase in TR grade post-implantation, 
nevertheless, there was no progression to moder-
ate or severe TR in any of the patients. However, 
after a median of 113 days, Klutstein et al. [21] 
reported worsening of TR by more than 2 grades in 
18% of patients with pre-procedural TR described 
as less than moderate. On the contrary, Webster 
et al. [22] studied a population of 123 patients at  
a median age of 16 years at the time of RV-lead 
placement, and reported no TR worsening 8 months 
after implantation and only modest TR increase 
(from 1.54 to 1.69 on a scale from 0 to 4) after over  
2 years. The discrepancy in results between stud-
ies may be partially explained by different time 
frames of post-procedure TR evaluation, as me-
chanical component of lead-related TR worsening 
appears earlier than fibrosis and scarring of valve 
apparatus. In the present study, prevalence of new 
TR development/TR progression in patients after 
procedure differed between the operators and 
was higher after implantation performed by those 
less experienced. These findings suggest that the 
experience of the operator may have significant 
impact on developing TR regurgitation after the 
procedure.

Another risk factor for CIED-related TR 
might be the number of implanted leads. Postaci 

Figure 2. Pre- and post-interventional prevalence of tricuspid regurgitation (TR) in the study group.
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et al. [23] observed that 9% of 32 patients with 
one ventricular lead and 56% of 18 patients with 
two ventricular leads developed severe TR. In 
the current study, only the first CIED implanta-
tions are analyzed, and thus the study does not 
include patients with previously implanted ven-
tricular leads in whom a second ventricular lead 
(e.g. defibrillation lead) is placed. Al-Bawardy 
et al. [24] studied a group of 1596 patients who 
underwent CIED implantation, with a median 

follow-up of 10 months. Most patients (61%) had 
2 leads implanted, 20% had 3 leads implanted. The 
authors concluded that the type of cardiac device 
is not related to TR worsening. In contrast, Kim 
et al. [25] reported that TR worsening was more 
common after ICD than PPM implantation (32% 
vs. 21%, p = 0.048). In the present study, ICD 
implantation was not associated with elevated 
risk for TR worsening. Increasing the number 
of patients in the current study would have al-

Table 2. Comparison of patients with and without an increase in tricuspid regurgitation (TR) after  
cardiac device implantation — procedure-related variables.

Variable With an increase in TR  
(n = 17)

Without an increase in TR  
(n = 93)

P

Cardiac device type

DDD 71%; 12/17 51%; 47/93 0.19

VVI 12%; 2/17 28%; 26/93 0.23

ICD 18%; 3/17 19%; 18/93 1.00

CRT 0%; 0/17 2.2%; 2/93 1.00

Number of leads

1 29%; 5/17 42%; 39/93 0.42

2 71%; 12/17 56%; 52/93 0.30

3 0%; 0/17 2.2%; 2/93 1.00

Type/localization of lead

Atrial 71%; 12/17 58%; 54/93 0.42

Ventricular for stimulation 82%; 14/17 79%; 73/93 1.00

Ventricular for defibrillation 18%; 3/17 22%; 20/93 1.00

Manufacturer

Biotronik 65%; 11/17 51%; 47/93 0.50

Medtronic 35%; 6/17 32%; 30/93 0.80

St. Jude Medical 0%; 0/17 17%; 16/93 0.13

Operator 0.051

Operator no. 1 0%; 0/13* 100%; 13/13*

Operator no. 2 27%; 3/11* 73%; 8/11*

Operator no. 3 11%; 3/27* 89%; 24/27*

Operator no. 4 50%; 3/6* 50%; 3/6*

Operator no. 5 15%; 8/53* 85%; 45/53*

*Refers to the number of procedures performed by the given operator; DDD — dual-chamber pacemaker; CRT — cardiac resynchronization 
therapy; ICD — implantable cardioverter defibrillator; VVI — ventricular single-chamber pacemaker

Table 3. Changes in tricuspid regurgitation (TR) severity after procedures performed by certified opera-
tors and operators in training.

Post-procedural  
changes in TR

Certified operators* 
(93 procedures)

Operators in training** 
(17 procedures)

P

Increase in TR 12%; 11/93 35%; 6/17 0.02

No change in TR 70%; 65/93 65%; 11/17 0.78

Decrease in TR 18%; 17/93 0%; 0/17 0.07

*Operators 1, 3, and 5; **operators 2 and 4
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lowed establishing whether the number and type 
of implanted leads is related to the risk of TR 
development or worsening.

Some data suggest that the technique of echo-
cardiographic evaluation of post-procedural TR 
may also affect the results. In one retrospective 

Table 4. Comparison of patients with and without pericardial effusion after cardiac device implantation 
— clinical and laboratory variables. 

Variable With pericardial effusion  
(n = 8)

Without pericardial effusion  
(n = 102)

P

Age [years] 77.5 (68.0–83.0) 78.5 (68.8–84.0) 0.96

Female gender 75% 41% 0.08

BMI [kg/m2] 26.1 (24.8–34.1); n = 7 28.0 (24.0–30.8); n = 84 0.94

Comorbidities

Hypertension 75% 78% 1.00

Coronary artery disease 63% 35% 0.12

Previous MI 25% 18% 0.64

Prior PCI 25% 19% 0.65

Prior CABG 13% 6.9% 0.47

Heart failure 25% 46% 0.30

Atrial fibrillation: 50% 56% 1.00

Paroxysmal 38% 28% 0.69

Persistent 13% 4.9% 0.37

Permanent 0% 23% 0.20

Diabetes 13% 27% 0.68

Obesity 13% 33% 0.42

Hyperlipidemia 75% 67% 1.00

Current or former smoking 25% 33% 1.00

Pharmacotherapy

Anticoagulation: 63% 68% 1.00

Rivaroxaban 25% 20% 0.60

Dabigatran 13% 5.9% 0.36

Vitamin K antagonist 13% 20% 1.00

LMWH as bridging therapy 13% 33% 0.64

Single antiplatelet therapy 25% 26% 1.00

Dual antiplatelet therapy 13% 2.9% 0.26

Diuretics 75% 73% 1.00

Laboratory findings 

Hemoglobin [g/dL] 12.0 (11.7–12.8) 13.0 (12.1–14.1) 0.04

WBC count [103/mm3] 8.3 (6.3–10.1) 7.0 (5.9–8.3) 0.13

Platelets [103/mm3] 219 (169–272) 204 (151–243) 0.38

Serum creatinine [mg/dL] 1.17 (0.74–1.28) 1.10 (0.91–1.38) 0.53

eGFR [mL/min/1.73 m2] 52 (45–60) 57 (44–60) 0.80

CRP [mg/L] 5.6 (1.2–12.5) 2.3 (1.3–5.5); n = 92 0.34

NT-proBNP [pg/mL] 774 (430–5104); n = 7 1187 (559–2240); n = 71 0.97

INR 1.0 (0.99–1.1) 1.1 (1.0–1.2); n = 96 0.36

APTT [s] 30.4 (27.3–35.3); n = 7 31.0 (27.4–35.9); n = 90 0.86

APTT — activated partial thromboplastin time; BMI - body mass index; CABG — coronary artery bypass grafting; CRP — C-reactive protein; 
eGFR — estimated glomerular filtration rate; INR — international normalized ratio LMWH — low-molecular weight heparin; MI — myocardial 
infarction; NT-proBNP — N-terminal pro-B-type natriuretic peptide; PCI — percutaneous coronary intervention; PT — prothrombin time;  
WBC — white blood cell
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study, transthoracic compared to transesophageal 
echocardiography detected fewer lead-related TRs 
in patients after CIED implantation (22% vs. 45%) 
[26]. The importance of reliable TR diagnosis is 
related to unfavorable impact of hemodynami-
cally significant TR on prognosis, which results 
predominantly from its deleterious effects on RV 
dimensions and function. Other important clinical 
implications of significant TR include occurrence 
of rhythm disturbances such as atrial fibrillation 
and the need for chronic anticoagulation [27, 28].

In the present study, there was also a propor-
tion of patients with a decrease in TR severity 
after CIED implantation. This might be related to 
possible volume depletion in these patients (fasting 
before the procedure, possibly more intensive diu-
retic treatment), as functional TR is a dynamic dis-
ease, changing in response to variation in preload 
and afterload. Another possible explanation might 
be that echocardiographic visualization is usually 

impaired for a few days after CIED implantation 
due to edema of the subcutaneous tissue in left 
subclavicular region and the diminished range 
of left upper limb movement, which might result 
in an underestimation of the actual TR volume. 
Furthermore, lead-induced artifacts might have 
impaired proper assessment of TR.

Herein, consistent with previous publications, 
new post-implantation PE was a rare complication 
[18]. A trend towards higher risk of post-procedural 
PE in women was observed, which is in line with 
a study by Ohlow et al. [18], in which female gen-
der was associated with a higher incidence of any 
PE. The authors suggested this may be due to  
a thinner RV wall in women, related to a reduced 
extension of ventricular hypotrophy and lower RV 
pressure in women, as shown in population-based 
studies [21, 27]. Thinner RV walls could increase 
the risk of ventricular perforation in women [18]. 
In the same study by Ohlow et al. [18], patients 

Table 5. Comparison of patients with and without pericardial effusion after cardiac device implantation 
— procedure-related variables.

Variable With pericardial effusion  
(n = 8)

Without pericardial effusion  
(n = 102)

P

Cardiac device type

DDD 63%; 5/8 53%; 54/102 0.72

VVI 25%; 2/8 26%; 26/102 1.00

ICD 13%; 1/8 20%; 20/102 1.00

CRT 0%; 0/8 2.0%; 2/102 1.00

Number of leads

1 25%; 2/8 42%; 42/102 0.47

2 75%; 6/8 57%; 58/102 0.46

3 0%; 0/8 2.0%; 2/102 1.00

Type/localization of lead

Atrial 75%; 6/8 59%; 60/102 0.47

Ventricular for stimulation 88%; 7/8 78%; 80/102 0.70

Ventricular for defibrillation 13%; 1/8 22%; 22/102 0.70

Manufacturer

Biotronik 63%; 5/8 52%; 53/102 0.70

Medtronic 13%; 1/8 34%; 35/102 0.27

St. Jude Medical 25%; 2/8 14%; 14/102 0.35

Operator 0.52

Operator no. 1 0%; 0/13* 100%; 13/13*

Operator no. 2 0%; 0/11* 100%; 11/11*

Operator no. 3 11%; 3/27* 89%; 24/27*

Operator no. 4 17%; 1/6* 83%; 5/6*

Operator no. 5 7.5%; 4/53* 93%; 49/53*

*Refers to the number of procedures performed by the given operator; DDD — dual-chamber pacemaker; CRT — cardiac resynchronization 
therapy; ICD — implantable cardioverter defibrillator; VVI — ventricular single-chamber pacemaker
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developing PE after CIED implantation were more 
often on antiplatelet therapy than patients without 
PE after intervention. Tompkins et al. [29] dem-
onstrated that bleeding risk is significantly higher 
for patients on dual antiplatelet therapy undergo-
ing PPM or ICD implantation and slightly higher 
for patients receiving acetylsalicylic acid alone. In 
the present study, patients with post-procedural 
PE more often received dual antiplatelet therapy 
than patients without this complication, although 
this difference did not reach statistical significance. 
There was no significant difference in the preva-
lence of post-procedural PE between patients with 
and without single antiplatelet or anticoagulant 
treatment, however, this might be related to a 
relatively small sample size. Still, patients with 
PE had lower hemoglobin concentration at base-
line. In several previous studies, low hemoglobin 
concentration proved an independent predictor 
of bleeding, including bleeding complications 
after cardiac procedures [30, 31]. Importantly, in 
patients who did develop PE after implantation, 
only a trivial amount of fluid was observed, with 
no clinical consequences.

Limitations of the study
The present study has several limitations. 

First, it is a single-center study, including (thus far) 
a relatively small cohort of patients. However, the 
final number of patients in the study will exceed 
400. Secondly, as presented in Figure 1, a large 
number of patients after first CIED implantation 
were not eligible for inclusion, mainly due to 
missing data on pre-implantation echocardiogram. 
Thirdly, echocardiographic assessment is limited to 
the early post-implantation period, without long-
term follow-up. Lastly, this study is a retrospective 
analysis of medical records, and thus, allows only an 
approximate estimation of new post-implantation 
TR and PE incidence. 

Conclusions

Preliminary data suggests that CIED implanta-
tion may lead to early development or progression 
of TR in approximately 16% of patients, however, 
in most of them TR was not hemodynamically sig-
nificant. It seems that operator experience might 
be an important risk factor for TR development. PE 
occurred rarely after CIED implantation, and was, 
in all cases, trivial and lead to no clinical sequel. 
Increasing the number of patients in the on-going 
study will enable a more reliable assessment of 
the prevalence and the risk factors of those CIED 

implantation-related complications. Still, the most 
appropriate method to evaluate the true incidence 
of those complications would be to conduct a pro-
spective study.
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Abstract
Background: The study aimed to uncover the regulation mechanisms of diabetic cardiomyopathy 
(DCM) and provide novel prognostic biomarkers. 
Methods: The dataset GSE62203 downloaded from the Gene Expression Omnibus database was 
utilized in the present study. After pretreatment using the Affy package, differentially expressed genes 
(DEGs) were identified by the limma package, followed by functional enrichment analysis and pro-
tein–protein interaction (PPI) network analysis. Furthermore, module analysis was conducted using 
MCODE plug-in of Cytoscape, and functional enrichment analysis was also performed for genes in the 
modules. 
Results: A set of 560 DEGs were screened, mainly enriched in the metabolic process and cell cycle relat-
ed process. Hub nodes in the PPI network were LDHA (lactate dehydrogenase A), ALDOC (aldolase C,  
fructose-bisphosphate) and ABCE1 (ATP Binding Cassette Subfamily E Member 1), which were also 
highlighted in Module 1 or Module 2 and predominantly enriched in the processes of glycolysis and ribo-
some biogenesis. Additionally, LDHA were linked with ALDOC in the PPI network. Besides, activating 
transcription factor 4 (ATF4) was prominent in Module 3; while myosin heavy chain 6 (MYH6) was 
highlighted in Module 4 and was mainly involved in muscle cells related biological processes. 
Conclusions: Five potential biomarkers including LDHA, ALDOC, ABCE1, ATF4 and MYH6 were 
identified for DCM prognosis. (Cardiol J 2020; 27, 6: 807–816)
Key words: diabetic cardiomyopathy, expression profile, differential analysis, module 
analysis, glycolysis, ribosome biogenesis 

Introduction

Type 2 diabetes mellitus (T2DM) remains  
a life-threatening disease worldwide with in-
creasing incidence [1, 2]. The predominant cause 
of death for T2DM patients was cardiovascular 
disease [3]. The diabetic cardiomyopathy (DCM) 
has been recognized as ventricular dysfunction in 
the absence of hypertension and coronary artery 
disease, may increase the risk of developing heart 
failure [4]. Moreover, DCM has been defined as  
a primary disease progressing into a metabolic 
disturbance that was mainly due to the elevation of 

free fatty acid (FFA) and the alteration of glucose 
metabolism, and would change the myocardial 
structure and function [5, 6]. It was reported that 
the mortality of patients with DCM was 42%, and 
the ST-segment elevation myocardial infarction 
(STEMI) and non-STEMI mortality in diabetic 
patients were 72% and 67%, respectively [7]. Cur-
rently, there were no specific therapeutic interven-
tions for this predominant complication, except  
a paucity of proposed drugs such as eplerenone [8]. 
The understanding of mechanisms on DCM pro-
gression would facilitate finding novel targets for 
treatment of this disease. Several mechanisms in 
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charge of DCM were proposed. For instance, it was 
confirmed that FFA-mediated apoptosis, hypertro-
phy, and contractile dysfunction were the causative 
factors for DCM [6]. Oxidative stress was another 
major cause for the pathogenesis of DCM [9]. The 
overexpression of insulin like growth factor 1 was 
reported to act as an inhibitor in DCM develop-
ment [10]. A more recent study elaborated mo-
lecular mechanisms that contributed to functional 
alterations in the diabetic heart and consequently 
identified several crucial advanced glycation end 
products (AGEs), fibrosis related genes including 
poly (ADP-Ribose) polymerase 1 (PARP-1), Otsuka 
Long Evans Tokushima fatty (OLETF) and matrix 
metalloproteinases 2 (MMP-2), inflammatory cy-
tokines such as interleukin-1beta (IL-1b), IL-6, 
tumor necrosis factor-alpha (TNF-a) and trans-
forming growth factor beta1 (TGF-b1) and altered 
pathways like mitogen-activated protein kinase 
(MAPK signaling) and TGF-b signaling, as well 
as critical miRNAs (miR-143, miR-181, miR-103, 
miR-107 and miR-802) [11]. However, previous 
informative findings only partially elucidated the 
molecular mechanism involved in DCM, and future 
study for comprehensive illustrating the primary 
genes and the pathways for the prevention of DCM 
was needed. 

So far, the patient-specific induced pluripotent 
stem cells (iPSCs) model has been applied to mimic 
the DCM condition and dilated cardiomyopathy, 
to investigate therapeutic strategies or epige-
netic regulations in these diseases [12–14]. Among 
them, Drawnel et al. [13] used a patient-specific 
induced iPSC model to exhibit metabolic disorders 
during the progression of DCM and finally screened 
several remarkable molecular drugs such as W7 
(calmodulin), penitrem A (sodium and potassium 
channel blocker) and MCBQ (PDE5 inhibitors) for 
the prevention of DCM. Although several gene 
alterations such as the elevated MYL2, MYL4 
and PLN; and the decreased NPPA, NPPB and 
ACTA1 were validated, the interactions among 
them and their functions were not interpreted, and 
thus lacked evidence for the prediction of potent 
therapeutic targets. Therefore, the expression 
profile GSE62203 deposited by Drawnel et al. 
[13] was re-analyzed to identify critical genes 
by extensive bioinformatical methods including 
differential analysis, protein–protein interaction 
(PPI) network and module analysis. Based on the 
above analyses, the aim herein was to uncover 
the interrelated regulation mechanisms of DCM 
and provide novel biomarkers for detection and 
prevention of DCM. 

Methods

Gene expression data
A data set of the gene expression profile 

GSE62203 containing 4 treated samples (human 
iPS-derived CMs exposed to glucose, endothelin-1 
and cortisol for 2 days in vitro) and 4 untreated 
samples (vehicle-control treated) was utilized in 
this study, which was deposited by Drawnel et al. 
[13] in the public Gene Expression Omnibus (GEO, 
http://www.ncbi.nlm.nih.gov/geo) database. In the 
Drawnel study, CMs were derived from CDI-MRB 
iPSCs (cellular dynamics international [CDI]). 
After being cultured for 2 days with conditions 
of 37°C and 7% CO2, the plating medium for the 
CMs was changed for maturation medium (MM) 
for 3 days. After 3 days, the MM was exchanged 
for DM (MM+ glucose, endothelin and cortisol) 
for treated samples or MM+ vehicle control for 
untreated samples for another 2 days. Thus, the 
DCM condition was established. The platform for 
the expression profile was Affymetrix Human Ge-
nome U133 Plus 2.0 Array (Affymetrix Inc., Santa 
Clara, California, USA).

Data preprocessing and differential analysis
The Affy package in Bioconductor (http://www.

bioconductor.org/packages/release/bioc/html/affy.
html) [15] was employed to perform the pretreat-
ment. The raw data were subjected to background 
correction, quantile data normalization and probe 
summarization recruiting the robust multi-array aver-
age (RMA) algorithm [16]. After obtaining the gene 
expression matrix, differentially expressed genes 
(DEGs) between the 2 kinds of samples were selected 
based on a t-test using linear models for microarray 
data (limma, http://www.bioconductor.org/packages/ 
/release/bioc/html/limma.html) package of Bioconduc-
tor R [17]. The cut-off values for the DEGs identifica-
tion were p < 0.05 and |log2 fold change| > 0.5.

Functional enrichment analysis for the DEGs
To explore the altered biological process (BP) 

and pathways, the DEGs were mapped into gene 
ontology ([GO], http://www.geneontology. org/) 
and Kyoto Encyclopedia of Genes and Genomes 
([KEGG], http://www.genome.jp/kegg/pathway.
html) databases, using Database for Annotation, 
Visualization and Integration Discovery ([DAVID], 
http://david.abcc.Ncifcrf.gov/) online tool [18] with 
the Modified Fisher Exact test [19]. The p-value 
< 0.05 and the count (number of the genes) > 2 
were set as the threshold for significant BP terms 
and pathways. 
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Construction of PPI network
To further explore potential correlations from 

the protein level, which facilitated to illustrate the 
underlying molecular mechanisms, identified DEGs 
were mapped into the Search Tool for the Retrieval 
of Interacting Genes/Proteins ([STRING], http://
string-db.org/) database [20]. The PPI network 
of protein products of the genes was established, 
containing pairwise interactions with required 
confidence (combined score) > 0.4. A protein in 
the network was considered as a ‘node’ and the 
‘degree’ of a node referred to the interaction pair 
numbers of a protein. The degree was calculated 
for each node using connectivity degree analysis. 
The ‘hub’ node in the network was deemed as the 
node with high degrees.

Module analysis of the PPI network
Functional modules of the network was ex-

tracted using the MCODE [21] plug-in of Cytoscape 
software with default parameters (Degree Cutoff: 2,  
Node Score Cutoff: 0.2, K-Core: 2, Max. Depth: 
100) for selection. Subsequently, high scored mod-
ules with substantial nodes were further screened 
out for enrichment analysis, as described above.

Results

DEGs between treated and untreated samples
Based on the aforementioned criteria, a co-

hort of 560 DEGs was identified between the 
treated and untreated samples, consisting of 264 
up-regulated genes and 296 down-regulated genes 
(Supplementary material 1). 

BPs and pathways altered  
in the treated sample

After GO and KEGG enrichment analysis, 
the up-regulated DEGs were mainly enriched in 
metabolic BP terms such as generation of precur-
sor metabolites and energy (GO: 0006091), hexose 
metabolic process (GO: 0019318), monosaccharide 
metabolic process (GO: 0005996) and glucose 
metabolic process (GO: 0006006); and besides 
response to wounding (GO: 0009611); response 
to organic substance (GO: 0010033), regulation 
of cell proliferation (GO: 0042127); while the 
down-regulated DEGs were significantly enriched 
in the processes including positive regulation of 
macromolecule metabolic process (GO: 0010604), 
cellular response to stress (GO: 0033554), and the 
cell control related functions such as regulation 
of apoptosis (GO: 0042981), regulation of pro-
grammed cell death (GO:0043067), regulation of 

cell death (GO:0010941), cell cycle (GO:0007049) 
and positive regulation of cellular biosynthetic 
process (GO:0031328) (Table 1).

The over-represented pathways for the up-
regulated DEGs were glycometabolism and proteo-
metabolism related pathways including glycolysis/
gluconeogenesis (hsa00010), fructose and man-
nose metabolism (hsa00051), pentose phosphate 
pathway (hsa00030), starch and sucrose metabo-
lism (hsa00500), arginine and proline metabolism 
(hsa00330), cysteine and methionine metabolism 
(hsa00270); by contrast, the prominent ones for 
down-regulated DEGs were aminoacyl-tRNA 
biosynthesis (hsa00970) and arginine, and proline 
metabolism (hsa00330) (Table 2). 

The PPI network of the DEGs
By mapping the DEGs into the STRING data-

base, a PPI network was established, comprising 
of 317 nodes and 929 interactions. As revealed in  
Figure 1, the remarkable nodes with high degree  
(> 20) were GAPDH (degree = 49), FN1 (degree =  
= 30), LDHA (degree = 28), ENO1 (degree= 27), 
PGK1 (degree = 26), ABCE1 (degree = 25), SOD2  
(degree = 23), PKM (degree = 23), GOT1 (de- 
gree = 22), HK1 (degree = 22), TPI1 (degree = 21),  
GPI (degree = 21) and ALDOA (degree = 21).

Functional module network and the  
enrichment analysis for genes in the modules

According to module analysis of the PPI net-
work, four modules with a high score (> 3) were 
extracted from the PPI network. There were 
14 up-regulated nodes such as ALDOC, LDHA, 
PGK1 and TPI1 in Module 1 with a final score of 
12.923; and 10 nodes including ABCE1, GAR1 and 
FBL in Module 2 with a final score of 8.222. The 
Module 3 contained five down-regulated nodes as 
DDIF3, ATF4, CEBPG, CEBPB and HERPUD1 
and achieved a score of 4, while Module 4 consisted 
of 15 nodes such as CASQ2, CKMT2, IARS, CCT5, 
ACTA1, CKMT2 and MYH6 and had a score of 
3.857 (Fig. 2).

The BP functions of the genes (which encode 
proteins in the modules) in the four modules 
were further analyzed. As presented in Table 3, 
the over-represented BPs for genes in Module 1  
were predominantly correlated with the cata-
bolic process of various carbohydrates such as 
glycolysis (GO:0006096), glucose catabolic process 
(GO:0006007), monosaccharide catabolic pro-
cess (GO:0046365) and alcohol catabolic process 
(GO:0046164); while that for genes in Module 2 
were mainly related to ribosome biogenesis and 
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Table 1. Biological processes significantly affected by the DEGs in treated samples.  
(Top ten, ranked by gene numbers enriched in a specific process).

Category Term Description Count P

Up-regulated DEGs

BP GO:0006091 Generation of precursor metabolites and energy 28 1.37E-13

BP GO:0055114 Oxidation reduction 25 2.72E-05

BP GO:0009611 Response to wounding 24 3.98E-06

BP GO:0010033 Response to organic substance 23 1.07E-03

BP GO:0019318 Hexose metabolic process 22 8.75E-13

BP GO:0005996 Monosaccharide metabolic process 22 1.47E-11

BP GO:0042592 Homeostatic process 22 3.95E-03

BP GO:0006006 Glucose metabolic process 21 1.05E-13

BP GO:0042127 Regulation of cell proliferation 19 4.54E-02

BP GO:0044057 Regulation of system process 16 5.92E-05

Down-regulated DEGs

BP GO:0010604 Positive regulation of macromolecule metabolic process 22 1.20E-02

BP GO:0033554 Cellular response to stress 21 1.97E-04

BP GO:0042981 Regulation of apoptosis 20 2.32E-02

BP GO:0043067 Regulation of programmed cell death 20 2.54E-02

BP GO:0010941 Regulation of cell death 20 2.62E-02

BP GO:0009891 Positive regulation of biosynthetic process 19 1.17E-02

BP GO:0007049 Cell cycle 19 3.14E-02

BP GO:0006412 Translation 18 6.09E-06

BP GO:0006396 RNA processing 18 2.41E-03

BP GO:0031328 Positive regulation of cellular biosynthetic process 18 2.05E-02

DEG — differentially expressed genes; BP — biological process; GO — gene oncology; Count — gene numbers enriched in a specific BP term.

Table 2. Pathways significantly altered by the DEGs in treated samples.

Category Term Description Count P

Up-regulated DEGs

KEGG hsa00010 Glycolysis / Gluconeogenesis 15 3.66E-12

KEGG hsa00051 Fructose and mannose metabolism 6 4.49E-04

KEGG hsa00330 Arginine and proline metabolism 7 5.12E-04

KEGG hsa00500 Starch and sucrose metabolism 6 1.21E-03

KEGG hsa00030 Pentose phosphate pathway 5 1.25E-03

KEGG hsa04810 Regulation of actin cytoskeleton 12 2.84E-03

KEGG hsa04510 Focal adhesion 10 1.57E-02

KEGG hsa00270 Cysteine and methionine metabolism 4 2.77E-02

KEGG hsa05012 Parkinson’s disease 7 3.78E-02

KEGG hsa04610 Complement and coagulation cascades 5 4.46E-02

KEGG hsa05211 Renal cell carcinoma 5 4.67E-02

Down-regulated DEGs

KEGG hsa00970 Aminoacyl-tRNA biosynthesis 7 2.92E-05

KEGG hsa00330 Arginine and proline metabolism 4 4.56E-02

DEG — differentially expressed genes; KEGG — Kyoto Encyclopedia of Genes and Genomes; Count — gene numbers enriched in a specific 
biological process term
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Figure 1. Protein–protein interaction network of differentially expressed genes in iPS-derived cardiomyocytes treated 
by glucose, endothelin-1 and cortisol. Circles represent protein products of differentially expressed genes, and red 
denotes up-regulated, green denotes down-regulated; color depth indicates the significance of differential expressed 
genes.

Figure 2. Modules of the protein–protein interaction network. A. Module 1; B. Module 2; C. Module 3; D. Module 4.  
Circles represent protein products of differentially expressed genes, and red denotes up-regulated genes, green 
denotes down-regulated genes, as well as diamonds stand for hub nodes; color depth indicates the significance of 
differentially expressed genes.
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processing functions including ribosome biogen-
esis (GO:0042254), RNA processing (GO:0006396) 
and rRNA metabolic process (GO:0016072). Genes 
in the Module 3 were significantly correlated 

with the metabolic process involved in the cel-
lular biosynthesis such as positive regulation of 
nucleobase, nucleoside, nucleotide and nucleic 
acid metabolic process (GO:0045935), positive 

Table 3. Significantly enriched processes of genes in the module network.

Category Term Description Count P

Module 1

BP GO:0006096 Glycolysis 13 8.68E-30

BP GO:0006007 Glucose catabolic process 13 1.48E-28

BP GO:0019320 Hexose catabolic process 13 1.46E-27

BP GO:0046365 Monosaccharide catabolic process 13 2.12E-27

BP GO:0046164 Alcohol catabolic process 13 1.17E-26

BP GO:0044275 Cellular carbohydrate catabolic process 13 2.18E-26

BP GO:0016052 Carbohydrate catabolic process 13 5.18E-25

BP GO:0006006 Glucose metabolic process 13 3.64E-23

BP GO:0006091 Generation of precursor metabolites and energy 14 4.25E-22

BP GO:0019318 Hexose metabolic process 13 6.06E-22

Module 2

BP GO:0042254 Ribosome biogenesis 3 4.78E-04

BP GO:0022613 Ribonucleoprotein complex biogenesis 3 1.04E-03

BP GO:0006396 RNA processing 3 9.27E-03

BP GO:0006364 rRNA processing 2 2.69E-02

BP GO:0016072 rRNA metabolic process 2 2.81E-02

Module 3

BP GO:0034976 Response to endoplasmic reticulum stress 3 3.67E-05

BP GO:0045935 Positive regulation of nucleobase, nucleoside,  
nucleotide and nucleic acid metabolic process

4 3.77E-04

BP GO:0051173 Positive regulation of nitrogen compound metabolic process 4 4.14E-04

BP GO:0010557 Positive regulation of macromolecule biosynthetic process 4 4.34E-04

BP GO:0031328 Positive regulation of cellular biosynthetic process 4 4.98E-04

BP GO:0009891 Positive regulation of biosynthetic process 4 5.19E-04

BP GO:0042981 Regulation of apoptosis 4 8.00E-04

BP GO:0043067 Regulation of programmed cell death 4 8.23E-04

BP GO:0010941 Regulation of cell death 4 8.32E-04

BP GO:0010604 Positive regulation of macromolecule metabolic process 4 9.66E-04

Module 4

BP GO:0006936 Muscle contraction 5 1.44E-05

BP GO:0003012 Muscle system process 5 2.08E-05

BP GO:0030239 Myofibril assembly 3 2.07E-04

BP GO:0031032 Actomyosin structure organization 3 3.70E-04

BP GO:0010927 Cellular component assembly involved in morphogenesis 3 6.14E-04

BP GO:0006418 tRNA aminoacylation for protein translation 3 1.00E-03

BP GO:0043039 tRNA aminoacylation 3 1.00E-03

BP GO:0043038 Amino acid activation 3 1.00E-03

BP GO:0055002 Striated muscle cell development 3 1.28E-03

BP GO:0055001 Muscle cell development 3 1.48E-03

BP — biological process; GO — gene oncology; Count — gene numbers enriched in a specific BP term
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regulation of nitrogen compound metabolic pro-
cess (GO:0051173), positive regulation of cellular 
biosynthetic process (GO:0031328); and besides 
the cell control related BPs including regulation 
of apoptosis (GO:0042981) and regulation of pro-
grammed cell death (GO:0043067); whereas the 
prominent BPs for the genes in the Module 4 were 
involved in the processes relating to muscle cells 
such as muscle contraction (GO:0006936), muscle 
system process (GO:0003012) and muscle cell 
development (GO:0055001). 

Discussion

The DCM is defined as ventricular dysfunction 
that occurs in diabetic patients [22] and the iPSC 
model was applied to detect the metabolic altera-
tions and screen potential genes and molecular 
drugs [13, 23]. In the present study, the expres-
sion profile GSE62203 was utilized to conduct  
a series of bioinformatic analyses and as a result, 
identify a cohort of 560 DEGs between treated 
and untreated samples. The hub nodes in the PPI 
network were LDHA, ALDOC and ABCE1, which 
were also highlighted in Module 1 or Module 2 
and predominantly enriched in the glycolysis and 
ribosome biogenesis. Besides, ATF4 was promi-
nent in Module 3; while MYH6 was highlighted 
in Module 4 which was mainly involved in muscle 
cells related BPs.

The LDHA (lactate dehydrogenase A) is one 
of the subunits of LDH which play significant 
roles in the final step of anaerobic glycolysis by 
interconversion of pyruvate and lactate using 
NADH/NAD+ as a co-substrate to allow continu-
ous energy production [24]. It was reported that 
overexpression of LDHA activity may influence 
normal glucose metabolism and insulin secretion 
in the islet beta-cell type, and also result in insulin 
secretory defects in some forms of T2DM [25, 26]. 
In addition, the overexpression of LDHA activity 
might increase the lactate level and lactate–pyru-
vate interconversion rates in diabetes patients [27]. 
Similarly, the increased level of LDH was observed 
in the diabetic group, while luteolin exerted a pro-
tective effect against DCM by reducing the content 
of LDH in serum [28]. Hypoxia-inducible factor 
(HIF)-1, was a crucial transcription factor in brain 
ischemic pre-conditioning [29] and the expression 
of HIF-1a was decreased by a diabetic environment 
[30]. Partial deficiency of HIF-1a was proposed to 
increase the risk of DCM, and interestingly, LDHA 
was one of the target genes of HIF-1 that is in-
volved in glucose metabolism and was upregulated 

in the HIF-1a heterozygous-null mutants [31]. In 
the present study, LDHA was the striking node in 
both PPI network and Module 1, and significantly 
enriched in glycolysis, giving potent evidence that 
LDHA might emerge as a central regulator in the 
progression of DCM via disturbing the glycolysis 
process.

ALDOC (aldolase C, fructose-bisphosphate) 
encodes a member of the class I fructose-biphos-
phate aldolase family gene, which acts as a catalyst 
that catalyzes the reversible aldol cleavage of 
fructose-1,6-biphosphate and fructose 1-phos-
phate to dihydroxyacetone phosphate and either 
glyceraldehyde-3-phosphate or glyceraldehyde, 
respectively in the glycolysis process [32]. In-
creased glucose was one hallmark of diabetes 
mellitus (DM) and ALDOC was one of the enzymes 
that promoted glycolysis and was induced by the 
elevated glucose [33]. Then, the up-regulated  
ALDOC was a positive correlation with the in-
crease of FFA in plasma which might impair insulin 
secretion to develop T2DM [34, 35]. Additionally, 
ALDOC was up-regulated in the heart tissue in  
a rodent model of myocardial I/R injury [36]. 
Though no direct evidence existed that ALDOC and 
LDHA were interplayed with regard to diabetes or 
cardiomyopathy, it was indicated that ALDOC and 
LDHA were both up-regulated in a cervical cancer 
cell line of paclitaxel-resistant HeLa sublines [37]. 
On the other hand, DM was tightly related to the 
risk of various cancers including cervical cancer 
[38]. Notably, ALDOC and LDHA were both linked 
to HIF-1, which was associated with the risk of 
DCM as mentioned above [31]. These findings 
collectively suggested that the interacted ALDOC 
and LDHA might be involved in the regulation of 
the glycolysis process during DCM progression, 
as predicted by the current module analysis and 
enrichment analysis. However, more validations 
are needed to confirm the regulatory relationship 
between the two genes.

The ABCE1 encoded ATP Binding Cassette 
Subfamily E Member 1 which belongs to a fam-
ily member of the ATP-binding cassette (ABC) 
transporters and is primarily known as RNase L 
inhibitor (RLI) [39]. Zeng et al. [40] had indicated 
that RNase L activation was responsible for type I  
diabetes, and it was also suggested that the in-
creased expression of RNase L or down-regulated 
of its inhibitor (RLI) might enhance the insulin 
response in muscle cells of obese people [41]. 
Additionally, further studies demonstrated that 
the mutation of ABCB and gene polymorphisms 
of ABCG8 and ABCG5 have been linked to T2DM 
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[42, 43]. Moreover, ABC transporters are energy-
dependent when transporting various molecules 
across the biological membranes, while HF is the 
consequence of insufficient energy supplement of 
the cardiac pump. Therefore, it was hypothesized 
that the expression alterations of ABC transporters 
occurred during human HF [44, 45]. Due to ABCE1 
is a member of ABC transporters, and the present 
results indicated that the ABCE1 was a prominent 
down-regulated node in Module 2. Thus, it was 
predicted that the defective ABCE1 might have  
a significant influence on the progression of DCM. 
However, there is no direct evidence to prove that 
ABCE1 had interplayed with DCM, and it still 
needs further validation to confirm the relationship 
between the ABCE1 and DCM.

The endoplasmic reticulum (ER) is a cell 
system consisting of the lipid synthesis, calcium 
homeostasis, protein folding, and maturation. The 
ER stress has been reported in the development 
of DCM [47, 48]. Moreover, it has been confirmed 
that ER-triggered apoptosis would contribute to 
the pathology of DCM [49]. Activating transcrip-
tion factor 4 (ATF4) is a DNA binding protein. 
The glucagon-like peptide-1 analog liraglutide 
(LIRA) was confirmed to protect against DCM by 
inactivating the ER stress pathway, meanwhile 
the expression of ATF4 was decreased with the 
treatment of LIRA [50], implying that ATF4 might 
play significant roles in the progression of DCM, 
as predicted in the present result that ATF4 was  
a prominent node in Module 3. 

The cardiac muscle myosin MYH6 was de-
creased in type 2 Zucker diabetic fatty rats [51]. 
Strikingly, MYH6 was diminished under the hy-
pertrophic stress (DM-treated with CMs) [13] and 
was considered a cardiac marker by fluorescent 
immunostaining [52]. The current results indicated 
that MYH6 was highlighted in Module 4 and cor-
related with muscle cells related BPs, suggesting 
that MYH6 might also be used as a biomarker for 
the prognosis of DCM. 

Conclusions

In conclusion, five potential biomarkers in-
cluding LDHA, ALDOC, ABCE1, ATF4 and MYH6 
were identified for DCM prognosis. During DCM 
progression, LDHA and ALDOC might have in-
terplayed and play significant roles via regulation 
of the glycolysis process. However, these find-
ings need to be further confirmed via extensive 
validation.
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Abstract
Background: Late failure of arterial aortocoronary conduits may result from abnormal activity of cells 
found in the vessel wall, including macrophages. The purpose of this study was to assess if there are 
any associations between the number of macrophages and overexpression of matrix metalloproteinases 
(MMPs) in the wall of arterial grafts, as well as their clinical significance.
Methods: This study involved 128 consecutive patients with a mean age of 64.9 ± 9.7 years who un-
derwent elective surgery for coronary artery disease (CAD). The surplus segments of internal thoracic 
artery (ITA) and radial arteries (RA) were taken for immunohistochemical analysis of macrophage 
numbers and MMPs expression. The participants who reached the clinical primary end-point (cardiac-
related death, acute coronary syndrome or progression of CAD) had a follow-up angiography.
Results: The mean numbers of macrophages were higher on RA (70 [24; 112]) than ITA cross-sections 
(44 [24; 59]; p < 0.001). Median expression of both MMP2 and MMP9 were stronger in the ITA than 
RA cross-sections (p < 0.001). A significant positive correlation of MMP2 expression and a number  
of macrophages infiltrating the tunica media of arterial segments were noted on both ITA and RA  
cross-sections. In addition, the arterial segments of the 6 patients who reached clinical end-point had 
higher numbers of macrophages and stronger MMP2 expression when compared to the rest of the par-
ticipants. 
Conclusions: Macrophage infiltration of arterial wall grafts prior to harvesting may be associated 
with higher risk of late occlusion and MMP2 might be facilitating this process. (Cardiol J 2020; 27, 6: 
817–824)
Key words: coronary artery bypass grafting, arterial aortocoronary grafts, macrophage, 
matrix metalloproteinase, outcomes
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Introduction

Coronary artery bypass grafting (CABG) is  
a method of choice in treating patients with severe 
coronary artery disease (CAD) [1]. Late adverse 
outcomes of CABG are determined by durability 
of aortocoronary conduits as well as progression of 
atherosclerosis in the native coronary arteries [2, 
3]. Due to excellent long-term patency in follow up, 
the left internal thoracic artery (LITA) implanted 
in the left anterior descending artery (LAD) has 
been the gold standard in cardiac surgery for many 
years [4]. The angiographic and clinical results of 
the other arteries or veins as a second graft in 
CABG patients shows a lower efficacy than inter-
nal thoracic artery (ITA) [5, 6]. According to the 
findings of ultrastructural studies, ITA differs from 
other vessels, not only in morphological terms but 
also in physiological features, these features make 
it an exceptional vessel with intrinsic resistance to 
atherosclerotic degeneration [7]. 

One of the many theories suggests that, an 
imbalance in local hemostasis between matrix 
metalloproteinases (MMPs) and locally released 
inhibitors, so called tissue inhibitor of metallopro-
teinases (TIMPs) leads to many pathologies in the 
vessel wall. In particular, MMP2 and MMP9 known 
as gelatinase-A and gelatinase-B, respectively, 
were shown to play an important role in the rupture 
of atherosclerotic plaques (leading to stroke or 
acute coronary syndrome), acute aortic dissection 
and leg venous ulcers [8–11]. Moreover, reduced 
production of macrophage-derived gelatinases was 
found to be associated with a significant decrease 
in plaque area and inhibition of cerebral aneurysm 
formation in animal experimental models [12, 
13]. Although MMPs are expressed in almost all 
tissues of the human body, their synthesis takes 
place predominantly in macrophages, endothelial 
cells and smooth muscle cells [14].

Recent studies have demonstrated that infiltra-
tion of the coronary arteries’ walls by macrophages 
is one of the fundamental step in the development 
of atherosclerosis [15]. Additionally, the presence 
of CD68+ cells (not yet developed into foam cells) 
in the intima of the grafted saphenous veins were 
shown to serve as one of the earliest markers for 
detection of graft occlusion [16]. 

In light of the above discussion, it was decided 
to evaluate the association between macrophage in-
filtration and overexpression of MMPs in the walls 
of arteries applied routinely as aortocoronary con-
duits. The aim will be to eventually determine any 
potential clinical significance of this phenomenon. 

Methods

This study involved 128 consecutive patients 
(100 men and 28 women) with a mean age of 64.9 ±  
± 9.7 years (ranged 42 through 86) who underwent 
elective isolated CABG procedures in one cardiac 
surgical center in the years 2009–2011. Patients 
were qualified for surgery on the basis of coronary 
angiography.  Basic preoperative data are presented 
in Table 1. 

The study protocol was approved by the Lo-
cal Bioethical Committee (No. 1201/08) and each 
patient provided informed written consent for 
participation in the study.

Biological material obtaining  
and preparation

During CABG procedures, surplus segments 
of vessels used as aortocoronary grafts were taken 
for ultrastructural studies. In all cases, the most 
distal excess segments of at least one centimeter 
in length were harvested. Both arteries were 
dissected free as pedicled grafts. Radial arteries 
(RA) were obtained from a full skin incision over 
its entire course. To minimize possible damage to 
the vessels, surgeons avoided: touching (no-touch 
technique), excessive manipulation, dilatation, and 
using high-energy electrocautery. Ultimately 174 
segments of vessels, including 128 ITA and 46 RA 
were saved for histological analysis.

Segments of obtained vessels that passed 
intraoperative macroscopic inspection for any ab-

Table 1. Basic preoperative data of examined 
patients.

Variables N = 128

Age [years] 64.9 ± 9.7

Obesity (BMI > 30) 52 (40.6%)

Arterial hypertension 83 (64.8%)

Diabetes mellitus treated with insulin 33 (25.8%)

Hyperlipidemia 54 (42.2%)

Neurological events* 11 (8.6%)

Peripheral vascular disease 30 (23.4%)

Chronic obstructive disease 17 (13.3%)

Renal failure** 14 (10.9%)

Active smoking*** 63 (49.2%)

Continuous variables are presented as mean ± standard deviation, 
whereas categorical values are presented as the numbers (percent-
ages). *They refer to both strokes and transient ischemic attacks; 
**When estimated glomerular filtration rate was below 60 mL/ 
/min/1.73 m2; ***The term “active smokers” comprises active 
smokers and individuals who had given up smoking within 1 year 
prior to surgery; BMI — body mass index
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normalities were carefully rinsed with 0.9% NaCl at 
room temperature, slightly dilated, then immersed 
and fixed in freshly prepared Bouin’s solution. The 
remaining preparatory steps for light microscope 
examination were described in detail in a previous 
paper [16]. All immunohistochemical analyses uti-
lized the Dako REAL EnVision Detection System, 
Peroxidase/DAB, Rabbit/Mouse, K5007 (Dako, Co-
penhagen, Denmark) and were prepared according 
to standard procedure [16]. The following mouse 
monoclonal antibodies: anti-MMP2 (dilution 1:50; 
NB200-114), anti-MMP9 (dilution 1:250; NB100-
78556, both Novus Biologicals, Littleton, United 
States), and anti-CD68 antibody (dilution 1:100, 
M0814, Dako) were used. Additionally, an eliminat-
ing assay with the following specific antibodies for 
lymphocyte subpopulations such as anti-CD20cy 
(1:400 dilution, M0755, Dako), anti-CD3 (1:50 
dilution, M7254, Dako), anti-CD8 (1:100 dilu-
tion, M7103, Dako) and anti-CD30 (1:40 dilution, 
M0751, Dako) was carried out [17]. The peroxidase 
reaction was developed using diaminobenzidine. 

Immunohistochemical analysis
Transverse sections of the arteries were 

observed and analyzed under a brightfield micro-
scope-Olympus BX 50 (OLYMPUS Optical Europe, 
Germany) equipped with a Mirax-Midi scanner 
(Carl Zeiss Microimaging GmbH, Germany), cou-
pled with a Panoramic Viewer, version 1.15.4, 
software (3DHISTECH Ltd., Budapest, Hungary).

The expression of CD68+ cells (a macrophage 
specific protein) were analyzed throughout the 
grafted vessel wall, followed by the inspection of 
specific sections such as; the tunica intima, the tu-
nica media and the tunica adventitia. The intensity of 
cytoplasmic expression of the MMPs was assessed 
by applying the semi-quantitative immunoreactive 
score (IRS) scale according to Remmele and Stegner 
[18]. This method takes into account the percentage 
of positive cells (scale from 0 to 4), and intensity of 
the color reaction (scale from 0 to 3), to produce  
a final score ranging from 0 to 12, encapsulating 
points given for individual traits. According to IRS, 
the expression of the cytoplasmic proteins is classi-
fied as negative (IRS 0–1), weak (IRS 2–3), moderate 
(IRS 4–6) or strong (IRS 8–12). 

For every segment analyzed, at least 8 to 10 
representative sections were considered in making 
data more reliable. Immunohistochemical evalua-
tion of protein expression was carried out by two 
experienced histologists, through blind sample 
analysis, based on encoded numbers correspond-
ing with the basic rules of positive and negative 

control. The negative controls were carried out in 
an identical way  to the experimental sample, with 
the exclusion of primary antibody being replaced 
with normal mouse serum. 

Postoperative outcomes
All patients after discharge were system-

atically treated in the outpatient clinic. Special 
attention was paid to control CAD symptoms. If 
participants reached the clinical study primary end-
point, defined as cardiac-related death, acute coro-
nary syndrome or necessity to carry out coronary 
angiography due to progression of angina according 
to Canadian Cardiovascular Society (CCS) scale,  
a follow-up angiography was performed.

Data management and statistical analysis

The Shapiro-Wilk W test for normality was 
performed for all continuous variables. These nor-
mally distributed data were presented as a mean 
and standard deviation. Data that did not satisfy 
the criteria of normal distribution was expressed 
as a median with the 25th and 75th percentiles, 
which was compared with the Mann-Whitney U 
test. Similarly, categorical variables (IRS scale) 
were presented as medians with the 25th and 75th 
percentiles. Both types of variables were compared 
with the non-parametric Mann-Whitney U test. 
Dychotomic data are presented as numbers (n) and 
percentages (%). The correlation between the find-
ings of MMPs expression and CD68+ cells on the 
arterial sections were tested using the Spearman R  
correlation method. The correlation was defined 
as ‘very strong’ when R was between 0.8 and 1.0 
(or –0.8 and –1.0), ‘strong’ between 0.6 and 0.8, or 
moderate between 0.4 and 0.6.

A p value below 0.05 was considered statisti-
cally significant. These statistical analyses were 
carried out using the Statistica 10.0 Package for 
Windows (StatSoft, Inc., Tulsa, OK, USA).

Results

CD68+ cells
The mean number of CD68+ cells were higher 

on RA (70 [24; 112]) than ITA (44 [24; 59]) cross-
sections (p < 0.001). A detailed analysis to visu-
alize the presence of these cells in both arteries 
showed a higher number of CD68+ cells in both 
the tunica media and tunica adventitia, while 
comparable in the tunica intima (Table 2). In both 
types of arteries, approximately 70% of CD68+ 
cells were found in the tunica adventitia (Fig. 1); 
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Table 2. CD68+ cell counts and matrix metalloproteinases (MMPs) expressions on arterial cross-sections.

CD68+ cells* Tunica intima Tunica media Tunica adventitia TN or ME#

ITA (n = 128) 5 (3,12) 4 (2, 10) 28 (17, 44) 44 (24, 59)

RA (n = 46) 4 (2,13) 12 (5, 16) 46 (20, 84) 70 (24, 112)

P** 0.739 < 0.001 < 0.001 < 0.001

MMP2***

ITA (n = 128) 1 (0, 2) 2 (0, 2) 1 (0, 2) 1 (0, 2)

RA (n = 46) 4 (2, 4) 4 (4, 6) 2 (1, 2) 4 (2, 4)

P < 0.001 < 0.001 < 0.001 < 0.001

MMP9

ITA (n = 128) 2 (1, 2) 2 (2, 4) 1 (1, 2) 2 (1, 4)

RA (n = 46) 3 (2, 4) 6 (4, 6) 2 (1, 2) 3 (2, 4)

P < 0.001 < 0.001 0.010 0.004

*Cell counts are expressed as median (25th percentile, 75th percentile); **ITA vs. RA; ***MMPs expressions are expressed as median (25th 
percentile, 75th percentile) of IRS points; #Total number (TN) refers to CD68+ cells whereas median expression (ME) to MMPs; ITA — internal 
thoracic artery; RA — radial artery

Figure 1. CD68+ cells on the radial artery cross-section. 
A radial artery segment was harvested from a 55-year-
-old man with triple-vessel disease. CD68+ cells were 
found predominantly in the tunica adventitia and outer 
layers of the tunica media.

Figure 2. A rate of arterial cross-sections with different 
immunoreactive score (IRS) of matrix metalloprotein-
ase (MMPs) expressions. More cross-sections of radial 
artery (RA) as compared to internal thoracic artery (ITA) 
presented higher IRS for both MMP2 and MMP9 immu-
nostaining; *a number of cross-sections with a given  
IRS; #ITA vs. RA.

Table 3. Correlations between matrix metalloproteinase 2 (MMP2) expression and CD68+ cells on 
cross-sections of arterial grafts.

Number of CD68+ cells Tunica intima Tunica media Tunica adventitia Total number

MMP2 (ITA) NS* r = 0.409; p = 0.034 NS r = 0.426; p = 0.029

MMP2 (RA) NS r = 0.429; p = 0.001 NS r = 0.467; p = 0.006

*NS when r index was below 0.400 and p value did not exceed 0.05; ITA — internal thoracic artery; RA — radial artery; NS — non-significant
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of note, these cells were mainly found adjacent to 
the vasa vasorum. 

Gelatinases expression
Median expressions of MMP2 using Rem-

mele scale (IRS) for ITA and RA cross-sections 
were minimal (1 [0, 2]) and moderate (4 [2, 4]), 
respectively (p < 0.001). The same differences 
were seen in all layers of the arteries (Table 3). No 
expression of MMP2 (IRS 0–1 points) was noticed 
in the majority of ITA (81/128) while in less than 
15% of RA (6/26) segments (Fig. 2). Similar marked 
differences were detected for tissue expression of 
MMP9 (Table 2, Figs. 2 and 3).

Correlation between number of CD68+ 
cells and gelatinases expression

A significant positive correlation was noted be-
tween the total number of CD68+ cells and MMP2 

expression in both ITA and RA cross-sections, as 
well as its presence in the tunica media of both 
arteries (Table 3; Fig. 4). No such correlation was 
observed between macrophage infiltration and im-
munostaining for MMP9. 

Long-term outcomes  
and histological findings

Based on the findings of adverse late out-
comes of CABG, 25 out of 128 patients reached the 
primary clinical end-point. From these, coronary 
angiography of 6 patients revealed an underlying 
progression of CAD of the native arteries (not ad-
dressed during primary surgery), was responsible 
for their clinical deterioration. The rest of the 
remaining patients (n = 19), significant occluding 
lesions were visualized; predominantly in venous 
grafts (n = 17) followed by RA (n = 4) and in only 
two cases of ITA segments.

Figure 3. Immunoexpression of matrix metalloproteinase (MMPs) on the arterial cross-sections. The surplus arterial 
segments were obtained from 72-year-old man with two-vessel disease (severe stenosis in the left anterior descend-
ing artery and chronic totally occluded right coronary artery). Tissue expressions of MMP2 (A) and MMP9 (B) in the 
tunica media (Med) of radial artery (RA) cross-sections were found to be much stronger than in internal thoracic artery 
wall; C. MMP2; D. MMP9. On the RA sections, MMPs-positive cells were also seen in the wall of vasa vasorum (ar-
rows); Adv — tunica adventitia; Int — tunica intima.
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Due to a small number of arterial conduits with 
significant lesions, no reliable statistical analysis 
was possible. However, all detailed results of 
histological assessment and calculations are sum-
marized in Table 4. In all cases reaching the study 
clinical end-point, arterial segments before their 
implantation had more CD68+ cells infiltrating the 
wall accompanied by higher MMPs expressions 
than median values for a whole group. Additionally, 
CD68+ cells were localized closer to inner layers 
of the vessels since their rate in tunica adventitia 
(44.3% to 56.7%) was lower than in the rest of 
arterial cross-sections (approximately 70%).

Discussion

The first finding of the present study showed 
that the total number of CD68+ cells was higher 
in RA than ITA walls. It is highly likely that these 
cells were macrophages since an eliminating as-
say was applied. Previous research has found that 
macrophages participate actively in early stages of 

vessel wall degeneration, including trans-differen-
tiation, proliferation, microcalcification and migra-
tion of vascular smooth muscle cells [18, 19]. Con-
sequently, it is thought that RA conduits composed 
of a larger percentage of macrophages in the wall 
prior to their implantation into the coronary arter-
ies are more prone to atherosclerotic degeneration 
and eventually graft failure. It has been shown in 
the past, arterial grafts have better long-term prog-
nosis than saphenous vein grafts used for CABG [3, 
4]. However, the current study confirmed that even 
arterial aortocoronary conduits, with pre-existing 
infiltration by CD68+ should be considered a risk 
factor of failure in a late follow-up period. It should 
be stressed again, all conduits which were closed 
or severely stenotic in the follow-up examination 
had a higher mean number of macrophages than 
the mean number in the whole group of examined 
conduits. However, due to a relatively small num-
ber of failed grafts, reliable statistical analysis was 
not possible. Impressively, the rate of medial and 
intimal macrophages in these grafts did increase 

Figure 4. Correlation between matrix metalloproteinase 2 (MMP2) expression and number of CD68+ cells. Moderate 
correlations were found between median of MMP2 expression and a total number of CD68+ cells. Of note, MMP2 
tissue expression was usually higher on the radial artery (A) than on the internal thoracic artery (B) sections. 
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Table 4. Number of CD68+ cells and matrix metalloproteinase (MMPs) expression in patients with  
occluded aortocoronary grafts.

CD68+ 
Total [n]

CD68+ 
Int [n]

CD68+ 
Med [n]

CD68+ 
Adv [n]

MMP2 
[IRS]

MMP9 
[IRS]

ITA 1 49 11 14 24 4 3

ITA 2 62 12 20 30 6 2

RA 1 74 10 27 37 4 4

RA 2 85 14 22 49 6 6

RA 3 72 12 19 41 6 4

RA 4 115 22 31 51 6 4

Adv — tunica adventitia; Int — tunica intima; IRS — immunoreactive score; ITA — internal thoracic artery; Med — tunica media; RA — radial 
artery
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from about 30% to approximately 50%. Currently, 
this study is unable to explain if this phenomenon 
has any significance, nonetheless it was convinc-
ing that this finding warrants further research by 
applying more sophisticated scientific tools such 
as transmission electron microscopy. 

Macrophages may infiltrate the vessel wall 
from the lumen or from the adventitial vasa vaso-
rum. Current evidence suggests that the latter 
microvessels do not penetrate arterial walls, thus 
making it a preferred vessel compared to veins 
[20]. Concurrently, contrary to RA, internal elastic 
lamina is a tight structure in ITA, physiologically 
making it non-permeable [21]. This fact could 
be a possible explanation for differences seen in 
macrophage representation in the tunica media of 
both arteries. The harvested ITA conduits, which 
failed within post-discharge period could be due 
to pre-existing negative microstructural changes 
such as disruption of internal elastic lamina, which 
allowed a high number of CD68+ cells to penetrate 
through this layer. Once again, a more detailed, 
higher resolution histological study should be car-
ried out to confirm such a brave hypothesis.

The next finding of possible clinical signifi-
cance was a marked higher expression of MMP2 
and MMP9 in the RA than ITA segments. Both 
MMPs produced by macrophages, with unique 
abilities to degrade elastin and collagen (the main 
components of extracellular matrix), are of para-
mount importance in many pathological processes, 
including atherosclerosis development and nega-
tive remodeling of venous graft applied extensively 
in CABG procedures [22]. Turner et al. [23] showed 
selective gene silencing of either MMP2 or MMP9 
markedly reduced the invasive capacity of cul-
tured human saphenous vein-smooth muscle cells 
(SMC), indicating that these MMPs played distinct 
non-overlapping roles in venous SMC invasion in 
vitro. Although on a very limited number of ves-
sels, it was shown that some patients developed 
significant stenosis in graft within the follow-up 
period. This might be due to abnormally increased 
tissue activity of MMPs, which may also impact the 
outcome of arterial aortocoronary grafts. Stronger 
immunoreactivity for MMPs on the RA than ITA 
cross-sections should be considered as the next 
scientific proof that the latter is less prone to nega-
tive remodeling, leading to graft failure.

A positive correlation between a number of 
CD68+ cells in the whole wall (also in the tunica 
media) and tissue MMP2 expression was found. 
However, comparing histological views of CD68+ 
cells distribution and MMPs immunoreactivity on 

the vessel cross-sections, it is not possible that 
MMPs-positive areas were covered exclusively by 
macrophages. It can be suggested that CD68+ cells 
did stimulate SMCs to produce and release MMPs.

Limitations of the study 
There are limitations in this study. Immuno-

histological assessment of the protein expression 
was carried out before implantation into aortoc-
oronary circulation. Ideally, such analysis would 
be performed on the grafts explanted after a given 
period of time. It is possible to carry out such stud-
ies, but only in experimental animal models. Tissue 
expression was assessed on a base of immunohis-
tochemistry. Although this method is accepted as 
a scientific tool to evaluate protein expressions, it 
is qualitative rather than quantitative one. While 
the Remmele scale applied improves quality of the 
analysis, experience of research remains manda-
tory. Histologists involved in this project may 
legitimate their expertise with many previous 
peer-reviewed publications [22, 24]. 

Conclusions

Infiltration of the walls of arterial aortoc-
oronary conduits by CD68+ cells before their 
intraoperative application may be associated with 
higher risk of late graft occlusion. MMP2 might 
play a mediatory role in this process, with a greater 
increase seen in RA than ITA. Moreover, measur-
ing of MMP location by immunohistochemistry 
is not sufficient to accurately estimate protein 
activity. Although gel zymography was proposed as  
a method of highly sensitive detection of gelati-
nases activity that enabled distinguishing between 
their active and zymogen forms, but getting reli-
able quantitative data with this technique was still 
challenging [25, 26].
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Abstract
Wire-based fractional flow reserve (FFR) is a diagnostic tool used to evaluate the ischemic burden of 
coronary lesions. Large-scale studies have shown that FFR-guided revascularization is associated with 
better clinical outcomes. However, wide adoption of this technology is limited due to the considerable 
cost, additional time needed for set-up and performance of the measurement as well as the invasiveness 
of the procedure which requires pressure wire placement across the lesion into the distal segment of the 
coronary artery. To overcome these limitations new, promising, and less-/non-invasive methods were 
developed. These methods are based on computational fluid dynamics analysis and three-dimensional 
lumen reconstruction. The aim of this paper is to review scientific evidence supporting the clinical safety 
and efficacy of these techniques, such as instantaneous wave-free ratio, quantitative flow ratio and FFR 
calculated from computed tomographic angiography. (Cardiol J 2020; 27, 6: 825–835)
Key words: coronary angiography, quantitative flow ratio, computational fluid  
dynamics, fractional flow reserve

Introduction

Coronary artery disease (CAD) is one of the 
main causes of morbidity and mortality in devel-
oped countries [1, 2]. Coronary angiography re-
mains the gold standard for the diagnosis of CAD, 
however, its ability to differentiate ischemic from 
non-ischemic lesions is limited. In this respect, 
fractional flow reserve (FFR), which takes into 
consideration the functional severity of coronary 
stenosis, outperforms the traditional diagnostic 
approach, based solely on morphometric assess-
ment [3, 4]. Unfortunately, the adoption of FFR in 
everyday clinical practice is slow and is utilized in 
only a minority of centers [5, 6]. Härle et al. [7] 
found that FFR was used in 3.2% of all diagnostic 
procedures performed in Germany. In Poland pen-

etration rate of FFR was even lower and did not 
exceed 2% in 2014 [8]. The main limiting factors 
include: 1) considerable time need for set-up and 
conduction of the examination; 2) high cost of 
diagnostic probe and adenosine infusion; 3) in-
vasiveness, as it requires insertion of a pressure 
wire across the lesion into the distal part of the 
vessel, which is associated with increased risk of 
serious complications, e.g. ventricular arrhyth-
mias and coronary vessel dissection (occurring 
in 0.5% of procedures), and 4) patient-related 
contraindications (hypotension, asthma, second-
degree atrioventricular blocks) [9–11]. To over-
come these limitations, less invasive techniques 
based on computational fluid dynamics (CFD) and 
three-dimensional (3D) lumen reconstruction 
have been proposed [12–16].
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Pressure wire methods

Instantaneous wave-free ratio
Instantaneous wave-free ratio (iFR) is one 

alternative method that does not require adeno-
sine infusion (Fig. 1). Although vessel wiring is 
still necessary, iFR measurements are quicker 
to perform and are cheaper than FFR. The sci-
entific basis came from findings by Sen et al. [17] 
who demonstrated that functional assessment of 
coronary lesions comparable to FFR is possible 
without drug induced hyperemia, during the so-
called “wave-free period”. This period is seen in 
diastole and characterized by minimal and stable 
coronary resistance (similar to “hyperemic-like” 
conditions), which makes the trans-stenotic pres-
sure gradient corresponding directly to flow and 
lesion severity [17].

The first published clinical study evaluating 
the correlation between iFR and FFR (ADenosine 
Vasodilator Independent Stenosis Evaluation [AD-
VISE]) demonstrated a close correlation between 
values obtained with these two methods (r = 0.9; 
p < 0.001) [17]. The possibility of iFR real-time 
measurement was proven by ADVISE in-practice 
study. The authors assessed 392 angiographically 
intermediate lesions and demonstrated that the 
best cutoff value of iFR corresponding to FFR ≤ 0.80  
was an iFR ≤ 0.90 and resulted in classification 
agreement in 80% of cases, specificity of 79%, 
sensitivity of 81%, positive predictive value 
(PPV) of 71% and negative predictive value (NPV)  

of 87% [18]. What is more, it was shown that iFR 
correlates more closely than FFR with coronary 
flow velocity reserve, which suggests that iFR 
may be a more physiological parameter of disease 
severity [19]. 

In 2017, two pivotal trials evaluating iFR in 
clinical practice were published. The Functional 
Lesion Assessment of Intermediate Stenosis to 
Guide Revascularization (DEFINE-FLAIR) trial 
consisting of almost 2500 patients with stable CAD, 
proved that iFR-guided is noninferior to FFR-
-guided coronary revascularization with respect to 
composite risk of death from any cause, nonfatal 
myocardial infarction (MI) or unplanned revascu-
larization during 1-year follow-up. Additionally, 
study results showed that in iFR group median 
procedural time was significantly shorter (40.5 
vs. 45 min; p = 0.001; iFR vs. FFR, respectively) 
and fewer patients had adverse procedural symp-
toms (3.1% vs. 30.8%; p < 0.001; iFR vs. FFR, 
respectively) [20]. The Instantaneous Wave-free 
Ratio versus Fractional Flow Reserve in Patients 
with Stable Angina Pectoris or Acute Coronary 
Syndrome (iFR-SWEDE-HEART) trial consisting 
of over 2000 patients with stable CAD or acute 
coronary syndrome (17.5% patients) showed 
similar results. The primary composite end-point 
(defined as composite of death from any cause, 
nonfatal MI or unplanned revascularization) oc-
curred in 6.7% of the patients in the iFR group 
and in 6.1% of the patients in the FFR group in 
1-year follow-up (p = 0.007 for noninferiority). 

Figure 1. Vessel evaluation with instantaneous wave-free ratio (iFR) method indicates significant lesion in left ante-
rior descending (LAD) artery (iFR = 0.68); A. Coronary angiogram with wire position in distal LAD; B. The iFR with 
pullback recording using ScoutTM software.

826 www.cardiologyjournal.org

Cardiology Journal 2020, Vol. 27, No. 6



Authors, just as in the previously described study, 
reported that chest discomfort occurred less often 
during the iFR-guided procedure (3.0% vs. 68.3%; 
p < 0.001) [21]. Results of these two trials were 
reflected in European and in American guidelines, 
in which iFR was regarded as equivalent to FFR in 
hemodynamic assessment of intermediate-grade 
stenosis [22, 23]. 

Alternative pressure wire methods

Over the years other adenosine-free methods 
based on assessment of diastolic resting indices 
have been proposed. Recently published data 
proved a high correlation between iFR and resting 
distal coronary to aortic pressure (Pd/Pa). Both were 
associated with lesion anatomic and hemodynamic 
severity, showing excellent agreement between 
them [24, 25]. It seems that the adoption of Pd/Pa 
could be easier, in comparison to iFR, it was ana-
lyzable in a significantly higher number of cases 
[25]. Other diastolic resting indexes included 
resting Pd/Pa during the complete duration of 
diastole, in 25% to 75% of diastole, at midpoint 
of diastole (Fig. 2). All the above-mentioned 
parameters were proven to be identical to iFR, 
not only numerically, but also with respect to 
their agreement to FFR [26]. Though, they are 
all very promising, further studies are needed 
to evaluate their clinical value. 

Computational-based methods

Quantitative flow ratio
In 2013 Morris et al. [13] published results 

from the VIRTUal FFR From Coronary Angio-
graphy (VIRTU-1) study, designed to demonstrate 
the feasibility of FFR computations based solely 
on two-dimensional (2D) coronary angiography 
images (virtual FFR [vFFR]). The study popula-
tion consisted of 19 patients. Compared to FFR, 
vFFR had an accuracy of 97%, sensitivity of 86%, 
specificity of 100%, PPV of 100%, and NPV of 97%. 
Although, there was a strong correlation between 
vFFR and wire-based FFR (r = 0.84), the image 
analysis was labor- and time-consuming, requiring 
24 h to process the above-mentioned data. Of note, 
authors used a “one-size fits all” approach, which 
assumed constant coronary vessel resistance. Such 
an assumption carries the risk of stenosis misclas-
sification due to possible changes in downstream 
microcirculatory resistance [13]. 

Papafakis et al. [27] proposed virtual functional 
assessment index (vFAI) — a quick method of 

functional assessment of intermediate coronary 
lesions, which took only 15 min to analyze one 
vessel. This approach computes distal to proximal 
pressure ratio over the lesion based on 3D quanti-
tative coronary angiography (QCA) reconstruction 
and steady-flow CFD. The method was compared 
to FFR in 120 patients showing accuracy of 88%, 
sensitivity of 90% and specificity of 86% for the 
optimal vFAI cut-off point (≤ 0.82). Additionally, 
the vFAI was superior to 3D QCA in predicting 
hemodynamic significance of coronary stenosis 
and demonstrated close correlation and good 
agreement with wire-based FFR values. The 
main limitation of vFAI, which is based solely on 
lesion geometry, is the fact that it does not take 
into account microvascular resistance and size of 
myocardial territory subtended by the vessel [27]. 

To overcome these limitations, the computed 
FFR (FFRQCA) based on mean volumetric flow rate 
at hyperemia derived from 3D vessel invasive coro-
nary angiography (ICA) reconstruction, Throm-
bolysis in Myocardial Infarction (TIMI) frame 
count and CFD utilization was proposed (Fig. 3).  
The analysis of 77 vessels provided an 88% overall 
accuracy of FFRQCA for diagnosis of ischemia (de-
fined as FFR ≤ 0.8). There was a strong correla-
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Figure 2. Resting Pd/Pa ratios over different periods of 
diastole. Based on [26]. Pd — resting distal coronary 
pressure; Pa — aortic pressure; Pd/Pa — resting distal 
coronary to aortic pressure; iFR — instantaneous wave-
-free ratio; dPR — Pd/Pa during the complete duration 
of diastole; dPR25–75 — Pd/Pa in 25% to 75% of diastole; 
dPRmid — Pd/Pa in midpoint of diastole.
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tion between FFRQCA and FFR values (r = 0.81,  
p < 0.001) with a mean difference of ± 0.06  
(p = 0.054) [12].

One of the main advantages of this method  
is short computation time, which did not exceed  
10 min in total processing. Additionally, this method 
provides an evaluation of the entire coronary tree, 
whereas in wire-based FFR, only those lesions  
in which a pressure wire is inserted can be as-
sessed [28].

Further confirmation of diagnostic accuracy of 
fast computational approaches came from prospec-
tive, observational, multicenter Functional Assess-
ment by Various Flow Reconstruction (FAVOR) 
pilot study, in which 3 different quantitative flow 
ratio (QFR) computations were compared with 
standard wire-based FFR measurements. These 
included: 1) fixed-flow QFR (fQFR) that assumed 
a universal hyperemic flow velocity of 0.35 m/s); 
2) contrast-flow QFR (cQFR) based on individual 
virtual flow derived from the frame count dur-
ing contrast injection; 3) adenosine-flow (aQFR) 
based on individual virtual flow derived from the 
frame count during maximal adenosine-induced 

hyperemia. Authors confirmed good agreement 
between wire-based FFR and each QFR computa-
tion. The diagnostic accuracy was comparable for 
cQFR (86%) and aQFR (87%) and was significantly 
higher compared to fQFR (80%) indicating that the 
use of adenosine is not needed in this method [29]. 
Recently QFR received Conformité Européenne 
(CE) certificate, allows for wider adoption to eve-
ryday clinical practice. 

In 2017, results from The FAVOR II China 
(Functional Diagnostic Accuracy of Quantitative 
Flow Ratio in Online Assessment of Coronary 
Stenosis) study were also published. They pro-
spectively enrolled 308 consecutive patients at 
5 centers in China. The primary endpoint was to 
assess if QFR would improve diagnostic accuracy 
of coronary angiography. Authors met the pre-
specified performance goal for level of diagnostic 
accuracy of QFR in identifying hemodynamically 
significant stenosis. Additionally, they confirmed 
QFR to have 94.6% sensitivity, 91.7% specificity, 
85.5% PPV, and 97.1% NPV and diagnostic accuracy 
of 92.4% in patient-level analysis, and 92.7% in 
vessel-level analysis [30].

Figure 3. Computation of quantitative flow ratio (QFR) from coronary angiography; A. Angiographic projections of 
the left anterior descending (LAD) artery at > 25° apart; B. Fractional flow reserve (FFR) measured during intravenous 
adenosine infusion was 0.73; C. Computed QFR value indicates ischemia (QFR = 0.73). Arrow indicates original loca-
tion of pressure transducer.
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A recently published study  demonstrated ret-
rospectively analyzed results of 306 intermediate 
lesions, which had been previously evaluated using 
FFR. In contradiction to previous studies, which 
utilized core-lab assessment, in this particular 
study used an on-site QFR calculation in all cases.  
It showed that the Pearson correlation was strong 
for QFR (r = 0.85). Additionally, optimal QFR deci-
sion value of 0.79 was identified, this corresponded 
to FFR = 0.80 (AUC = 0.94). After introduction of 
the cut-off value of ≤ 0.74 and > 0.83, an excellent 
diagnostic performance of QFR was achieved, with 
sensitivity and specificity > 95%. Additionally, it 
was confirmed that the time for QFR analysis was 
relatively short and substantially decreased with 
the number of analyzed cases. The first 50 QFR 
analysis took an  average of 5 min 59 s, whereas in 
the final 50 cases the mean time was 2 min 7 s [31].

Westra et al. [32] prospectively evaluated QFR 
in 240 lesions and correctly classified 83% of the 
lesions when an FFR cut off value of 0.8 was used. 
They also achieved a sensitivity of 77%, specificity 
of 86%, PPV of 87%, and NPV of 75%. 

In 2018 the results from The FAVOR II Eu-
rope-Japan Study were published. In this interna-
tional, multicenter trial 329 patients were enrolled. 
QFR values were calculated online in catherization 
laboratories during the procedure. Sensitivity and 
specificity were > 86% for QFR, which was signifi-
cantly higher than for 2D QCA (sensitivity 44.2%; 
p < 0.001 and specificity 76.5%; p = 0.002) [33].

The most recently published study demon-
strated that QFR may also be utilized in acute 
coronary syndrome settings, particularly in  guid-
ing non-culprit lesion revascularization in patients 
presenting with ST-segment elevation MI [34]. 
Additionally, the QFR good inter-core laboratory 
reproducibility had already been proven [35].

Although QFR is a very promising method, 
there are some technical limitations that should 
be taken into account. At present, the degree of 
flow-limiting stenosis of the ostial left main and 
ostial right coronary artery lesions cannot be reli-
ably measured. Supraventricular tachyarrhythmia 
leading to an altered filling pattern of coronary 
arteries remains an exclusion criterion for FFRQCA 
calculation. Additionally, patients with coronary ar-
tery bypass grafting supplying evaluated vessels or 
with collateral circulation have not been adequately 
studied [12]. Last, the timing of contrast injection 
may also affect the FFRQCA values. 

Additionally, data on clinical outcomes i.e. pa-
tient quality of life and cost-effectiveness remains 
lacking. This gap may will hopefully be addressed 

by the upcoming FAVOR III trial, which is de-
signed as a prospective, randomized, multicenter 
clinical outcome study. With a planned enrollment 
of approximately 2000 patients, it is powered to 
establish the role of this method in the diagnostic 
process of CAD patients. 

Computed tomographic angiography
Computed tomographic angiography (CTA) of 

the coronary vessels was the first non-invasive 
diagnostic imaging method providing data for 
CFD analysis to derive FFR-equivalent mea-
surements (Fig. 4). Koo et al. [14] analyzed 103 
patients, who underwent coronary CTA, QCA 
and FFR measurement. They performed the 
computation of FFR from coronary CTA (FFRCT) 
using a powerful supercomputer to calculate the 
above-mentioned values. The proposed method 
utilized semi-automated segmentation of coronary 
arteries and approximation of the left ventricular 
mass. Despite the high computing power, a single 
analysis took approximately 5 h. The FFRCT had 
an accuracy of 84.3%, sensitivity of 87.9%, speci-
ficity of 82.2%, PPV of 73.9%, and NPV of 92.2% 
for the diagnosis of ischemia-inducing lesions on 
a per-vessel basis. Additionally, there was a good 

Figure 4. Coronary computed tomography angiog-
raphy-derived fractional flow reserve indicates no is-
chemia in right coronary artery with computed value 
of 0.94, and hemodynamically significant lesion in left 
anterior descending artery with measured value of 0.76 
[Image by courtesy of Drs. Christian Tesche and Maksy-
milian P. Opolski].
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correlation between FFRCT and FFR values, with 
a slight underestimation by FFRCT (0.022 ± 0.116; 
p = 0.016). Authors concluded that the addition 
of FFRCT to standard coronary CTA measure-
ments might enhance diagnostic accuracy and this 
method’s utility [14].

Min et al. [15] studied 252 stable patients 
who underwent coronary CTA, QCA and FFR 
measurements. Patients with a history of coronary 
artery bypass grafting or with suspected in-stent 
restenosis on the basis of CT were excluded. The 
FFRCT calculation was also based on coronary 
CTA. One analysis took up to 6 hours. Authors 
reported FFRCT’s accuracy of 73%, sensitivity of 
90%, specificity of 54%, PPV of 67%, and NPV of 
84% for diagnosis of ischemia-inducing lesions 
on a per-patient basis. The study did not achieve 
its pre-specified level of per-patient diagnostic 
accuracy, however, it showed that adding FFRCT 
analysis to plain CTA assessment improved diag-
nostic accuracy. Authors emphasized that FFRCT 
had high negative predictive value and high sen-
sitivity, indicating that coronary angiogram is not 
needed when FFRCT’s results are normal, despite 
significant stenosis in CTA [15]. 

A refined version of FFRCT calculation was 
evaluated by Nørgaard et al. [16] who studied 254 
patients with coronary CTA, QCA and FFR meas-
urements. The new approach was significantly 
quicker with a mean time to results of less than  
4 h (depending on CT scan quality and CAD bur-
den). On a per-vessel basis, authors found diagnos-
tic accuracy of 86%, sensitivity of 84%, specificity 
of 86%, PPV of 61%, and NPV of 95% for FFRCT 
under 0.8, which correlated well with FFR values 
under 0.8. They concluded that FFRCT has high 
diagnostic performance compared with standard 
FFR measurements [16].

The multicenter Prospective Longitudinal 
Trial of FFRCT: Outcome and Resource Impacts 
(PLATFORM) trial evaluated FFRCT guided re-
vascularization looking at clinical outcomes, cost/ 
/resource utilization and quality of life. Overall 
584 patients with new onset of chest pain were 
included. Patients were randomized to standard 
evaluation (usual care arm) and CTA/FFRCT testing. 
In the usual care arm, significantly more patients 
who underwent coronary angiography had no ob-
structive CAD when compared to CTA/FFRCT care 
arm (73.3% vs. 12.4%; p < 0.0001). This observa-
tion was further confirmed in a propensity score 
matching analysis of 148 pairs (72% vs. 12%; p < 
< 0.0001). Most importantly there were no major 
adverse cardiac events over the 90-day follow-up 
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defined as total coronary vessel lumen volume 
relative to left ventricular mass, has a statisti-
cally significant influence on FFRCT’s accuracy 
and specificity.

Conclusions

Functional assessment of coronary arteries 
remains a gold standard in the diagnosis of patients 
with intermediate coronary artery stenosis. In 
current clinical practice, the adoption of traditional 
wire-based FFR technology is slow and limited 
by clinical safety and economic constraints. QFR 
and FFRCT are the new, less-/non-invasive compu-
tational methods that have recently emerged as 
promising diagnostic tools. The currently avail-
able body of evidence, though limited, provides 
solid grounds in recognizing these technologies as 
strong candidates to reduce the number of wire-
based FFR examinations (Table 1). Advantages and 
disadvantages of above-mentioned diagnostic tools 
are summed up in Table 2.

It is thought herein, that all these methods 
will find their place in the management of patients 
with CAD. It seems that QFR and FFRCT should 
be perceived as more complementary, rather than 
competitive modalities. While FFRCT may lead to 
better identification of patients who would not 
benefit from ICA investigation, QFR may be used 
on-line to assess the hemodynamic significance of 
a lesion during ICA and eliminate risks associated 
with wiring of a coronary artery. It is essential to 
utilize cut-off values in which QFR has excellent 
agreement with FFR measurements (“grey-zone” 
concept). If results of the upcoming clinical valida-
tion will be positive, one may foresee a change in 
the current diagnostic algorithm by incorporating 

period for any patient in whom ICA was canceled 
based on negative results of the CTA/FFRCT [36]. 

Further confirmation of FFRCT diagnostic 
value comes from a recently published cohort of 
almost 700 patients, who underwent FFRCT evalu-
ation. The composite endpoint included all-cause 
death, MI, hospitalization for unstable angina, and 
unplanned revascularization. Patients were divided 
into four groups: 1) patients with coronary steno-
sis < 30% in CTA, who received optimal medical 
treatment (OMT); 2) patients with FFRCT > 0.8, 
who also received OMT; 3) patients with FFRCT  
≤ 0.80, who did not undergo any further testing and 
received OMT; 4) patients with FFRCT ≤ 0.80, who 
on the top of OMT were referred to ICA. Risk of 
MI was higher in group 3 than in group 4 (8% vs. 
1.3%; p < 0.001), indicating that FFRCT is an ef-
fective diagnostic tool to differentiate patients with 
intermediate coronary lesions who may benefit 
from invasive treatment [37].  

In conclusion, the CTA/FFRCT analysis is  
a safe diagnostic method characterized however, 
by moderate diagnostic value. In patients already 
scheduled for CTA, adding FFRCT does not re-
quire additional imaging, radiation or medication 
[14–16]. Limitations of this method include long 
post-processing time, precluding online analysis 
and high cost. Additionally, the CTA dataset must 
be sent to a core laboratory to calculate FFR val-
ues. This is expensive and time-consuming. What 
is more, FFRCT is feasible only in CTA eligible 
patients, precluding a significant share of the 
CAD population, such as patients with massive 
calcifications, atrial fibrillation, previous stent 
implantation and others [38]. Moreover, vessel 
size may affect FFRCT values as well. Recently 
Gaur et al. [39] proved that volume-to-mass ratio, 

Table 2. Comparison of alternative methods of functional assessment of intermediate stenosis. 

Comparator FFR iFR QFR FFRCT

Invasiveness:

Contrast + + + +

Invasive coronary angiography + + + –

Pressure wire + + – –

Adenosine + – – –

Data acquisition and processing time 8–10 min* 5–7 min* 3–5 min* 4–6 h*

Online/offline processing Online Online Online Offline

Costs +++ ++ + ++++

*Excluding standard invasive coronary angiography time and standard computed tomography angiography time; FFR — fractional flow reserve; 
FFRCT — FFR calculated from computed tomography; iFR — instantaneous wave-free ratio; QFR — quantitative flow ratio
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alternative methods for functional assessment of 
intermediate coronary lesions (Fig. 5). 
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Abstract 
Over the past decades, effective cancer therapies have resulted in a significant improvement in the 
survival rates for a number of cancers and an increase in the number of cancer survivors. Radiation 
therapy is widely used in the treatment of cancer, and it can induce various cardiotoxicities that differ 
considerably from chemotherapy-induced cardiotoxicity. They occur primarily as late radiation-induced 
complications, several years from the end of anticancer treatment and present as coronary artery dis-
ease, heart failure, pericardial disease, valvular heart disease and arrhythmias. Patients who recovered 
from cancer disease suffer from cardiac complications of anticancer treatment, it affects the quality of 
their lives and life expectancy, especially if the diagnosis is delayed. These patients may present distinct 
symptoms of cardiac injury, resulting from radiation-induced neurotoxicity and altered pain perception, 
which makes diagnosis difficult. This review highlights the need for a screening programme for  patients 
who have undergone radiation therapy and which will subsequently have a potentially profound impact 
on morbidity and mortality. (Cardiol J 2020; 27, 6: 836–847)
Key words: radiotherapy, ionizing radiation, radiation injuries, cardiotoxicity,  
neoplasms

Introduction

Radiotherapy, along with surgery and chemo-
therapy, is a therapeutic technique used for defini-
tive and palliative treatment of cancer. Currently, 
radiotherapy is a useful tool for the treatment of 
breast cancer, mediastinal lymphomas, head and 
neck tumors, and cancers of the lung, oesophagus, 
thyroid gland, prostate, and the genitals [1]. Cardio-
vascular complications resulting from radiotherapy 
were first noted in the 1970s. In 1978, a study in  
a group of 46 patients who underwent chest radiation  
revealed that radiotherapy led to cardiac fibrosis 
(involving the endocardium, myocardium, and peri-
cardium) which mostly manifested clinically with 
pericarditis [2]. An association between ionizing 
radiation doses delivered to the heart and cardiac 
injuries were first noted in 1983. At the same time, 

a need to reduce the radiation doses applied was 
emphasized [3]. Studies indicated that the patient 
survival rate after effective anticancer treatment 
depended on late complications of the therapy 
delivered [4]. In patients with Hodgkin lymphoma 
who underwent radiotherapy, the most common 
causes of death included a primary or secondary 
cancer and cardiovascular disease (CVD) [5, 6].

At the present time, established radiation-
related cardiovascular complications include coro-
nary artery disease (CAD), valvular heart dis-
ease, pericardial disease, heart failure (HF), right 
ventricular (RV) injury, arrhythmias, peripheral 
arterial disease, systemic hypertension, pulmo-
nary hypertension, and thromboembolic disease 
[7]. These findings are the result of long-term 
follow-up of patients with a history of cancer with 
a relatively good prognosis for survival, particularly 
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Hodgkin lymphoma and early-stage breast cancer 
[8, 9]. A meta-analysis of 25 studies that included 
patients who received anthracyclines as anticancer 
treatment in childhood revealed that adding radio-
therapy increased the rate of asymptomatic systolic 
HF [10]. Similarly, an analysis of adult patients who 
received anthracyclines for the treatment of left-
side breast cancer showed that adding radiation 
therapy increased the risk of HF, which occurred 
in 0.5% of all patients and in 2.6% of those who 
received chemotherapy combined with radiation 
therapy [11].

The mechanism of radiation-related cardiac 
injury is early acute inflammation of small and 
medium-sized vessels, with cardiomyocytes ne-
crosis due to hypoxia as a result of microvascular 
damage and interstitial fibrosis. Reactive oxygen 
species (ROS) produced in irradiated cells play an 
important role in cardiac injury, and they may dam-
age cellular membrane proteins and lipids [12–16].

The rate of radiation-related cardiovascular 
complications depends on several additional risk 
factors, such as total radiation dose (significantly 
higher for doses above 30 Gy), fractional radiation 
doses higher than 2 Gy per day, radiation doses 
delivered to the heart, the heart volume exposed 
to radiation, no shielding during radiotherapy, 
younger age at diagnosis, adjuvant chemotherapy 
(dependent on the total anthracycline dose), pre-
vious CVD, and cardiovascular risk factors [17, 
18]. According to the American Society of Clinical 
Oncology, radiation-related cardiovascular compli-
cations develop in 10–30% of patients at 5 to 10 
years after treatment [19].

For the last three decades, advances in radia-
tion techniques have led to a reduction in the rates 
of radiotherapy complications. This was achieved 
by appropriate treatment planning with the use of 
three-dimensional (3D) imaging techniques, mod-
ern conformal radiation techniques with radiation 
beam intensity modulation (IMRT), and in the case 
of Hodgkin lymphoma, with a reduction of irradi-
ated areas by radiation delivery only to involved 
fields (IFRT) or involved nodes (INRT). These 
methods allow for a reduction in the heart volume 
exposed to radiation [19, 20].

Radiation dose to the heart is now strictly 
controlled in radiotherapy planning systems, and 
details of radiation exposure are available for treat-
ing radiation oncologists in precise dose-volume 
histogram evaluations. Exact dose to each struc-
ture of the heart can also be visualized on each scan 
of planning computed tomography (CT), allowing 
for better prediction of early and late toxicity. Due 

to this progress and an understanding of the as-
sociation between radiation dose and late cardiac 
complications of radiotherapy, doses to the heart 
are now much lower than in the past. In the three 
largest groups of patients treated with radiotherapy 
to the chest, typical mean doses to the heart for 
patients with breast cancer are in the range 1–3 Gy,  
for patients with lymphomas in the range of 1–10 Gy,  
and for patients with lung cancer, 1–20 Gy. These 
doses depend primarily on the anatomical location 
and stage of the tumor, as well as radiation tech-
niques available in treatment facilities.

Coronary artery disease

Exposing the heart to ionizing radiation dur-
ing anticancer therapy increases the risk of CAD. 
Damage to nerve endings caused by neurotoxicity 
of radiation therapy in the radiated fields is a factor 
impeding early diagnosis of CAD due to reduction 
of chest pain sensation in this group of patients. 
The risk of CAD increases with the radiation dose 
administered to the heart [21, 22]. The mechanism 
of radiation-related injury to coronary arteries is 
multifactorial and includes endothelial damage, 
atherosclerotic plaque rupture, thrombosis, and 
vasospasm [7, 12]. Coronary artery lesions associ-
ated with radiotherapy are typically located in the 
ostia and proximal vessel segments. For left- and 
right-sided breast cancer irradiation they mostly 
develop in the left anterior descending artery and 
right coronary artery, respectively, and in the left 
main coronary artery, the left circumflex artery, 
and the right coronary artery after mediastinal 
radiotherapy for Hodgkin lymphoma, correspond-
ing to the areas exposed to radiation [7, 17, 23, 
24]. In addition, myocardial perfusion defects are 
seen regardless of the coronary artery territories, 
which suggests microvascular damage. This was 
shown using technetium-99m sestamibi myocardial 
perfusion scintigraphy in 50% of the observed 
patients at 1 year following adjuvant radiotherapy 
for left-sided breast cancer [25].

Modern radiotherapy techniques are still being 
developed, which creates an opportunity to modify 
and minimize radiation doses delivered to normal 
tissue, thus reducing the rates of cardiovascular 
complications. At the present time, radiotherapy 
is based on 3D or 4D (accounting for respiratory 
motion) treatment planning with dose-volume 
histograms, depicting dose distribution in prede-
fined anatomical areas of the heart. It is possible 
to delineate the contours of the pericardium and 
coronary arteries with the available imaging tech-
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niques, such as CT or magnetic resonance imaging 
(MRI). As a result, it is possible to estimate the ra-
diation dose delivered to the whole heart, coronary 
arteries, atria, ventricles and cardiac conduction 
system [26, 27].

Progression of CAD in these patients may vary. 
The disease may occur early, with symptoms of 
acute coronary syndrome and even sudden cardiac 
death, but it usually develops slowly and is detected 
approximately 15 years after treatment. A study 
based on the observation of 34,825 patients with 
breast cancer treated with radiotherapy in Sweden 
and Denmark in 1976–2006 showed that angina and 
myocardial infarction (MI) occurred with a higher 
rate in patients irradiated to the left breast com-
pared to those irradiated to the right breast. Fur-
thermore, the radiation dose to the whole heart was 
on average 6.3 Gy during left-sided radiotherapy 
and 2.7 Gy during right-sided radiotherapy, show-
ing a relation between the radiation dose delivered 
to the heart and incident CAD [21]. CAD was found 
in 10.4% of patients followed for at least 20 years 
after mediastinal radiotherapy with the radiation 
dose ranging from 25 to 42 Gy [28].

A study performed on an animal model indi-
cated that radiation therapy accelerated the devel-
opment of coronary artery atherosclerosis related 
to hypercholesterolemia [29]. In addition, obser-
vation of a large population of patients after treat-
ment for Hodgkin lymphoma revealed that angina, 
MI, and HF occurred at a higher rate in patients 
with hypercholesterolemia, diabetes mellitus, and  
a history of smoking. This analysis also showed that 
angina and HF occurred more frequently in patients 
treated at a younger age, below 20 years [6, 30].  
A retrospective analysis of patients who underwent 
radiotherapy for Hodgkin lymphoma revealed that 
a higher risk of late cardiovascular complications of 
irradiation showed an association with a younger 
age, male sex, radiation dose delivered to the 
whole heart, and dose inhomogeneity [31]. Higher 
radiation dose homogeneity may be obtained using 
modern radiotherapy techniques and is associated 
with a lower risk of cardiac damage for the same 
radiation dose delivered to the heart. It is an im-
portant parameter when planning treatment with 
ionizing radiation.

In primary prevention of progressive coro-
nary disease each patient after chest radiotherapy 
should be screened for classic cardiovascular risk 
factors, with adequate management and correction 
of modifiable risk factors. A model of screening 
for CAD depends on the Systemic Coronary Risk 
Estimation (SCORE) result and accompanying 

symptoms, and among cancer survivors, it does 
not differ from the general population [32, 33]. 
The main issue is the time to start a screening 
program, because radiotherapy leads to premature 
onset of CAD mainly in asymptomatic patients. 
A study on Hodgkin disease survivors, with no 
symptoms of CAD revealed left ventricular (LV) 
segment hypokinesis in rest echocardiography in 
17% of patients who have had mediastinal radia-
tion therapy with high doses of radiation (more 
than 35 Gy) [34].

A recent expert consensus statement from 
European Association of Cardiovascular Imag-
ing and the American Society of Echocardiogra-
phy [17] recommends echocardiographic evalua-
tion in asymptomatic high-risk patients starting  
5 years after radiation exposure and 10 years after 
exposure in the others, with reassessment every 
5 years. According to this document, high-risk pa-
tients should also receive a functional non-invasive 
stress test for CAD detection within 5 to 10 years 
after completion of chest irradiation. This strategy 
was adopted in the present center, and as treadmill 
exercise electrocardiograms (ECGs) may not re-
flect the burden of CAD, patients who are at least 
5 years after radiotherapy are referred for stress 
echocardiography (including the assessment of 
changes in LV global longitudinal strain). 

Apart from stress echocardiography, either 
exercise or dobutamine, perfusion single-photon 
emission CT and MRI may reveal stress-induced 
LV wall motion abnormality [17]. For younger 
patients coronary CT angiography is a valuable op-
tion because of its high negative predictive value. 
Exposure to radiation is still an issue, however 
modern CT scanners allow for dose reduction. 
Another limitation of coronary CT angiography are 
advanced calcifications, which if significant may im-
pede detection of coronary arteries stenosis [35]. 
Cardiac MRI is an excellent method for reliable 
assessment of cardiac structure and function, but it 
poses significant logistic and economic challenges. 

Pharmacological treatment of CAD does not 
differ from the general population, it includes 
acetylsalicylic acid or double antiplatelet therapy 
after stent implantation, statin, beta-blocker and 
angiotensin-converting enzyme (ACE) inhibitor 
or angiotensin receptor blocker (ARB), if not 
contraindicated. Invasive treatment: percutane-
ous coronary intervention (PCI) with stent im-
plantation is recommended in patients with acute 
coronary syndrome or stable CAD refractory to 
pharmacological therapy. Conservative treatment 
in these conditions leads to poorer prognosis [33].
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In reference to cardiac surgery and coronary 
artery bypass grafting (CABG), some studies 
showed increased perioperative risk resulting from 
mediastinal fibrosis [36, 37], but new research 
indicates that previous radiotherapy does not 
increase surgical complications and does not im-
pact  long-term survival comparing to cancer-free 
patients in isolated CABG surgery. The utilization 
of internal thoracic artery for graft was reduced in 
the study group, which worsens outcome of CABG 
in the general population [38]. In patients who have 
undergone prior chest radiotherapy, CT should be 
performed before deciding on CABG to evaluate 
the degree of mediastinal fibrosis and potential 
calcifications in the ascending aorta and aortic arch, 
which could impede implantation of aortocoronary 
grafts. Moreover, regarding potential radiation 
damage to the internal thoracic artery, angiographic 
assessment of this artery should be performed. As 
valvular heart disease could also be a complication 
of radiotherapy, a detailed valve examination is 
necessary before CABG in order to avoid repeated 
sternotomy [38]. In a recent study, patients with 
prior mediastinal radiotherapy referred for surgi-
cal aortic valve replacement have had significantly 
worse long-term survival compared to a matched 
control group [37].

Pericardial disease

Currently, pericardial diseases occur less of-
ten as a complication of chest radiotherapy. These 
conditions include acute pericarditis, chronic 
pericarditis, chronic pericardial effusion, and con-
strictive pericarditis. They mostly develop in 
patients treated with a radiation dose of at least  
50 Gy [39]. Treatment decisions depend on the type 
of pericardial disease and the clinical condition of 
the patient [3, 40].

Common symptoms of acute pericarditis in-
clude fever, chest pain related to body position 
and respiratory movements, pericardial effusion on 
echocardiography, and ST segment elevation and 
PR depression in multiple ECG leads. In a patient 
presenting with acute chest pain or elevated cardiac 
troponin level, it is necessary to rule out acute 
coronary syndrome by ECG and echocardiography 
with LV contractility assessment. Acute exudative 
pericarditis rarely occurs during radiotherapy, and 
it is related to inflammation and necrosis of a tumor 
located near the heart [17]. A study performed on 
an animal model showed that acute pericarditis 
developed within 6–48 h after irradiation with  
a 20–40 Gy dose [40]. Delayed acute pericarditis, 

either symptomatic or asymptomatic, may develop 
in 2–5% of patients at 2–145 months after chest 
radiotherapy. This condition very rarely leads 
to cardiac tamponade which requires pericardial 
drainage [7].

Hemodynamically stable patients are usually 
managed medically, initially with non-steroidal 
anti-inflammatory drugs and colchicine, followed 
by glucocorticoids and immunosuppressive drugs if 
the first-line treatment is ineffective. Spontaneous 
clearance of pericardial effusion usually takes up to 
2 years [17]. Data from patients treated with older 
radiotherapy techniques indicate that pericardial 
disease developed in 10–12% of patients at 6 to 18 
months after irradiation, with acute pericarditis in 
35% of these cases [3, 40].

Patients with impending or actual cardiac tam-
ponade require invasive treatment. Percutaneous 
pericardiocentesis with extended catheter drainage 
is considered the safest method to remove excess 
pericardial fluid in cancer patients, even in those 
with thrombocytopenia [41, 42]. Surgical drainage 
is an alternative approach but is associated with  
a higher perioperative risk.

Chronic pericarditis may occur from 6 months 
to 15 years after completion of radiotherapy and 
develops in up to 20% of patients treated with high 
radiation doses. This process is associated with 
organization of fibrinous exudates, fibrous adhe-
sions, and collagenous thickening, predominantly 
of the parietal pericardium. The incidence of peri-
cardial layer thickening following radiation therapy 
increases with time, affecting 33% of patients 
after more than 20 years [28, 43]. Its occurrence 
depends on the radiation dose administered to the 
whole heart, including both the right and the left 
atrium [24, 44].

Constrictive pericarditis develops in 4% to 
20% of radiotherapy patients, particularly those 
treated with older techniques, and it usually re-
quires pericardiectomy [17,43, 45, 46]. In suspicion 
of constrictive pericarditis, constrictive cardiomyo-
pathy should be ruled out by echocardiography, 
chest X-ray, CT or MRI revealing thickening of 
pericardium, calcifications, abnormal interventricu-
lar septum movement, abnormal mitral valve flow 
pattern, or by right heart catheterization if these 
tests are inconclusive [47].

In the case of pericardial effusion, and es-
pecially its recurrence, it may be problematic to 
determine whether it is caused by radiotherapy, 
tumor progression or infection. Biochemical and 
microbial blood sample tests, polymerase chain 
reaction (PCR) are useful, but in some cases 
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pericardial fluid examination may be required in 
recognizing  pericarditis etiology. According to 
the newest European Society of Cardiology (ESC) 
guidelines regarding pericardial disease, diagnos-
ing of etiology should be performed in patients, who 
present with fever > 38°C, subacute development 
of symptoms, > 20 mm of fluid in imaging and low 
response to acetylsalicylic acid/non-steroid anti-
inflammatory drug treatment [48]. 

Imaging and comparing of effusion density in 
pericardial cavity may be helpful in recognizing 
etiology: protein-rich fluid, consisting of blood e.g. 
in aortic aneurysm rupture or aortic dissection; 
high density fluid in lymph leakage; pericardium 
thickening in inflammation or thickening with 
calcification in constrictive pericarditis. Imaging 
by CT or MRI may reveal direct neoplastic infiltra-
tion or metastasis. Positron emission tomography 
individually or combined with CT (recommended), 
is helpful in the diagnoses of neoplasmatic etiology 
of pericarditis if fluodexyglucose uptake in tumor 
cells is observed. 

The most common primary cancer in peri-
cardium is mesothelioma, and benign tumors are 
lipoma and fibroma. Secondary malignancy comes 
mostly from lung cancer, breast cancer, melanoma, 
lymphoma and leukemia. The presence of cancer 
cells in pericardial fluid is associated with worse 
outcomes in lung cancer patients but such an asso-
ciation was not found in breast cancer patients [42]. 
Generally, the utility of the assessment of cancer 
markers in serum and in pericardial fluid has still 
not been proven, but a positive result of e.g. EGFR 
mutation test in pericardial effusion in lung cancer 
influences the decision about targeted anticancer 
therapy implementation [47]. Pericardium biopsy 
allows for histological diagnosis of cancer. Among 
patients with recognized cancer, the spreading of 
malignancy is a reason of pericarditis in approxi-
mately 30% of patients [47].

In cancer etiology of pericarditis, intrapericar-
dial administration of cytostatic or sclerotic agent 
may decrease a frequency of fluid recurrence. As 
a palliative treatment, radiotherapy or pleurop-
ericardiotomia alleviates symptoms of recurrent 
pericarditis.

Valvular heart disease

Valvular heart disease complicating radiother-
apy develops in 10% of patients. Radiation-induced 
valve abnormalities are characteristically distrib-
uted, with thickening and calcifications located at 
the basal and medial parts of the leaflets, while 

leaflet tips and commissures are spared, allowing 
distinction from rheumatic disease. Calcification of 
the mitro-aortic curtain, the junction between the 
anterior mitral leaflet valve and the aortic root, is 
also characteristic for post-radiation damage [49].  
A retrospective analysis of post-radiotherapy patients  
with Hodgkin lymphoma showed valvular lesions 
in 6.2% patients after an average 22 years of ob-
servation, with aortic stenosis in more than a half 
of these patients [22]. However, in another study 
of patients followed up for at least 20 years after 
mediastinal radiotherapy with a minimal radiation 
dose of 35 Gy, aortic stenosis was found in 16%, 
mitral regurgitation in 60%, and tricuspid regur-
gitation in 4% of patients in the study group [28]. 
Valvular lesions are more common on the left side 
of the heart than on the right side, independently 
of radiation dose [50]. In cases of severe valvular 
lesions requiring invasive treatment, transcath-
eter methods (e.g., transcatheter aortic valve 
implantation) are considered to be safer compared 
to conventional valve surgery due to mediastinal 
fibrosis and aortic calcifications which are common 
after radiotherapy.

Left ventricular dysfunction

Radiotherapy-induced cardiac damage leads to 
myocardial fibrosis [39, 51] which mostly results 
in LV diastolic dysfunction. The main mechanism 
underlying cardiomyocytes injury is microvascular 
damage. In addition, combining radiotherapy with 
cardiotoxic chemotherapy using anthracyclines, 
especially in young patients and in females with 
breast cancer, may also lead to LV systolic dysfunc-
tion. Advanced myocardial fibrosis may predispose 
to restrictive cardiomyopathy phenotype observed 
after radiation therapy, with the presence of severe 
diastolic dysfunction and symptoms of HF. A dif-
ferential diagnosis from constrictive pericarditis 
is recommended by echocardiography, CT, MRI, 
and right heart catheterization, if required. The 
principle in diagnosis is reduced myocardial elastic-
ity, that is due to impaired myocardial relaxation 
in restrictive cardiomyopathy and constricted 
chambers by pericardium with normal diastolic 
function in constrictive pericarditis. In restrictive 
cardiomyopathy transthoracic echocardiography 
reveals normal or thickened left and right ventricle, 
normal or reduced LV cavity, enlarged atria, restric-
tive transmitral filling pattern (E/A ratio > 2), and 
reduced peak early-diastolic mitral-annular veloci-
ties in tissue Doppler (e’ < 8 cm/s) independent 
of respiration. Other imaging modalities, as CT or 
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MRI may detect structural changes in myocardium 
e.g. fibrosis and unthickened pericardial layer. Car-
diac catheterization reveals increased RV systolic 
pressure (above 50 mmHg), and LV end-diastolic 
pressure (LVEDP) by 5 mmHg higher than RV 
end-diastolic pressure (RVEDP) [47]. 

Left ventricular systolic function is routinely 
assessed by LV ejection fraction (LVEF) measure-
ment during echocardiography. The recommended 
method to evaluate LVEF is 3D echocardiography. 
If this method is not available, LVEF should be as-
sessed by the 2D biplane Simpson method, based 
on contouring of the LV cavity during systole and 
diastole in the apical 4- and 2-chamber views. 
Disadvantages of this method include its depend-
ence on the appropriate angle of transducer and 
the fact that it reveals relatively late impairment 
of LV systolic function.

A new method of an increasing significance 
is the assessment of LV global longitudinal strain 
(GLS) by 2D speckle tracking echocardiography 
(STE). In this technique, a percentage of cardiac 
muscle shortening in the longitudinal layer is as-
sessed during one or three cardiac cycles. Newer 
software allows for distinguishing the inner and 
outer myocardial layers, what is important for di-
agnosis. Abnormalities within the inner (subendo-
cardial) layer indicate mainly CAD etiology, but can 
be also present in patients with chemotherapy-in-
duced cardiotoxicity. In turn, abnormalities within 
the outer (subepicardial) layer indicate myocardial 
inflammation, rarely cardiotoxicity. Apart from 
the longitudinal muscle layer, motion in the radial 
and circumferential myocardial layers may also be 
tracked by STE. These methods are also used for 
the assessment of RV function. 

An analysis of patients after radiotherapy for 
chemotherapy-naive early stage of breast cancer 
showed a decrease in GLS and apical longitudinal 
strain after radiotherapy for left-sided breast 
cancer. In this group of patients, a compensa-
tory increase in basal longitudinal strain was also 
observed. Other conventional echocardiographic 
parameters were not sensitive enough to show 
any changes of the LV systolic function. In patients 
after radiotherapy for right-sided breast cancer, 
speckle tracking analysis revealed decreased 
longitudinal strain in basal anterior segments 
[52]. The observed changes in longitudinal strain 
corresponded to the irradiated region of the heart. 
The study showed that assessment of longitudinal 
strain by STE is a more sensitive method in reveal-
ing LV systolic dysfunction compared to LVEF 
measurements and visual assessment of segmen-

tal wall motion abnormalities. A meta-analysis  
of 16 studies that included patients with HF, acute 
MI, and valvular heart disease showed a superior 
predictive value of GLS assessment compared  
to LVEF for predicting major adverse cardiac 
events [53].

A study of patients with Hodgkin lymphoma 
treated with a radiation dose of at least 35 Gy in 
comparison to the Framingham study population 
showed a decrease in the LV fractional shortening 
to less than 30% in 36% of patients in the study 
group and in 3% of subjects in the Framingham 
study population [28]. An MRI study showed that 
late gadolinium enhancement corresponded to the 
radiation fields within the heart, and that delivery 
of a radiation dose to the heart had an effect on the 
occurrence of radiation-induced cardiomyopathy 
[54]. A study in breast cancer patients revealed 
that the increase in the serum high-sensitive 
troponin T level depended on the total radiation 
dose delivered to the whole heart and the LV. Long- 
-term implications of this finding are unknown and 
require further studies [55].

In 2011, Polish National Team of Cardiologic 
and Oncologic Supervision published recommen-
dations regarding care for breast cancer patients 
[56]. The emphasis was put on prevention, early 
diagnosis, by highly specific and sensitive methods, 
and treatment of CVD. The limit of significant LV 
dysfunction was set on a drop of LVEF of 15%, to 
value less than 50%.

According to the 2016 ESC guidelines [7], an 
LVEF decrease by means of echocardiography of 
more than 10% to a value below the lower limit 
of normal values (LVEF < 50%) suggests cardio-
toxicity. And a relative GLS reduction by more 
than 15% compared to the baseline may suggest 
the risk of cardiotoxicity. Both guidelines recom-
mended ACE inhibitor therapy in patients with 
LVEF lower than 50%. Newer guidelines added 
monitoring of B-type natriuretic (BNP) peptide 
or NT-pro-BNP concentration to evaluate cardiac 
dysfunction and make decisions on starting phar-
macological cardiovascular therapy or changing 
anticancer treatment. 

These guidelines refer to complications of 
chemotherapeutic agents, and it should be noted 
that specific guidelines regarding radiation-induced 
heart disease are lacking. According to the 2017 
American Society of Clinical Oncology (ASCO) 
guidelines, patients who were exposed to at least 
30 Gy of irradiation containing the heart in the irra-
diated field, or those who underwent radiotherapy 
with less than 30 Gy with the heart in the irradiated 
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field but combined with anthracycline treatment 
are at increased risk of cardiac dysfunction [57].

If LV systolic dysfunction is detected, it is man-
aged medically similar to other etiologies of HF, 
mostly with beta-blocker, ACE inhibitors or ARBs 
[51]. In patients with end-stage HF who underwent 
radiotherapy, the previous radiation therapy is 
not a contraindication to cardiac transplantation. 
Despite technical difficulties in performing the 
surgery due to severe mediastinal fibrosis in the 
irradiated regions, the survival rate after cardiac 
transplantation does not differ significantly from 
life expectancy after cardiac transplantation in 
radiotherapy-naive patients [36].

Right ventricular dysfunction

The RV is located immediately behind the 
anterior chest wall and thus it is most prone to 
the adverse effects of mediastinal radiotherapy. 
Although the latest cardiooncological guidelines 
mostly discuss LV function, it has been recently 
suggested that cardiovascular morbidity and mor-
tality associated with oncological treatment is also 
related to the condition of the RV [58].

Radiation-induced RV damage is mainly caused 
by myocardial fibrosis and remodeling, damage to 
blood vessels, and accelerated coronary artery 
atherosclerosis [58]. In addition, radiotherapy- 
-induced pericardial fibrosis may induce RV dias-
tolic dysfunction followed by systolic dysfunction, 
as the RV is subjected to low afterload under nor-
mal conditions [59].

The risk factors for radiotherapy-induced dam-
age to the RV include total and fractional radiation 
dose, irradiation method, tumor location, and con-
comitant diseases [58]. In breast cancer patients, 
the number of individuals with RV systolic dysfunc-
tion increases with time following treatment with 
anthracyclines, trastuzumab and/or radiotherapy 
[60]. Examination using the novel method of ultra-
sonic tissue characterization showed an increase 
in myocardial echogenicity related to the radiation 
dose. The study was performed in patients with 
left breast cancer and showed that the RV free wall 
was exposed to the highest radiation dose during 
radiotherapy [61]. The increase in RV free wall 
echogenicity was accompanied by a decreased tri-
cuspid annular plane systolic excursion (TAPSE).

Right ventricular structure and function may 
be assessed by echocardiography and MRI. Echo-
cardiographic parameters include TAPSE, RV 
fractional area change, lateral tricuspid annular 
systolic velocity (RV S’), RV free wall longitudinal 

strain, and RV wall thickness. The gold standard 
imaging tool is MRI which allows for precise evalu-
ation of the RV structure and function including 
end-diastolic volume, end-systolic volume, and RV 
ejection fraction [62].

Arrhythmias

Electrocardiographic abnormalities and ar-
rhythmias are recognized in 16–36% patients with 
a history of radiotherapy [7], including bradyar-
rhythmias, tachyarrhythmias, and various conduc-
tion disturbances. These arrhythmias are usually 
related to fibrosis involving the atria and the con-
duction system. An association was found between 
arrhythmic events and the radiation dose in the 
right atrium, the left atrium and the whole heart 
in patients treated with high dose radiation therapy 
for non-small-cell lung cancer [44].

Chemotherapy combined with radiotherapy 
may increase the arrhythmic risk. Many chemo-
therapeutic agents lead to the QTc interval pro-
longation (in particular arsenic trioxide, tyrosine 
kinase inhibitors, and doxorubicin). Electrolyte 
disturbances which are common during anticancer 
treatment (both primary and secondary to vomit-
ing, diarrhoea and skin lesions after radiotherapy) 
and administration of other drugs that increase 
the QTc interval (antiemetics, antibiotics, anti-
mycotics, psychotropic agents, and antiarrhythmic 
drugs) also favour arrhythmic events [7, 28].

Atrial fibrillation (AF) is the most common 
supraventricular arrhythmia induced by radio-
therapy, chemotherapy and/or surgical treatment. 
Indications for chronic oral anticoagulation have 
to be considered in patients with AF, which may 
be problematic due to an elevated risk of both 
thromboembolic events and bleeding complica-
tions in patients with malignancies. Low molecular 
weight heparins, vitamin K antagonists, and novel 
oral anticoagulants may be used for anticoagulation 
[63, 64]. It should be noted that the CHA2DS2-VASc 
and HAS-BLED risk scores to evaluate the risk 
of thromboembolism and bleeding complications, 
respectively, have not been validated in cancer 
patients. 

Radiotherapy-induced ventricular arrhythmias 
are caused by myocardial ischemia and LV dys-
function [7]. Similarly, sinus node dysfunction and 
atrioventricular conduction disturbances are the 
result of ischemia, myocardial fibrosis, and direct 
damage to the cardiac conduction system caused 
by irradiation [12, 43]. Right bundle branch block 
is most frequently seen after chest radiotherapy 
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because the right bundle is situated just under the 
endocardium and is most susceptible to irradiation-
induced damage [16].

In summary, factors favouring the occurrence 
of arrhythmia such as previous heart disease, QTc 
prolonging drugs, electrolyte disturbances, kidney 
function, thyroid hormone level, and impaired he-
patic metabolism have to be taken into considera-
tion in patients undergoing radiotherapy. Serious 
arrhythmias and conduction disturbances need to 
be treated by either drug therapy or cardiac device 
implantation.

Peripheral arterial disease

In addition to the effect on the heart, radio-
therapy delivered to the neck and mediastinum may 
also damage blood vessels located in the irradiated 
area. Mechanisms include direct damage to vessel 
walls, injury of vasa vasorum, fibrosis, and acceler-
ated atherosclerosis [65]. Significant atheroscle-
rotic lesions in either carotid or subclavian arteries 
were observed in 7.4% of patients at 17 years after 
radiation therapy. The average patient age at the 
time these vascular lesions were diagnosed was 
34 years, and stroke or a transient ischemic at-
tack occurred at an average age of 51 years [22]. 
Pathological lesions in femoral arteries developed 
not earlier than 5 years after radiotherapy of the 
abdominal and pelvic regions [66, 67]. In addition, 
irradiation of the abdominal cavity may lead to the 
development of arterial hypertension mediated by 
damage to renal vessels.

The severity of arterial damage depends on 
radiation dose and time since treatment [68]. It 
was also shown that conventional CAD risk factors 
including hypertension and hypercholesterolemia 
have a synergistic effect on the development of 
radiation-induced arterial disease, and this risk 
may be minimized with proper treatment [67]. 
Radiation-induced arterial disease is managed using 
the same approach as atherosclerotic disease, and 
the treatment includes use of acetylsalicylic acid, 
statin, and percutaneous and surgical interventions. 
Invasive treatment outcomes are similar in patients 
with or without a history of malignancy [66].

Arterial hypertension  
and orthostatic hypotension

Irradiation of the head or neck may result in 
disruption of baroreflex, which in the chronic phase 
is characterized by severe labile blood pressure 
(BP), and this condition is commonly referred to as 

the syndrome of baroreflex failure. The baroreflex 
normally functions via carotid stretch receptors 
to maintain heart rate and BP. The mechanism of 
radiation-induced baroreflex failure is  direct dam-
age of carotid sinus receptors and their afferent 
vagal branches or accelerated atherosclerosis and 
fibrosis within arterial walls. Decreased baroreflex 
sensitivity and inefficient inhibitory activity may 
result in increased sympathetic tone. More rarely, 
inadequate efferent baroreceptor activity may lead 
to orthostatic hypotension with syncope, BP drop 
during sleep and bradycardia. 

Baroreflex failure syndrome presents with 
headache, anxiety, emotional lability, tachycardia, 
hypertension, orthostatic lightheadedness, and/or  
hypotensive episodes. There may be severe BP 
elevation, even exceeding 250 mmHg, which may 
cause complications such as cerebral hemorrhage 
or encephalopathy. The onset of increased BP may 
occur days or weeks from completion of radio-
therapy [69]. In differential diagnosis tests to rule 
out secondary causes of hypertension (e.g., renal 
artery stenosis or parenchymal disease, pheo-
chromocytoma, other endocrinopathies) should 
be performed. 

Cardiovascular dysfunction in these patients 
can be detected by ambulatory BP monitoring 
demonstrating abnormalities in resting BP and 
increased BP variability. To confirm baroreflex fail-
ure, deep breathing, Valsalva maneuver and tests 
with intravenous administration of phenylephrine 
or sodium nitroprusside show abnormal BP pat-
tern and a lack of reflex brady- and tachycardia in 
response to BP changes. 

In acute phase primary treatment is antihy-
pertensive therapy and in chronic phase inhibition 
of central noradrenergic neurotransmission (e.g. 
clonidine) is recommended. Orthostatic and post-
exercise hypotension resulting from baroreflex 
disorder may be challenging in management of 
hypertension. Implantation of pacemaker should be 
considered in patients with malignant bradycardia 
due to vagotonia, and supplementation of fludrocorti-
sone and dietary salt in case of hypotension [69–75].

Impaired cardio-autonomic functions which 
were not apparent clinically were shown by Goyal 
et al. [72] in neck irradiated patients due to cancer 
disease. The authors evaluated heart rate variabil-
ity with time domain analysis of 5 min ECG record-
ing. Postural cardiovascular reflexes were studied 
with changes in BP and heart rate with the lying 
to standing test. The present study revealed a re-
duction in overall time domain measures of heart 
rate variability and weakened postural reflexes in 
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neck irradiated patients. Whether decreased heart 
rate variability in neck irradiated patients reflects 
an independent risk of cardiovascular morbidity 
requires further investigation. Nevertheless, the 
dose of radiation delivered to the carotid sinus 
should be monitored and restricted, as well as ra-
diation oncologists should be aware of baroreflex 
failure syndrome, as they often could be the first 
to diagnose it and detect it early. 

Summary

Ongoing advances in oncology and treatment 
of malignant hematological diseases lead to the 
development of new therapeutic options that in-
crease the proportion of patients with long-term 
survival chances. This increase in life expectancy 
of cancer survivors has led to an increased inci-
dence of long-term complications of anticancer 
therapy, including adverse cardiovascular effects of 
radiotherapy. The aims of cardiooncology include 
the prevention, diagnosis, and treatment of CVDs 
in the population of oncological patients [7, 62, 76]. 
For patients treated with radiation therapy, there is 
a need for accurate recommendations regarding the 
planning and extent of cardiac screening for early 
diagnosis and effective treatment of cardiovascular 
complications of radiotherapy [5, 77, 78]. 

Currently, available data are provided from 
breast cancer and Hodgkin lymphoma groups, who 
reach relatively long-term survival. It is necessary 
to identify groups of patients with higher risk of 
radiation-induced cardiovascular complications 
and prepare for them a follow-up plan. It should be 
taken into consideration that assessment of cardio-
vascular risk based on the radiation dose delivered 
to the heart or the volume of the irradiated heart by 
comparing groups of patients treated with older and 
newer methods of radiotherapy is difficult, because 
of relevant differences in radiation techniques. 
Anyway, according to ASCO guidelines based on 
meta-analysis of available research, minimizing 
doses delivered to heart and volume of the irradi-
ated heart is an essential step in the prevention 
of long-term complications of radiotherapy [57]. 

In patients who have undergone chest radia-
tion therapy, evaluation based on signs and symp-
toms and echocardiographic surveillance should be 
implemented, starting 5 years after treatment in 
high-risk patients and 10 years in all other patients. 
Further reassessment should be performed every 
5 years. Even if asymptomatic, high-risk patients 
should also be referred for functional non-invasive 
stress tests within 5 to 10 years after completing 

irradiation therapy [17, 42]. Pregnant women and 
those who are planning pregnancy should be care-
fully monitored, as gestation may unmask subclini-
cal cardiotoxicity [35].

Another important issue is the treatment of 
comorbidities and reduction of modifiable cardio-
vascular risk factors necessary among those pa-
tients. According to the ESC guidelines regarding 
cardiovascular prevention for cancer survivors, 
recommendations include healthy diet, smoking 
cessation, reduction of body weight and regular 
aerobic exercises, which are especially helpful in 
prevention and treatment of cardiotoxicity [79]. 
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Echocardiographic predictors of atrial  
fibrillation recurrence after catheter ablation:  
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Abstract 
Background: Catheter ablation (CA) is a well-known treatment option for patients with symptomatic 
drug-resistant atrial fibrillation (AF). Multiple factors have been identified to determine AF recurrence 
after CA, however their predictive value is rather small. Identification of novel predictors of CA outcome 
is therefore of primary importance to reduce health costs and improve long-term results of intervention. 
The recurrence of AF following CA is related to severity of left ventricular (LV) dysfunction, extent of 
atrial dilatation and fibrosis. The aim of this paper was to present and discuss the latest studies on the 
utility of echocardiographic parameters in terms of CA effectiveness in patients with paroxysmal and 
persistent AF. 
Methods: PubMed, Google Scholar, EBSCO databases were searched for studies reporting echocardio-
graphic preprocedural predictors of AF recurrence after CA. LV systolic and diastolic function, as well 
as atrial size, strain and dyssynchrony were taken into consideration. 
Results: Twenty one full-text articles were analyzed, including three meta-analyses. Several echo-
cardiographic parameters have been reported to determine a risk of AF recurrence after CA. There 
are conventional methods that measure left atrial size and volume, LV ejection fraction, parameters 
assessing LV diastolic dysfunction, and methods using more innovative technologies based on speckle 
tracking echocardiography to determine left atrial synchrony and strain. Each of these parameters has 
its own predictive value. 
Conclusions: Regarding CA effectiveness, every patient has to be evaluated individually to estimate the 
risk of AF recurrence, optimally using a combination of several echocardiographic parameters. (Cardiol J  
2020; 27, 6: 848–856)
Key words: atrial fibrillation, catheter ablation, pulmonary vein isolation,  
echocardiography, predictors, recurrence

Introduction

Atrial fibrillation (AF) is the most common 
cardiac arrhythmia with a projected prevalence of 
14–17 million by the year 2030 in the European 
Union [1]. AF remains one of the major causes of 
stroke, heart failure, sudden death, and cardiovas-
cular morbidity. With large increases in the burden 
of AF expected in the coming decades, better 

diagnosis and stratification of treatment selection 
is of paramount importance.

In recent years catheter ablation (CA) became 
a common treatment for patients with sympto-
matic, drug-resistant AF. The success rate of 
CA, defined as no AF relapse, of up to 70% for 
patients with paroxysmal AF and around 50% in 
those with persistent AF [1]. Multiple factors have 
been identified for AF recurrence after CA, such 
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as age, AF duration, ventricular and atrial function 
and comorbidities, however their predictive value 
is rather small [1, 2]. Therefore, new predictors 
of procedural outcome are needed for better iden-
tification of the most suitable candidates for CA.

Optimal patient selection is crucial to avoid 
unnecessary risk associated with CA, which can be 
accompanied by serious complications such as car-
diac tamponade, stroke, pulmonary vein stenosis 
and atrio-esophageal fistula. Finally more accurate 
prediction can influence a decision for continuation 
of long-term oral anticoagulant and antiarrhythmic 
drug therapy. 

Much of the information on ventricular and 
atrial function can be derived from cardiac mag-
netic resonance and tomography, but for practical 
reasons echocardiography is mostly used in clinical 
settings. Active deformation of the heart muscle 
during the cardiac cycle can be assessed with strain 
imaging from two-dimentional speckle tracking 
echocardiography (STE). This technique enables 
the recognition of subtle cardiac dysfunction and 
markers myocardial damage. The ultimate goal of 
these markers is to define different types of AF 
that are characterized by specific pathophysiology 
which may warrant early aggressive intervention 
and will respond favourably to CA. Recurrent AF 
after CA seems to be higher in patients with signs 
of atrial cardiomyopathy, also ventricular function 
plays a major role in the efficacy of this procedure.

The aim of this paper was to present and dis-
cuss the latest studies on echocardiographic param-
eters in terms of CA effectiveness in the treatment 
of patients with paroxysmal and persistent AF.

PubMed, Google Scholar, EBSCO databases 
were searched using the key words “echocardio-
graphic predictors of atrial fibrillation after catheter 
ablation” or “echocardiography atrial fibrillation,” 
“echocardiography pulmonary vein isolation” or 
“echocardiography catheter ablation.” The search 
returned 104 abstracts, published from 1997 to 
2017, all in English. After screening the abstracts, 
42 were included for full-text analysis, according 
to their relevance to the subject. The criteria to 
include studies were as follows: (A) patients with 
paroxysmal or persistent AF referred for CA, (B) 
endpoint analysis taking into account the first re-
currence of AF (defined as any documented episode 
of AF lasting > 30 s). Finally, 21 full-text articles 
were included in relation to CA in patients with 
AF. The following echocardiographic criteria were 
taken into consideration: left (LA) and right atrial 
(RA) size (diameter, area and volume), left ven-
tricular (LV) ejection fraction (LVEF), parameters 

assessing LV diastolic dysfunction, atrial strain and 
dyssynchrony (Table 1). 

Methods

Atrial size
It is established that LA size contributes to 

structural remodeling and therefore to atrial fi-
brosis [3]. Dilatation of the LA is an independent 
predictor of new onset AF [4]. It is also a well-
known predictor of low success for CA in terms of 
AF recurrence [5–7]. 

Zhuang et al. [8] performed a meta-analysis 
of 22 studies which included over 3700 patients, 
which showed that an increased antero-posterior 
diameter of the LA was associated with a higher 
risk of AF recurrence after CA. The antero-pos-
terior diameter of LA before CA, obtained from 
the parasternal long-axis view, was 35–50 mm. In 
patients with arrhythmia recurrences it was 1.87 
mm larger than in those with successful pulmonary 
vein isolation [8]. According to European expert 
consensus from 2012 the LA diameter over 50–55 
mm indicates limited success of CA [6]. In a study 
performed by Liao et al. [9] on 589 patients with 
paroxysmal AF, LA diameter over 43 mm and LV 
systolic diameter over 31 mm were the best cut-
off values for predicting AF progression after CA. 
Their predictive value was highest when both of 
the above-mentioned diameters were exceeded 
[9]. LA dilation can be asymmetric and the antero-
posterior dimension underestimates and does not 
truly reflect LA size. Studies focusing on LA area, 
however, did not confirm its predictive utility. 
Tomas at al. [10] found that LA area > 24 cm2 did 
not predict AF recurrence at 12 month follow up. 
Njoku et al. [11] in a meta-analysis of 21 observa-
tional studies encompassing 3850 patients reported 
that patients with AF recurrence had larger mean 
left atrial volume (LAV) and LAV index (LAVi) 
compared to patients with no arrhythmia relapse. 
Moreover, they found that increased LAV/LAVi 
was independently associated with frequent AF 
recurrences after CA. There was a 3% increase in 
the odds of AF relapse per unit increase in LAV/ 
/LAVi. Shin et al. [12] found that LAVi of 34 mL/ 
/m2 showed a sensitivity of 70% and a specificity 
of 91% to predict AF recurrence.

Atrial fibrillation is a biatrial disease. RA, with 
its enlargement and remodeling also involved in 
AF relapse [13]. Moon et al. [13] reported that in-
creased RA volume index (RAVi) might affect early 
AF recurrence (within 3 months) after CA and RAVi 
over 78 mL/m2 predicted the early recurrence with 

www.cardiologyjournal.org 849

Aleksandra Liżewska-Springer et al., Echocardiographic predictors of AF recurrence after catheter ablation



T
ab

le
 1

. S
tu

d
ie

s 
ab

o
ut

 th
e 

p
re

d
ic

tiv
e 

ec
ho

ca
rd

io
gr

ap
hi

c 
fa

ct
o

rs
 o

f a
tr

ia
l f

ib
ri

lla
tio

n 
re

cu
rr

en
ce

 p
o

st
-c

at
he

te
r 

ab
la

tio
n.

T
o

ta
l p

at
ie

nt
s 

 
(n

)
S

tu
d

y 
 

ty
p

e
P

ar
o

xy
sm

al
  

A
F 

(n
)

P
er

si
st

en
t 

 
A

F 
(n

)
LV

E
F 

 
[%

]
M

ed
ia

n 
 

fo
llo

w
-u

p
 

[m
o

nt
hs

]

A
F 

 
re

cu
rr

en
ce

s 
 

af
te

r 
C

A
 (

n)

P
ro

gn
o

st
ic

  
E

C
H

O
  

p
ar

am
et

er

R
ef

er
en

ce

A
R

IA
L 

S
Iz

E

37
50

  
(2

2 
st

ud
ie

s)
M

et
a-

 
-a

na
ly

si
s

22
74

14
76

N
S

6–
30

 ±
 1

3
N

S
LA

D
 w

as
 1

.8
7 

m
m

  
hi

gh
er

 in
 p

at
ie

nt
s 

 
w

ith
 a

rr
hy

th
m

ia
  

re
cu

rr
en

ce
s

Z
hu

an
g 

et
 a

l. 
 

20
11

14
25

  
(9

 s
tu

d
ie

s)
M

et
a-

 
-a

na
ly

si
s

61
1

54
4

>
 5

0
17

 (m
ea

n)
N

S
H

ig
he

r 
m

ea
n 

LA
V

i  
(u

si
ng

 E
C

H
O

, C
T

, o
r 

M
R

I)
N

jo
ku

 e
t a

l. 
 

20
17

15
59

  
(1

1 
st

ud
ie

s)
M

et
a-

 
an

al
ys

is
91

3*
 

53
7*

 
>

 5
0

17
 (m

ea
n)

N
S

H
ig

he
r 

m
ea

n 
LA

V
 

(u
si

ng
 E

C
H

O
, C

T
, o

r 
M

R
I)

28
86

  
(1

3 
st

ud
ie

s)
M

et
a-

 
an

al
ys

is
19

32
96

0
>

 5
0

18
N

S
H

ig
he

r 
m

ea
n 

LA
V

/L
A

V
i  

(u
si

ng
 E

C
H

O
, C

T
, o

r 
M

R
I)

47
0

R
et

ro
sp

ec
tiv

e
19

6
27

4
>

 5
0

24
.3

 ±
 1

8
28

4 
 

(6
0.

6%
)

R
A

D
 >

 3
5.

5 
m

m
  

(in
 P

A
F 

w
ith

 L
A

D
 >

 3
5 

m
m

)
N

an
 W

en
 e

t a
l. 

20
17

LE
FT

 V
E

N
T

R
IC

U
LA

R
 S

Y
S

T
O

LI
C

 D
Y

S
FU

N
C

T
IO

N

36
8

R
et

ro
sp

ec
tiv

e
17

0
19

8
≤ 

40
  

(1
11

 p
at

ie
nt

s)
,  

>
 5

0 
(1

57
 p

at
ie

nt
s 

w
ith

 is
o

la
te

d
 

LV
D

D
), 

10
0 

p
a-

tie
nt

s 
w

ith
 n

or
m

al
 

LV
 fu

nc
tio

n

13
N

S
LV

E
F 
≤ 

40
%

C
ha

 e
t a

l. 
 

20
11

23
0

R
et

ro
sp

ec
tiv

e
80

15
0

<
 5

0 
 

(9
7 

p
at

ie
nt

s)
,  

≥ 
50

 (1
33

 p
at

ie
nt

s)

11
N

S
LV

E
F 

w
as

 n
o

t  
a 

ri
sk

 fa
ct

o
r

B
la

ck
-M

ai
er

 e
t a

l. 
20

17

36
3

P
ro

sp
ec

tiv
e

11
8

24
5

≤ 
35

37
.8

60
 (3

7%
)

LV
E

F 
 ≤

 2
5%

M
ar

ro
uc

he
 e

t.a
l. 

20
18

LE
FT

 V
E

N
T

R
IC

U
LA

R
 D

IA
S

T
O

LI
C

 D
Y

S
FU

N
C

T
IO

N

19
8

R
et

ro
sp

ec
tiv

e
17

3
25

>
 5

0
12

76
  

(3
8%

)
A

ve
ra

ge
 E

/e
’ >

 1
3 

 
(d

ur
in

g 
si

nu
s 

rh
yt

hm
)

H
ir

ai
 e

t a
l. 

 
20

14

21
5

P
ro

sp
ec

tiv
e

11
3

10
2

>
 5

0
12

 ±
 6

38
 (1

8%
)

A
ve

ra
ge

 E
/e

’ >
 1

4
M

as
ud

a 
et

 a
l. 

 
20

17

22
R

et
ro

sp
ec

tiv
e

5 
17

>
 5

0
21

 ±
 1

2
9 

(4
1%

)
E

/e
’ ≥

 1
5

O
ka

m
at

su
 e

t a
l. 

20
15

≠

850 www.cardiologyjournal.org

Cardiology Journal 2020, Vol. 27, No. 6



T
ab

le
 1

 (
co

nt
.)

. S
tu

d
ie

s 
ab

o
ut

 th
e 

p
re

d
ic

tiv
e 

ec
ho

ca
rd

io
gr

ap
hi

c 
fa

ct
o

rs
 o

f a
tr

ia
l f

ib
ri

lla
tio

n 
re

cu
rr

en
ce

 p
o

st
-c

at
he

te
r 

ab
la

tio
n.

T
o

ta
l p

at
ie

nt
s 

 
(n

)
S

tu
d

y 
 

ty
p

e
P

ar
o

xy
sm

al
  

A
F 

(n
)

P
er

si
st

en
t 

 
A

F 
(n

)
LV

E
F 

 
(%

)
M

ed
ia

n 
 

fo
llo

w
-u

p
 

[m
o

nt
hs

]

A
F 

 
re

cu
rr

en
ce

s 
 

af
te

r 
C

A
 (

n)

P
ro

gn
o

st
ic

  
E

C
H

O
 

p
ar

am
et

er

R
ef

er
en

ce

23
2

R
et

ro
sp

ec
tiv

e
15

2
80

>
 5

0
36

59
  

(2
5%

)
LV

D
D

 d
ef

in
ed

 a
s:

 
se

p
ta

l e
”<

 8
 

la
te

ra
l e

” 
<

 1
0 

LA
V

 ≥
 3

4 
m

L/
m

2   
(r

is
k 

fa
ct

o
r 

o
f V

LR
)

O
ni

sh
i e

t a
l. 

 
20

17

12
4

P
ro

sp
ec

tiv
e

70
54

>
 5

0
12

42
 (3

4%
, e

ar
ly

-
d

ur
in

g 
fir

st
 w

ee
k 

af
te

r 
P

V
I),

 2
6 

(2
7%

, l
at

e)

E
/A

 r
at

io
  

(in
 e

ar
ly

 r
ec

ur
re

nc
e)

K
o

si
uk

 e
t a

l. 
 

20
14

LE
FT

 A
T

R
IA

L 
S

T
R

A
IN

 

68
6 

 
(8

 s
tu

d
ie

s)
M

et
a-

 
an

al
ys

is
52

9
15

7
>

 5
0

11
23

2 
 

(9
4.

9%
)

LA
 s

tr
ai

n 
<

 2
2.

8%
 (u

si
ng

 
Q

R
S

 o
r 

P
 a

na
ly

si
s,

 u
si

ng
  

d
iff

er
en

t s
o

ft
w

ar
e 

p
ac

ka
ge

s)

M
a 

et
 a

l. 
 

20
16

10
0

R
et

ro
sp

ec
tiv

e
68

32
>

 5
0

12
26

  
(2

6%
)

B
as

al
 L

A
 la

te
ra

l s
tr

ai
n 

 
<

 2
5.

3%
Y

as
ud

a 
et

 a
l. 

 
20

15

10
2

R
et

ro
sp

ec
tiv

e 
P

ro
sp

ec
tiv

e
0

10
2

>
 5

0
15

57
  

(5
6%

)
LA

 s
tr

ai
n 

<
 1

0%
 (d

ur
in

g 
an

 
ep

is
o

d
e 

o
f p

er
si

st
en

t A
F)

P
ar

w
an

i e
t a

l. 
 

20
17

42
P

ro
sp

ec
tiv

e
42

0
>

 5
0

14
 ±

 7
12

  
(2

9%
)

LA
 g

lo
b

al
 p

ea
k 

ar
ea

 s
tr

ai
n 

(3
D

-G
A

S
s)

 <
 2

8.
9%

 
(m

ea
su

re
d

 in
 s

ys
to

le
,  

d
et

er
m

in
ed

 b
y 

3D
  

sp
ec

kl
e 

tr
ac

ki
ng

)

M
o

ch
iz

uk
i e

t a
l. 

20
17

O
T

H
E

R
 P

A
R

A
M

E
T

E
R

S

25
R

et
ro

sp
ec

tiv
e

25
0

>
 4

2
20

 ±
 9

7 
 

(2
8%

)
LA

 m
ec

ha
ni

ca
l d

ys
sy

nc
hr

o
ny

 
(s

p
ec

kl
e 

tr
ac

ki
ng

 s
tr

ai
n 

an
al

ys
is

)

Lo
gh

in
 e

t a
l. 

 
20

13

13
2

R
et

ro
sp

ec
tiv

e
13

2
0

>
 5

0
23

 ±
 7

38
  

(2
8.

8%
)

FM
R

 ≥
 1

 (r
eg

ur
gi

ta
tio

n 
 

je
t a

re
a 

to
 L

A
 a

re
a 

d
ur

in
g 

 
si

nu
s 

rh
yt

hm
)

Q
ia

o
 e

t a
l. 

 
20

16

*1
 s

tu
d

y 
no

t s
ta

te
d

; 
3D

-G
A

S
s 

—
le

ft
 a

tr
ia

l g
lo

b
al

 p
ea

k 
ar

ea
 s

tr
ai

n 
in

 s
ys

to
le

 d
et

er
m

in
ed

 b
y 

th
re

e-
d

im
en

si
o

na
l s

p
ec

kl
e 

tr
ac

ki
ng

 e
ch

o
ca

rd
io

gr
ap

hy
; 

A
 —

 la
te

 m
itr

al
 in

flo
w

 v
el

o
ci

ty
 a

ss
es

se
d

 b
y 

p
ul

se
d

 w
av

e 
D

o
p

p
le

r;
 A

F 
—

 a
tr

ia
l f

ib
ri

lla
tio

n;
 C

A
 —

 c
at

he
te

r 
ab

la
tio

n;
 C

T
 —

 c
o

m
p

ut
ed

 to
m

o
gr

ap
hy

; 
E

 —
 e

ar
ly

 m
itr

al
 in

flo
w

 v
el

o
ci

ty
 a

ss
es

se
d

 b
y 

p
ul

se
d

 w
av

e 
D

o
p

p
le

r;
 E

/A
 —

 m
itr

al
 e

ar
ly

 to
 la

te
 d

ia
st

o
lic

 p
ea

k 
ra

tio
 a

s-
se

ss
ed

 b
y 

p
ul

se
d

 w
av

e 
D

o
p

p
le

r;
 e

’ —
 e

ar
ly

 d
ia

st
o

lic
 m

itr
al

 a
nn

ul
ar

 v
el

o
ci

ty
 a

ss
es

se
d

 b
y 

tis
su

e 
D

o
p

p
le

r;
 e

’ —
 e

ar
ly

 d
ia

st
o

lic
 m

itr
al

 a
nn

ul
ar

 v
el

o
ci

ty
 a

ss
es

se
d

 b
y 

tis
su

e 
D

o
p

p
le

r;
 F

M
R

 —
 fu

nc
tio

na
l m

itr
al

 r
e-

gu
rg

ita
tio

n;
 L

A
 —

 le
ft

 a
tr

iu
m

; 
LA

D
 —

 le
ft

 a
tr

ia
l d

ia
m

et
er

; 
LA

V
 —

 le
ft

 a
tr

ia
l v

o
lu

m
e;

 L
A

V
i —

 le
ft

 a
tr

ia
l v

o
lu

m
e 

in
d

ex
; 

LV
 —

 le
ft

 v
en

tr
ic

ul
ar

; 
LV

D
D

 —
 le

ft
 v

en
tr

ic
ul

ar
 d

ia
st

o
lic

 d
ys

fu
nc

tio
n;

 L
V

E
F 

—
 le

ft
 v

en
tr

ic
ul

ar
 

ej
ec

tio
n 

fr
ac

tio
n;

 M
R

I —
 m

ag
ne

tic
 r

es
o

na
nc

e 
im

ag
in

g;
 n

 —
 n

um
b

er
 o

f p
at

ie
nt

s;
 P

A
F 

—
 p

ar
o

xy
sm

al
 A

F;
 P

V
I —

 p
ul

m
o

na
ry

 v
ei

n 
is

o
la

tio
n;

 R
A

D
 —

 r
ig

ht
 a

tr
ia

l d
ia

m
et

er
 a

ss
es

se
d

 in
 th

e 
4-

ch
am

b
er

 a
p

ic
al

 v
ie

w
; 

V
LR

s 
—

 v
er

y 
la

te
 r

ec
ur

re
nc

es
 (>

 1
2 

m
o

nt
hs

)

www.cardiologyjournal.org 851

Aleksandra Liżewska-Springer et al., Echocardiographic predictors of AF recurrence after catheter ablation



74% sensitivity and 68% specificity [13]. Wen et 
al. [14] found that RA size predicted successful CA 
in patients with paroxysmal AF and LA horizontal 
diameter (determined as the measurement from 
the middle of mitral isthmus to the LA roof in the 
4-chamber apical view) enlargement over 35 mm. 
RA was measured from the middle of tricuspid 
isthmus to the RA roof in the 4-chamber apical 
view, and when this diameter was below 35.5 mm 
it predicted AF recurrence-free survival at over 
2-year follow up. Although a large cohort (over 
400 patients) was examined, the results might be 
applicable only to an Asian population.

Left ventricular systolic function
In previous years several trials comparing 

amiodarone with CA in AF patients with heart 
failure (HF) and reduced ejection fraction (HFrEF) 
showed ablation to be superior at maintaining sinus 
rhythm [15, 16]. However the efficacy of CA in 
HFrEF patients with AF is still a matter of debate. 
Development of AF in HFrEF patients occurs due 
to eccentric remodeling of the LA. In this group an 
increase in LA diameter and volume was observed. 
The underlying electrical substrate driving to AF 
is likely different than in patients with HF and 
preserved ejection fraction, where LA stiffness is 
dominant [17]. 

In a study performed by Cha et al. [18] three 
groups of patients with AF undergoing CA were 
analyzed: 111 with LV systolic dysfunction (LVEF 
≤ 40%), 157 with isolated LV diastolic dysfunction 
(LVEF > 50%) and 100 individuals with normal LV 
function. The authors reported that AF elimination 
rate was significantly lower in patients with systolic 
dysfunction (62%, p = 0.002) and non-significantly 
lower in those with diastolic dysfunction (75%,  
p = 0.15) when compared with the group with 
normal LV function. 

Black-Maier et al. [16] compared two groups 
of about 100 patients with LVEF of less and over 
50% and showed no significant differences in the 
rates of atrial arrhythmia recurrence between HF 
patients with preserved and reduced ejection frac-
tion (33.9% vs. 32.6%; p = 0.8) at 1-year follow up. 
The contradictory result may be due to differences 
in the study population enrolled. Patients in the 
Black-Maier et al. [16] study were older and were 
more likely to have hypertension and diabetes 
mellitus.

The efficacy of CA in patients with HFrEF and 
AF was uncertain, until the lately published break-
through CASTLE-AF trial [19]. It was a multicent-
er, randomized, controlled trial to assess whether 

CA lowers morbidity and mortality as compared 
with medical therapy (rate or rhythm control) in 
patients with coexisting AF and medically managed 
HF. The study included almost 400 patients with 
symptomatic paroxysmal or persistent AF and HF 
in the New York Heart Association class II–IV, 
LVEF of 35% or less and an implanted defibrillator. 
Mortality and hospitalization for worsening HF was 
significantly reduced in patients treated with CA. 
After 5 year follow-up sinus rhythm was maintained 
in 63% of patients in the ablation group vs. 22% in 
the medically treated group (p < 0.001). The study 
also revealed that patients with LVEF of less than 
25% were less likely to benefit from ablation than 
those with LVEF between 25% and 35%. It would 
be interesting to determine the success rate of 
CA in patients with advanced HF but preserved 
ejection fraction.

Left ventricular diastolic dysfunction
Left ventricular diastolic dysfunction may in-

dicate an increase in LV filling pressure, which can 
influence LA remodeling over the long term [20]. 
Wall stress due to increased atrial pressure plays an 
important role in the development of atrial electri-
cal and structural remodeling. Impaired diastolic 
function has also been reported to be associated 
with AF recurrences [21]. According to guidelines 
of the American Society of Echocardiography, LV 
diastolic dysfunction can be evaluated and graded 
by mitral inflow assessed by pulsed wave Doppler, 
tissue Doppler of LV walls, and LA size [22].

In 2014 Hirai et al. [23] reported that elevated 
LA pressure, as determined by increased average 
E/e’ index (E — early transmitral flow velocity 
obtained by pulsed wave Doppler; e’— early dias-
tolic mitral velocity measured by tissue Doppler; 
averaged annular septal and lateral values), was the 
only echocardiographic parameter that predicted 
AF recurrence after CA. The E/e’ value over 13 
indicated increased risk of AF relapse during 12 
month follow up.

Three years later Masuda et al. [24] reported 
that patients with E/e’ > 14 before CA more 
frequently developed recurrent atrial tachyar-
rhythmias after single and multiple procedures. 
It was the first study demonstrating that patients 
with high E/e’ ratio, along with age, female sex, 
low body mass index, and persistent AF more fre-
quently presented low-voltage areas within the LA 
predisposing to AF, when endocardial voltage map-
ping was performed during the CA procedure. The 
relationship between higher E/e’ ratio and the pres-
ence of low voltage areas in the LA may indicate 

852 www.cardiologyjournal.org

Cardiology Journal 2020, Vol. 27, No. 6



that higher E/e’ is associated with advanced atrial 
arrhythmogenic substrate outside the pulmonary 
veins. This  might explain AF recurrences even 
after a properly performed (without reconnections) 
pulmonary vein isolation. 

Finally Okamatsu et al. [25] who examined  
24 patients with hypertrophic cardiomyopathy 
demonstrated that E/e’ ratio was the only pre-
dictor of AF recurrence following pulmonary 
veins isolation (PVI). Patients with E/e’ ≥ 15 had  
a significantly higher risk of AF recurrence than 
those with E/e’ < 15. Thus, patients with AF and 
mild or moderate LV diastolic dysfunction (E/e’  
< 15) are better candidates for PVI than those with  
a restrictive inflow pattern.

In a study performed by Onishi et al. [26] 
LV diastolic dysfunction at baseline was the only 
independent risk factor of late AF recurrence, de-
fined as first AF relapse after more than 12 months 
subsequent to CA. The authors defined LV diastolic 
dysfunction very strictly and patients had to fulfill 
all three of the following criteria: early diastolic 
septal annular velocity e’ < 8 cm/s, lateral annular 
velocity e’ < 10 cm/s and LAVi ≥ 34 mL/m2. After  
a single CA procedure, reconnections of pulmonary 
veins could affect recurrence of AF. To minimize 
the influence of pulmonary vein reconnections, 
risk factors of late recurrences after multiple CA 
procedures, not only after a single session were 
examined. LV diastolic dysfunction appeared to be 
the only risk factor of late AF relapses. 

Kosiuk et al. [27] showed that E/A mitral 
inflow pattern (early to late mitral inflow velocity 
ratio, assessed by pulsed-wave Doppler at the level 
of the mitral valve), which is associated with LV 
diastolic dysfunction, was the best pre-procedural 
predictor of short-term AF recurrence during 
the first week after PVI. An E/A ratio of 1.35 was 
the cut-off value with the highest sensitivity and 
specificity for predicting early AF recurrence. In 
contrast to Onishi et al. [26], the authors reported 
that none of the parameters evaluating LV diastolic 
function predicted long-term PVI result (defined as 
any documented AF episode within a 3–12 month 
period after ablation). This discrepancy may be due 
to different definitions of LV diastolic dysfunction 
applied in both studies. Moreover, Kosiuk et al. 
[27] analyzed the results of CA after only a single 
procedure, and it can also explain the contradic-
tory results because, as mentioned above, late 
AF recurrences are mainly due to pulmonary vein 
reconnections [28, 29]. Finally, a limited number of 
patients with severe LV diastolic dysfunction might 
preclude evaluation of other parameters, like E/e’ 

ratio as predictors of both, short- and long-term 
AF recurrences after CA. 

Left atrial strain 
Schneider et al. [30] evaluated results of tissue 

Doppler imaging (TDI)-based LA strain analysis in 
patients with AF for the prediction of successful 
CA. The authors showed that patients with higher 
atrial strain and strain rate after CA appear to have 
a greater likelihood of maintaining sinus rhythm. 
Peak strain and strain rate were measured at each 
mid-LA segment one day prior to, within 24 hours, 
and 3 months after CA. A value of 20% for atrial 
septal systolic strain obtained before the procedure 
predicted sinus rhythm maintenance after CA, but 
with rather low sensitivity (57%) and specificity 
(56%). This method, however, is prone to angula-
tion error and suffers from variable reproducibility. 
Moreover, it does not allow distinguishing active 
myocardial contraction from its passive motion. 

Two-dimensional STE (2D-STE) is angle 
independent and thus more useful for LA strain 
analysis [31]. There are several studies indicating 
that LA strain has higher predictive value than LA 
size obtained from conventional echocardiography 
[31, 32]. The LA strain reflects LA reservoir, con-
duit and booster pump function. Furthermore, it 
correlates with the extent of LA fibrosis, especially 
in patients with persistent AF [7, 33].

A meta-analysis of 8 studies, which included 
686 patients with paroxysmal AF showed that 
global LA strain is useful to identify individuals 
at high risk of AF recurrence after CA [34]. This 
analysis included both patients with sinus rhythm 
or AF at baseline, before PVI. In the group with 
AF, the beginning of QRS was set as the zero strain 
point. In patients with sinus rhythm the trigger for 
strain analysis was put either at the onset of QRS 
complex or P-wave. LA peak positive strain of less 
than 22.8% predicted AF recurrence with 78% 
sensitivity and 75% specificity. These results were 
independent of the applied method of LA strain 
analysis: from the beginning of QRS or P-wave, as 
well as software package used. 

Left atrial strain measured on LA lateral wall 
by 2D-STE might be the most useful parameter 
for predicting successful AF ablation as it repre-
sents pure LA contractile function [35]. Yasuda et 
al. [35] indicated a significant prognostic value of 
basal LA lateral total strain, both in patients with 
sinus rhythm and AF during examination. The au-
thors set the zero strain point at the beginning of 
QRS complex in the group with AF and at P wave 
in the group with sinus rhythm. The total strain 
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was calculated as follows: positive peak strain – 
negative peak strain. They reported that a value 
below 25.3% in basal LA lateral strain showed 81% 
sensitivity and 72% specificity for predicting AF 
recurrence after CA [35].

Most of the studies included in the mentioned 
meta-analysis [34] assessed patients with mainly 
paroxysmal or different types of AF. Parwani et 
al. [36] reported that low LA peak positive strain 
(< 10%) during an episode of persistent AF was 
strongly linked to recurrence of AF after one or 
even after two CA procedures.

Finally, some results suggest that three-
-dimensional STE (3D-STE) is potentially more 
accurate than 2D-STE for assessment of LA dys-
function in patients with AF [37, 38]. Mochizuki et 
al. [39] assessed patients with paroxysmal AF and 
found that global LA strain determined by 3D-STE 
less than 28.9% was a predictor of AF recurrence 
after the first-time CA Moreover, 3D-STE global 
LA strain was a better predictor of AF relapse after 
CA than LA strain obtained by 2D-STE. Three-
dimensional strain analysis reflects LA function 
in many directions: not only longitudinal, but also 
circumferential and area strains. This can explain 
its superiority over 2D-STE.

Left atrial mechanical dyssynchrony 
The LA mechanical dyssynchrony, which 

clearly indicates the presence of atrial structural 
and electrical remodeling, can predict recurrence 
of AF after CA in patients with paroxysmal AF [40, 
41]. It can be determined by different echocardio-
graphic methods.

Den Uijl et al. [41] reported that total atrial 
conduction time (PA-TDI), reflecting atrial electri-
cal remodeling, was an independent predictor of 
AF recurrence after PVI. Total atrial conduction 
time was obtained by measuring the time delay 
between the onset of the P-wave on the surface 
electrocardiogram and the peak A’-wave of spec-
tral tissue Doppler tracing on LA lateral wall. The 
prolonged value of 146 ± 20 ms was associated 
with AF recurrence after CA (for comparison 
PA-TDI in healthy subjects was 78 ± 7 ms) [42]. 
Similarly, Fukushima et al. [43] found that PA-TDI 
was an independent predictor of AF recurrence in 
patients with paroxysmal AF. They reported 2.5-
-fold higher rate of AF relapses in patients with 
PA-TDI duration > 151.3 ms. Evranos et al. [44] 
demonstrated a relationship between PA-TDI on 
LA lateral wall and recurrence of AF in patients 
treated with cryobaloon ablation. PA-TDI over  
125 ms predicted AF recurrence with 80%  

sensitivity and 90% specificity. Unlike den Uijl et 
al. [41] they defined PA-TDI as a time interval from 
the onset of P wave on the surface electrocardio-
gram to the beginning of the A’ wave. 

Loghin at al. [40], used an algorithm based on 
2D-STE — the vector velocity imaging (VVI) and 
looked at the timing of peak longitudinal strain 
obtained on opposing LA walls during atrial con-
tractile phase. They found that maximum opposing 
walls delay of over 51 ms predicted AF recurrence 
after CA with 89% sensitivity and 72% specificity. 
Unfortunately, the study was retrospective and 
based on a small cohort of 25 patients.

Sarvari et al. [45] measured the dispersion 
of LA contraction duration, defined as the time 
difference from the peak of P wave on the surface 
electrocardiogram during sinus rhythm to maxi-
mum LA shortening assessed by 2D-STE strain 
(peak negative longitudinal strain). The standard 
deviation of contraction durations measured in 
18 LA segments was defined as LA mechanical 
dispersion. The authors reported that patients 
with AF relapse and normal (LAV 25 ± 10 mL/m2) 
presented with significantly greater LA mechanical 
dispersion compared with patients after success-
ful CA (38 ± 14 ms vs. 30 ± 12 ms; p < 0.001). 
Therefore LA mechanical dispersion can be a useful 
tool to predict AF recurrence after CA in patients 
with structurally normal heart. 

Functional mitral regurgitation
Qiao et al. [46] reported that functional mitral 

regurgitation, defined as regurgitation jet area to 
LA area ratio ≥ 0.1 in subjects without any pri-
mary valvular disease, independently predicted 
long-term outcomes post ablation in patients with 
paroxysmal AF. Functional mitral regurgitation was 
strongly correlated with the presence and extent 
of low voltage zones within the LA, assessed in-
vasively prior to ablation.

Conclusions

Several echocardiographic parameters have 
been reported to determine the risk of AF recur-
rence after CA. These parameters reflect morphol-
ogy, function and myocardial remodeling in patients 
with AF. There are conventional methods that 
measure LA size and volume, LVEF, parameters 
assessing LV diastolic dysfunction, and methods 
using more innovative technologies based on STE 
to determine LA synchrony and strain. Each of 
these parameters has their own predictive value. 
Unfortunately, there is no single parameter that 
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actually enables the prediction of AF relapse after 
CA. To summarize, the predictors of AF recur-
rence after CA which were confirmed by several 
groups were LA diameter > 50–55 mm or LAVi 
> 34 mL/m2, E/e’ > 13–15, LA strain assessed by 
STE < 20–25% and total atrial conduction time 
measured by TDI > 150 ms. The presence of LV 
systolic dysfunction also lowered CA success rate 
with a bottom LVEF cut-off value of < 25%. It 
needs underlining that risk of AF recurrence after 
CA should be estimated individually, optimally on 
the basis of several echocardiographic parameters.
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Tachycardia: The hidden cardiovascular risk  
factor in uncomplicated arterial hypertension 
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Abstract
Early detection and management of elevated blood pressure is crucial in reducing the burden of cardio-
vascular disease (CVD). The importance of an absolute risk assessment and patient risk stratification 
has been highlighted in the European hypertension guidelines since 2003. Amongst numerous risk fac-
tors influencing patient prognosis, elevated heart rate (HR) has been indicated as important predictor 
of future risk of hypertension, coronary heart disease, sudden cardiac death, heart failure, CVD, stroke, 
total cancer and mortality. Given that resting HR can be easily determined in clinical practice and 
modified by lifestyle changes as well as beta-blocker therapy, it seems reasonable that lowering resting 
HR should be a potential target to reduce disease burden and premature mortality. However, there is  
a lack of outcome studies of HR lowering in tachycardia-related hypertension. This review outlines the 
underlying mechanisms of early course hypertension pathophysiology with the critical role of the sym-
pathetic nervous system activation, the prognostic significance of fast HR and the mechanistic rationale 
for the use of non-pharmacological approaches and/or highly long-acting cardioselective beta-blockers 
with some consideration given to betaxolol properties. (Cardiol J 2020; 27, 6: 857–867)
Key words: essential hypertension, tachycardia, cardiac output, peripheral resistance, 
muscle sympathetic nerve activity, non-pharmacological approaches, betaxolol

Introduction

Hypertension remains the leading preventable 
cause of premature deaths worldwide. Despite ad-
vances in hypertension prevention, diagnosis and 
treatment, elevated blood pressure (BP) affects 
at least one third of the adult global population ac-
cording to national surveys [1, 2]. Using the recent 
American College of Cardiology and the American 
Heart Association guidelines for hypertension 
definition, the overall burden of the disease is 
even higher [3], likely to rise further due to the 
increasing prevalence of obesity worldwide. Nota-
bly, the incidence of cardiovascular (CV) disease 
(CVD) (i.e. myocardial infarction [MI], stroke, heart 
failure [HF], peripheral artery disease, kidney 
disease) directly increases from the threshold of 

115/75 mmHg in all age groups, in both men and 
women [4].

Essential hypertension is the most common 
form of hypertension with no identifiable cause 
affecting nearly 95% of hypertensive patients. 
The pathogenesis of primary hypertension is 
multifactorial and numerous interrelated factors 
including salt intake, obesity, insulin resistance, 
genetics, endothelial dysfunction, low birth weight, 
intrauterine malnutrition and vascular anomalies 
contribute to raised BP and its relative impact may 
vary between individuals. 

Further emerging risk factor gaining an impor-
tant recognition is elevated resting heart rate (HR). 
Tachycardia can reflect a normal body response 
to various stimuli such as stress, fever, alcohol, 
smoking, coffee, strenuous exercise or associated 
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conditions (e.g. anemia, thyroid problems, infec-
tion, other). While in clinical practice fast HR can 
be unnoticed or viewed as a sign of ‘nervousness’, 
there is evidence to indicate that the presence of 
tachycardia and increased cardiac output (CO) are 
hemodynamic features of early phase of arterial hy-
pertension [5] and important contributors to estab-
lished hypertension and CVD [6]. Most studies on 
hypertension have reported that a HR higher than 
80–85 bpm confers increased CV and mortality risk 
[6]. Although the presence of HR of > 80 bpm has 
been added to patient risk evaluation as per recent 
European Society of Cardiology and the European 
Society of Hypertension guidelines [7], the use 
of beta-blockers in uncomplicated hypertension 
is still under debate and the therapeutic approach 
to patients presenting with hypertension-related 
tachycardia remains empirical. CV outcomes of 
hypertensive patients treated or non-treated with 
beta-blockers are inconclusive. Optimal HR levels 
for hypertensive patients need to be determined. 

Hemodynamic pattern  
of essential hypertension

Hemodynamic characteristics of the initial 
phase of primary essential hypertension are not 
unequivocal, either induced by raised CO or in-
creased peripheral resistance [8]. It has been 
documented that in not less than 30% of children 
and younger population, fast HR and CO but normal 
total peripheral resistance precedes the develop-
ment of high BP. The Tecumseh Blood Pressure 
Study found that 37% of all patients with untreated 
borderline and/or mild hypertension demonstrated 
hyperkinetic state with elevated HR, CO, forearm 
blood flow and plasma noradrenaline (NA) levels 
resulting in high sympathetic tone and decreased 
parasympathetic tone [9]. The hyperkinetic state 
caused by excessive autonomic drive is likely to 
be induced by augmented sympathetic activity to 
the heart and kidney. This selectively elevated NA 
release from renal and cardiac sympathetic nerves 
in essential hypertension has been predominantly 
found in males under the age of 40 [10]. 

High sympathetic activity is likely to be the 
underlying mechanism through which HR is as-
sociated with high insulin levels, insulin resist-
ance, dyslipidemia, high hematocrit and excess 
body weight. Indeed, patients with hypertension 
commonly display other metabolic abnormalities 
including elevated glucose, insulin and lipid levels 
which importantly contribute to the HR increase 
[11, 12]. Weight gain and a lack of physical activity 

are further independent factors associated with 
resting tachycardia. Accelerated HR is associated 
with the magnitude of BP levels [13–16]. Own 
clinical experience suggests that pre-diabetes 
and obstructive sleep apnea are not uncommon 
conditions associated with tachycardia-related 
hypertension (as summarized in Fig. 1).

With aging and disease progression, CO gen-
erally normalized in uncomplicated hypertension, 
however a shift toward increased vascular resist-
ance potentiates sympathetic activation which is 
a hallmark of established hypertension. In un-
controlled hypertension, persistent sympathetic 
activation promotes vascular remodeling, organ 
damage and adverse CV complications (Fig. 1) [17]. 

Fast HR in turn not only increases BP and 
leads to sustained hypertension but also exerts 
hemodynamically mediated cardiac abnormalities 
leading to reduced coronary flow reserve and vas-
cular compliance, promoting atherosclerosis, arte-
rial remodeling and plaque instability, endothelium 
dysfunction and microalbuminuria, importantly 
contributing to myocardial ischemia, coronary ar-
tery disease and HF (Fig. 1). Subsequently, the risk 
of ischemic heart disease, MI, cardiac arrhythmia 
and sudden cardiac death have been closely linked 
to the increased magnitude of HR [18].

Sympathetic activation  
in essential hypertension

Neurogenic activation underlies no less than 
50% of all cases of high BP [19]. With the use of 
two state of the art methods such as the isotope 
dilution technique (to estimate the release of NA 
from the sympathetic nerves innervating internal 
organ) and the technique of microneurography (to 
directly assess postganglionic muscle sympathetic 
nerve activity [MSNA]), it has been documented 
that hypertension is commonly neurogenic, with 
the rise in BP being initiated and sustained as  
a result of potentiated sympathetic activation in the  
kidney and the heart — the two organs critically 
involved in neural control of circulation and BP [19, 
20]. Increased activity of MSNA has been found in 
low risk subjects with high-normal BP [21] sug-
gesting that neurogenic excitation may precede 
overt arterial hypertension [22]. A long-term study 
documented that in subjects with prehypertension 
MSNA tracking corresponds with BP changes over 
time suggesting that tonic activation is likely to 
influence a time-related increase in resting BP 
and development of sustained hypertension in 
prehypertension [23]. In patients with resistant 
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hypertension, sympathetic activation is further 
potentiated, reaching the MSNA levels directly 
corresponding to HR levels [24, 25]. Furthermore, 
sympathetic nervous system activation has been 
documented as the underlying critical cause of 
hypertension-mediated organ damage [26–28] and 
independent predictor of mortality and poor CV 
outcomes [29]. 

Link between tachycardia  
and sympathetic activation

Tachycardia and resultant hyperkinetic circula-
tion if sustained over time, leads to an autonomic 
imbalance and reduced heart rate variability [30]. 
Microneurographic studies found that sympathetic 
activity and HR exerts an interactive effect on BP 
levels [31]. In normotensive subjects (males only, 
not females) with faster HR, higher levels of MSNA 
has been linked to higher systolic BP and pulse 
pressure whereas no similar relationship could 
be found in subjects with lower HR [31]. On the 
contrary, the relationship between resting HR and 
MSNA in hypertension is more complex and not 
completely understood. It has been documented 
that HR may be not a reliable indicator of the over-
all sympathetic activity as no association has been 
found between supine resting office HR and MSNA 
in essential hypertension [32]. Notably, ambulatory 
HR was found to be a superior risk marker to clinic 

or HR derived from an electrocardiogram (ECG) 
[33]. Indeed, when 24-h ambulatory BP measure-
ments were applied, MSNA levels have been di-
rectly related to ambulatory daytime and night-time 
HR in a large sample of patients with untreated 
essential hypertension that were independent of 
age, body mass index (BMI) and gender [34]. This 
observation is likely to explain recent findings 
demonstrating the predictive role of masked (and/ 
/or sustained) tachycardia but not office tachycardia 
in future CV events and mortality [35]. 

Heart rate as risk factor  
for cardiovascular disease

Over the past decade elevated HR has gained 
recognition as an important risk factor for the 
development of CVD. Numerous epidemiological 
studies have reported an independent associa-
tion between tachycardia and CV morbidity and 
mortality in the general population [18], subjects 
with prehypertension, patients with hypertension 
[12], CVD [36], HF [37], total cancer and all-cause 
mortality [38]. The prognostic value of both home 
[39] and ambulatory HR [40] has been indicated in 
the Ohasama Study which included individuals from 
the Japanese general population with no previous 
history of CVD including arrhythmia. An increase 
of 5 bpm in the morning home HR measurement 
was associated with a 17% increase in risk of CV 
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Figure 1. Factors contributing to elevated heart rate and pathophysiological consequences of tachycardia.
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mortality which remained statistically significant 
after adjustment for home BP values. Moreo-
ver, even subjects with HR ≥ 70 bpm and home-
measured systolic BP within the normal range 
(< 135 mmHg) had a higher risk of CV mortality 
compared to those with normal systolic BP and 
HR values [39]. Further analysis of the Ohasama 
study revealed that both daytime and nighttime 
HR predicted all-cause mortality over a 12-year 
period, however only nighttime HR remains the 
most important and independent predictor of non-
CV mortality [40]. 

Further proof for the predictive role of HR on 
CV morbidity primarily in hypertensive men comes 
from the Framingham study suggesting that HR 
and BP may act synergistically in the development 
of CV complications [13]. Supportive evidence for 
fast HR-related outcomes was also documented 
in the Valsartan Antihypertensive Long-Term Use 
Evaluation (VALUE) trial which included patients 
with high-risk hypertension followed over a 5-year 
period [41]. It was found that patients in the highest 
HR quintile had a greater risk for cardiac events 
when compared to patients in the lowest HR quin-
tile [41]. Notably, the adverse impact of elevated 
HR on patient prognosis was unrelated to BP con-
trol indicating that even patients with reasonably 
well-controlled hypertension but the presence of 
tachycardia are at high risk for CV events. 

Tachycardia is also a strong predictor of ex-
cessive coronary morbidity and CV mortality [42].  
A large study of French population found that ac-
celerated resting HR was an independent predictor 
of non-CV mortality in both genders, and CV mor-
tality in men, independent of age and the presence 
of hypertension [14]. In this study the HR-related 
increase in CVD mortality was due to a rise in 
coronary death but not cerebrovascular mortality. 
Another long-term study found that individuals 
with coexisting hypertension and elevated HR had 
increased risk of both stroke and coronary heart 
disease [43]. This is likely to occur as a result of 
plaque disruption due to hemodynamic forces (i.e. 
hypertension-induced left ventricular hypertrophy 
and elevated HR) which is a crucial pathophysi-
ological mechanism underlying acute coronary syn-
drome and the progression of atherosclerosis [44].

There is evidence to indicate that not only 
masked hypertension is associated with an in-
creased risk for CVD, but also masked tachycardia 
significantly increased rates of CV events and 
all-cause mortality [45]. Masked tachycardia has 
been defined as HR levels values ≤ 85 bpm in 
the clinic, but an elevated HR out of the clinic 

(ambulatory mean nighttime > 76 bpm) [45]. 
Masked tachycardia may occur in as many as 10% 
of the hypertensive population, and is important 
because it is not diagnosed by routine medical 
examinations, but carries an adverse prognosis, 
both in terms of increased target organ damage 
and CV events. Possible characteristics of indi-
viduals with masked tachycardia are relatively 
young patients, smokers, sufferers of diabetes or 
other metabolic disorders, and those who have 
elevated HR in outpatient settings [45, 46]. The 
negative association between masked tachycardia 
and an increased risk for major CV events and 
all-cause mortality was documented in a study of 
7602 patients with newly diagnosed hypertension 
who were followed over a duration of 5 years [45]. 
Patients presenting with sustained tachycardia (in-
creased both HR in the office and ambulatory night-
time measurements) had an increased risk of major 
CV events, but not mortality. After adjustment for 
additional risk factors including age, gender, BMI, 
lipid profile and creatinine levels, but not smoking 
and diabetes, both masked and sustained tachycar-
dia were associated with greater risk of CV events 
[45]. While the type of beta-blockers used has not 
been indicated in this study, it is notable that the 
prognostic significance of tachycardia in predicting 
future major adverse CV events is independent of 
beta-blocker use [45].

The prognostic significance of elevated resting 
HR has been also found in patients with resistant 
hypertension [33] in whom not only fast (> 75 bpm  
or > 70 bpm for nighttime HR), but also slow 
HR (< 60 bpm or < 55 bpm for nighttime HR) 
predicted CV death. Importantly, approximately 
80% of patients from this cohort were treated with 
beta-blockers which had an impact on HR-related 
prognosis. Fast HR was a significant risk marker 
in patients using beta blockers, whereas slow HR 
was a predictor in those not using beta-blockers 
suggesting an overall U-shaped phenomenon be-
tween the levels of HR and outcomes in patients 
with resistant hypertension [33]. In view of these 
findings, it appears that despite achieved BP con-
trol, hypertensive patients can remain at high risk 
for CV and/or non-CV complications. 

Beta-blockers in hypertension 

Despite the mechanistic rationale for the use 
of beta-blockers in the treatment of hypertension-
related tachycardia, their therapeutic usefulness 
has been questioned based on the outcomes from 
meta-analyses of clinical trials. It has been sug-
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gested that therapy with beta-blockers may not 
preclude future CV events and mortality in hyper-
tension. Meta-analysis of a large cohort of patients 
(n = 94,492) with hypertension found that therapy 
with beta-blockers led to an increased risk for new-
onset diabetes mellitus, occurrence of stroke with 
no benefit for the hard end-point of death or MI 
compared to other antihypertensive agents [47]. 
Further analysis of randomized controlled trials 
evaluating beta-blockers use in patients with hy-
pertension (n = 34,096) when compared to patients 
(n = 30,139) taking other antihypertensive agents 
or patients receiving placebo (n = 3987) indicated 
that a lower HR (as attained in the beta-blocker 
group at study end) was associated with greater 
risk for end points of all-cause mortality, CV mor-
tality, MI, stroke and HF [48]. Notably, nearly 75% 
of all clinical studies used as reference, atenolol 
drug in randomized controlled trials of primary 
hypertension [49], whereas beta-blockers differ in 
their pharmacokinetic and pharmacodynamic prop-
erties which influence their therapeutic impact on 
patient profiles, and has been discussed elsewhere. 
The main CV use of beta-blockers is to antagonize 
cardiac beta1-adrenoceptor responses in the heart 
and kidneys, whereas some beta-blocking agents 
possess an affinity for specific beta2, alpha1 or beta3 
receptors. The efficacy of beta-blockers depends on 
their mechanisms of action including the degree of 
their lipophilicity, hydrophilicity, drug metabolism 
related to gene polymorphism, intrinsic agonist ac-
tivity, penetration through the blood–brain barrier, 
bioavailability, plasma half-life and vasodilation. 
Smoking status and alterations in central BP have 
also contributed to the negative impact of beta- 
-blockers on outcomes in managing hyperten-
sion. Another meta-analysis reported no major 
differences in BP lowering between atenolol and 
other antihypertensive drug class, however, there 
was a significantly higher mortality, CV mortality 
and risk of stroke with atenolol treatment than 
with other active treatments [50, 51]. Further 
meta-analysis demonstrated the benefits of beta-
-blocker use in reducing CV endpoints in younger 
hypertensive subjects, but not in older patients 
suggesting that age or non-atenolol beta-blocker 
might be an important determinant of outcomes 
in response to beta-blockers in hypertension [52]. 
Most meta-analyses compared the effectiveness of 
beta-blockers on patient prognosis in hypertension 
with the use of atenolol, metoprolol, propranolol, 
and oxprenolol. Despite these findings, clinical 
trials comparing head-to-head outcomes between 
various beta-blockers (including beta-blockers with 

vasodilating effects) in the treatment of hyperten-
sion are lacking. Moreover, previous studies on 
beta-blockers have been primarily designed to 
treat elevated BP, but not to focus on hypertension-
related tachycardia outcomes. 

The use of cardio selective beta-blockers is 
associated with a lower risk of side effects includ-
ing metabolic disorders [53], while binding beta2 
receptors located in lungs, liver, vascular smooth 
muscle or skeletal muscle result in bronchospasm, 
peripheral vasoconstriction, alteration of glu-
cose and lipid metabolism [54, 55]. Therapy with  
a cardioselective nebivolol (causing NO-derived 
vasodilation) and non-cardioselective carvedilol 
(causing inhibition of sympathetic alpha-receptors) 
is associated with less side effects and favorable 
metabolic profile in addition to pleiotropic action, 
anti-inflammatory, anticoagulation and antipro-
liferation properties. Nebivolol also positively 
affects adipose tissue via acting as an agonist for 
beta3 adrenoreceptors. Nevertheless, given the 
different mechanisms of action, the magnitude of 
HR reduction with either nebivolol or carvedilol 
will not only take longer in duration but is lower 
compared to cardio-selective beta-blockers without 
intrinsic sympathomimetic activity (i.e. atenolol, 
metoprolol, bisoprolol or betaxolol). Furthermore, 
increasing doses of metoprolol or bisoprolol caused 
further decreases in HR (as expected with beta- 
-blockers), whereas increasing doses of carvedilol 
produced increases in HR, likely as the result of  
a reflex increase in sympathetic activity secondary 
to peripheral vasodilation caused by alpha-blocking 
effects of the drug. In fact, 200 mg of metoprolol 
and 10 mg of bisoprolol are significantly more ef-
fective in reducing HR than 100 mg of carvedilol 
[56, 57]. However, both metoprolol and bisoprolol 
have been shown to induce up-regulation of beta-
adrenoceptor density and to decrease nocturnal 
melatonin release [58–60].

Amongst beta-blockers, betaxolol is a long act-
ing highly selective beta1-blocking agent (half-life 
~19 h) and has several advantages that are likely 
to overcome certain limitations of other beta-
-blockers [61]. Betaxolol provides steady plasma 
concentration, less fluctuation and intersubject, and 
intrasubject variability producing a more consistent 
therapeutic response and more dependable dosage 
adjustment when compared to atenolol [62]. A fur-
ther major advantage of betaxolol is the penetration 
through the blood–brain barrier and the ability to 
antagonize beta1 receptor that are expressed in 
several regions and tracts in the central nervous 
system [61] including the locus coeruleus (LC) 
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and its projections. Notably, the LC is the major 
noradrenergic brain nuclei and the largest source 
of NA production. In this context, it is likely that 
betaxolol may influence the central nervous sys-
tem. In fact, betaxolol administration resulted in  
a rapid reduction of panic anxiety and panic disorder 
attacks, even in patients with longstanding anxiety, 
obsessive-compulsive personality disorder and 
post-traumatic stress [61]. 

Effects of beta-blockers on sympathetic 
activation in hypertension

The contribution of increased sympathetic ac-
tivation to the pathophysiology of hypertension is 
well established. The question therefore arises, how 
lowering the HR and BP will affect MSNA levels. 
Previous studies determining the effects of beta-
-blockers on sympathetic activity in essential hy-
pertension have shown conflicting results. Atenolol 
therapy had no effects on plasma NA levels or total 
body NA spillover in essential hypertension [63]. 
Microneurography studies have also demonstrated 
inconsistent results with an increase in MSNA 
following a short-term therapy with metoprolol in 
patients with untreated essential hypertension [64] 
or increase in MSNA after acute administration of 
atenolol in healthy subjects [65]. Other studies re-
ported no changes in MSNA in response to chronic 
therapy with metoprolol [66] and atenolol [67].

On the contrary, a recent study found age-re-
lated differences in hemodynamic and sympathetic 
profile in hypertension-related tachycardia and age-
dependent autonomic neural responses to betaxolol 
therapy [68]. An 8-week therapy with betaxolol 
resulted in HR and systolic BP decreases in all 
males with untreated essential hypertension and 
ambulatory tachycardia. However, the magnitude of 
HR reduction was greater in younger (–29 ± 4 bpm,  
p < 0.001) than older subjects (–17 ± 4 bpm,  
p = 0.002), whereas the degree of BP reduction 
was greater in older subjects (–27 ± 7 mmHg,  
p = 0.007) compared to younger (–13 ± 4 mmHg, 
p = 0.01) males. In older subjects, despite BP and 
HR decreases, there was a significant decrease in 
MSNA (–13 ± 5 bursts/min, p < 0.05). No signifi-
cant changes in MSNA (3 ± 3 bursts/min, p = 0.47) 
were found in younger males at 8 week follow-
up. These findings suggest that betaxolol exerts 
favorable effects on autonomic neural control in 
hypertension-induced tachycardia irrespective of 
age. In this context, further longer-term clinical 
trials on betaxolol are required to determine CV 
outcomes in hypertension-related tachycardia. 

Aside from effective HR, BP and MSNA con-
trol in hypertension-related tachycardia, therapy 
with betaxolol has been found favorable in reduc-
ing maternal BP without any deleterious effect 
on the fetus and the newborn [69]. Furthermore, 
recently a large case-control study in Taiwan found 
that patients with chronic obstructive pulmonary 
disease (COPD) taking selective beta-blockers had 
a lower risk of severe exacerbations compared to 
patients with COPD who experienced a higher risk 
of severe exacerbations during an increased mean 
daily dose of non-cardioselective beta-blockers 
[70]. Amongst selective beta-blockers which COPD 
patients were taking (i.e. acebutolol, atenolol, 
bisoprolol, betaxolol, metoprolol), in particular one 
selective beta-blocker betaxolol had a significantly 
lower risk of severe exacerbations. This study in-
dicates that betaxolol may be the preferred choice 
of selective beta-blocker for patients with COPD, 
whereas non-cardioselective beta-blockers should 
not be prescribed for patients with COPD. 

Non-pharmacological treatment  
of tachycardia

Considering the contribution of elevated HR 
to the development of arterial hypertension and 
patient prognosis, interventions aiming at life-
style changes including physical exercise, weight 
loss, smoking cessation and stress reduction are 
considered effective in lowering fast HR (Fig. 1). 

Despite mounting evidence linking physical 
inactivity to the growing and significant burden of 
chronic disease including CVD, this risk factor con-
tinues to be often ignored in prevention programs. 
Regular physical exercise results in reducing HR, 
increasing parasympathetic activity and decreas-
ing sympathetic activity in the human heart at rest 
[71–74]. While these study protocols were different 
regarding the type of physical activity, duration of 
exercise and follow-up period, it was found that 
regular endurance training led to a decrease of 
resting HR and favorable modulation of autonomic 
neural control, which in turn may contribute to 
improved patient prognosis and reduced mortal-
ity. The HERITAGE Family Study found a small 
but statistically significant decrease of resting HR 
(from a minimum of 2.7 to a maximum of 4.6 bpm) 
in all healthy participants (n = 507) assigned to 
three age-related groups (17–29 years, 30–49 years 
and 50–65 years) following a 20-week endurance 
exercise program [72]. Aerobic physical training 
has been shown to improve cardiac autonomic 
modulation in hypertension independently of an-
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giotensin converting enzyme inhibitor treatment 
[75] and reduce CV mortality risk in cohort studies 
including hypertensive patients [76, 77]. Notably, 
hypertensive subjects benefit from regular physical 
exercise in lowering BP and improve CV outcomes 
[7]. While the magnitude of BP reduction with 
endurance training is greater than other types of 
exercise, more research is needed to determine the 
right dose of exercise [78, 79] and impact of physi-
cal activity on HR levels and associated outcomes 
in hypertension-induced tachycardia.

Given the link between obesity and higher 
resting BP and HR values and resultant autonomic 
impairment characterized by reduced parasym-
pathetic activity and relative predominance of 
sympathetic activity [80], body weight reduction 
is considered as a crucial non-pharmacological ap-
proach in the treatment of tachycardia, metabolic 
abnormalities and elevated BP. In this context, 
clinically important are findings of the very recent 
PREVIEW lifestyle intervention study which 
followed-up 2,500,000 patients with obesity and 
pre-diabetes who underwent a low-energy diet 
for 8 weeks [81]. In this study men and women 
responded differently in terms of HR reduction 
(–6.4 ± 1.1 in men vs. 4.9 ± 1.1 bpm in women). 
In addition to rapid weight loss, an 8-week low 
energy diet was associated with improvements 
in numerous parameters including insulin resist-
ance, metabolic syndrome Z-score, C-peptide, fat 
mass, high density lipoprotein cholesterol, fat-free 
mass, hip circumference and pulse pressure [81]. 
Further proof for HR reduction following weight 
loss 2 years after gastric bypass surgery comes 
from the Utah Obesity Study [82]. In this study, in 
severely obese patients weight loss of an average 
of 100 ± 37 lb was accompanied by a reduction in 
resting HR by –13 bpm and improved HR recovery 
after exercise when compared to the non-surgical 
group (weight loss of 3 ± 22 lb and HR reduction 
by –6 bpm). Whether, and to what extent lowering 
of HR may contribute to reduced CV mortality 
merits further investigation. 

Further proof for reducing HR following weight 
loss has been demonstrated in young normotensive 
males who were randomized to a low-calorie diet, 
therapy with moxonidine, combination of both 
therapies and the control group [83]. Following 
6-month follow-up, weight loss of 7.6 ± 1.9 led to 
a reduction of HR by –11.7 ± 2.7 bpm and MSNA 
by –10.5 ± 2.3 bursts/min which was comparable to 
the effects of a combination of both low-calorie diet 
and moxonidine. Moxonidine alone decreased HR 
by –4.7 ± 3.0 bmp and MSNA by –11.0 ± 1.2 with-

out an impact on body weight [83]. These findings 
suggest that weight loss programs are essential in 
overweight subjects with the potential to reverse 
sympathetic CV profile prior to development of 
established hypertension. 

Amongst lifestyle habits, hypertensive pa-
tients should be counselled to stop smoking. Both 
acute and chronic smoking has been directly linked 
to increases in BP, HR and MSNA levels [84, 85] 
which may play a critical mechanistic role in the 
development and progression of hypertension, 
CVD and mortality. Available evidence indicates 
that smoking cessation almost completely reverses 
risk of CVD, thereby is considered the single most 
effective lifestyle intervention. Quitting smoking 
results in a rapid and persistent drop of HR [86], 
improvement of HR variability [87] and exerts 
beneficial effects on CV health by reducing the 
increased excess risk among former smokers [88].

Stress is another major factor contributing 
to fast HR, development of hypertension, CVD 
and arrhythmias as previously reviewed in detail 
[89]. Non-pharmacological approaches such as 
transcendental meditation, yoga technique and 
slow breathing therapy have been shown to alter 
stress response, modulate cardiac autonomic regu-
lation, increase HR variability and vagal dominance 
[90–94].

Conclusion and clinical perspectives

Prevention of excess CV events and mortal-
ity caused by elevated HR remains a challenging 
problem. While elevated HR can be triggered by 
numerous factors, an appropriate assessment of 
resting HR followed by lifestyle interventions is 
essential in clinical practice in both patient risk 
stratification and prevention of tachycardia-related 
disease. Nearly 1 in 3 hypertensive patients com-
monly demonstrates hyperkinetic hypertension 
at the early course of the disease and tachycardia 
can be an indicator of established hypertension 
associated with obesity, metabolic abnormalities 
and obstructive sleep apnea. Undoubtedly, lifestyle 
modification is the cornerstone for the prevention 
of hypertension, in particular regular physical ac-
tivity, weight loss and smoking cessation should 
be an integral part of treating resting tachycardia 
in uncomplicated hypertension. While studies on 
beta-blockers in the treatment of hypertension 
are inconclusive, notably a therapy with highly 
cardio-selective beta-blocker such as betaxolol can 
effectively reduce HR, BP and modulate sympa-
thetic neural control in patients with tachycardia 
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which is a strong independent risk factor for CV 
events and associated mortality. Given the lack of 
studies comparing head-to-head CV outcomes with 
the use of highly cardio selective beta-blockers 
(i.e. betaxolol, bisoprolol and nebivolol), there is 
an unmet need in continuing clinical trials in hy-
pertension in order to determine the optimal HR 
levels that would preclude tachycardia-mediated 
organ damage. 
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Abstract
In patients diagnosed with chronic kidney disease (CKD), atrial fibrillation (AF) is associated with 
an increased risk of thromboembolism and stroke. Moreover, patients with CKD — especially those in 
end-stage renal disease — also present an increased risk of bleeding. Oral anticoagulation is the most 
effective form of thromboprophylaxis in patients with AF and an increased risk of stroke. However, the 
underuse of these drugs was observed, mainly due to safety reasons and restricted evidence on efficacy. 
Much evidence suggests that non-vitamin K-dependent oral anticoagulant agents significantly reduce 
the risk of stroke, intracranial hemorrhage, and mortality, with lower to similar major bleeding rates 
compared with vitamin K antagonists, such as warfarin, in normal renal function subjects. Thus, they 
are currently recommended for that group of patients. However, their metabolism is largely depend-
ent on the kidneys for elimination, and current knowledge in this area is limited due to patients with  
a decreased glomerular filtration rate are usually excluded from clinical trials. The present review ar-
ticle focuses on currently available data on oral anticoagulants in patients with moderate to advanced 
chronic kidney disease and those with end stage renal disease. (Cardiol J 2020; 27, 6: 868–874)
Key words: anticoagulation therapy, atrial fibrillation, chronic kidney disease,  
non-vitamin K-dependent oral anticoagulants, warfarin

Introduction

Chronic kidney disease (CKD) is defined as ab-
normalities of kidney structure or function, present 
for ≥ 3 months, with implications for health. Crite-
ria for CKD (either of the following were present 
for 3 months): (1) Markers of kidney damage (one 
or more): (i) Albuminuria (AER ≥ 30 mg/24 h; ACR 
≥ 30 mg/g); (ii) Urine sediment abnormalities; (iii) 
Electrolyte and other abnormalities due to tubular 
disorders; (iv) Abnormalities detected by histology; 
(v) Structural abnormalities detected by imaging; 
(vi) History of kidney transplantation; (2) Or/and 

decreased glomerular filtration rate (GFR) < 60 
mL/min/1.73 m2 (GFR categories G3a–G5) [1, 2]. 
In accordance to The National Kidney Foundation, 
CKD is divided into different stages: stage G1 incor-
porates patients with eGFR > 90 mL/min/1.73 m2,  
stage G2 with patients with eGFR 60–90 mL/ 
/min/1.73 m2, stage G3a and G3b with eGFR 45–59 
and 30–44 mL/min/1.73 m2, respectively, stage G4 
(4) with eGFR 15–30 mL/min/1.73 m2, and stage 
G5 (5) with eGFR < 15 mL/min/1.73 m2, includ-
ing hemodialysis patients. Stage G1 or G2 can be 
diagnosed only when the following abnormalities 
are presented: structural kidney abnormalities  
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or/and proteinuria or/and albuminuria or/and urine 
sediment abnormalities. Hemorrhagic as well as 
thrombocytic complications, are common in pa-
tients with renal disease [3]. The incidence rate of 
atrial fibrillation (AF) in patients with CKD stage 5  
is about 7–13%, 2–3 times more often than re-
ported for the general population [4, 5].

Kooiman et al. [6] in their multicenter ret-
rospective cohort analyzed the medical charts of 
AF patients from the Leiden anticoagulation clinic 
and found CKD (MDRD formula) in 34.2% of AF 
patients: 30.9% of patients had stage 3 CKD, 2.5% 
— stage 4, and 0.8% end-stage kidney disease. 
Moreover, ATRIA investigators confirmed that 
CKD increases the risk of thromboembolism in AF 
independently of other risk factors. They observed 
that an increased risk of stroke is associated with 
a progressively lower level of eGFR compared 
to a rate of ≥ 60 mL/min/1.73 m2: relative risk of 
1.16 (95% confidence interval [CI] 0.95–1.40) for 
eGFR of 45 to 59 mL/min/1.73 m2 and 1.39 (95% 
CI 1.13–1.71) for eGFR < 45 mL/min/ 1.73 m2  
(p = 0.0082 for trend) [7, 8].

A different form of anticoagulation

The present study focused on different forms 
of anticoagulation in a specific group of patients 
with CKD, due to their universal usage and accu-
mulation risk in impaired renal function [9], usage 
referring to: heparins, fondaparinux, rivaroxaban, 
apixaban, edoxaban, dabigatran. Of note, only 
elimination of unfractionated heparin is independ-
ent of renal function. It is important to underline 
that elimination of low-molecular-weight heparins 
(LMWH) is cleared by the kidneys and its elimina-
tion depends on renal function, therefore higher 
concentrations can lead to bleeding complications 
in patients with advanced CKD. Consequently, pa-
tients with impaired renal function, increased expo-
sure to enoxaparin is associated with an increased 
risk of bleeding. Due to a significantly increased 
concentration of LMWH (enoxaparin, nadroparin, 
dalteparin, tinzaparin) in blood serum of these 
patients (G4, G5), a dosage adjustment is required 
both during the therapeutic and prophylactic use 
and/or measurement of anti-Xa level is suggested. 
In hemodialysis patients, the recommended dose 
of enoxaparin (1 mg/kg) is administered to the ar-
terial line of the extracorporeal circulation at the 
beginning of dialysis, enough for a 4-h dialysis. If 
fibrin rings are found, for instance after a longer 
than usual dialysis, an additional dose of 0.5 mg to  
1 mg/kg may be given. In high bleeding risk patients,  

such as elderly patients, those with CKD, liver 
disease, cardiovascular diseases, hematological 
abnormalities (thrombocytopenia, anemia), diabe-
tes mellitus, history of bleeding, vulnerability to 
drug interactions or due to polypharmacy, the dose 
should be reduced to 0.5–0.75 mg/kg of body mass 
[10]. In order to determine the bleeding risk, the 
following calculators are used: HEMORR2HAGES 
score or HAS-BLED score [10]. Moreover, the type 
of vascular access is also significant for bleeding 
risk. Damages or infections of central vascu-
lar catheters or synthetic arteriovenous grafts, 
patient-dependent factors, bystander diseases, 
administered medications, an ability to take care 
of angioaccess, or finally factors related to the 
hemodialysis procedure increasing the risk of 
bleeding complications [11, 12]. Although no dose 
adjustment is required in patients with moderate 
CKD, caution is recommended [13, 14].

Fondaparinux is not recommended in patients 
with GFR < 20 mL/min either [15].

It is excreted mainly (64–77%) by the kidneys 
as an unchanged compound. Its elimination half-life 
is about 17 h in healthy young subjects and about  
21 h in healthy elderly subjects. It should be noted 
that patients with eGFR < 50 mL/min are at in-
creased risk of bleeding and venous thromboembo-
lism (VTE). In patients with eGFR > 50 mL/min, 
no dosage reduction is required. It has been used 
successfully at a dose of 2.5 mg instilled into the 
dialysis circuit for anticoagulation during dialysis 
in patients with heparin-induced thrombocytopenia 
[15]. According to all recommendations, patients 
with G3a, G3b, and G4 CKD (eGFR from 20 to  
50 mL/min), in order to prevent VTE or in the case 
of treating superficial venous thrombosis, the dos-
age needs to be decreased to 1.5 mg one daily. In 
patients with creatinine clearance (CrCL) > 20 mL/ 
/min, treated for unstable angina, non-ST-elevation 
or ST-elevation myocardial infarction, there is no 
need to decrease the dosage of the drug, although 
the data regarding treatment with a dosage of  
2.5 mg in the case of CrCL 20–30 mL/min  
is limited. In the case of treatment of acute deep 
vein thrombosis and acute pulmonary embolism, 
depending on body mass, the suggested dosage is 
from 5 to 10 mg/d (for patients 50–100 kg of body 
mass the suggested dosage is 7.5 mg once daily s.c. 
< 50 kg body mass — 5 mg/d, > 100 kg body mass  
— 10 mg/d). In patients > 100 kg and with CrCL 
30–50 mL/min, after administering the initial dose 
of 10 mg/d it is useful to consider lowering the 
dosage to 7.5 mg/d. In these cases fondaparinux 
should not be administered in patients with CrCL 
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< 30 mL/min. Total fondaparinux clearance is about 
40% lower compared to patients with normal renal 
function. Kalicki et al. a study of 12 patients showed 
that fondaparinux can anticoagulate the dialysis 
circuit, although less effective than unfractionated 
heparin (measured by anti-Xa level and a visual 
scale of clotting of the circuit) [16, 17].

The therapy with warfarin among patients 
older than 74 years of age with AF, according to the 
Alberta Kidney Disease Network, was associated 
with lower risk of the composite ischemic out-
come (all-cause death, ischemic stroke, transient 
ischemic attack) compared to non-use — adjusted 
hazard ratio (HR), 95% confidence interval (CI) for 
eGFR categories ≥ 90, 60–89, 45–59, 30–44, and 
< 30 mL/min/1.73 m2: HR 0.59, 95% CI 0.35–1.01, 
HR 0.61, 95% CI 0.54–0.70, HR 0.55, 95% CI 
0.47–0.65, HR 0.54, 95% CI 0.44–0.67, and HR 
0.64, 95% CI 0.47–0.87, respectively) [18]. Moreo-
ver, in comparison to no therapy, anticoagulation 
with warfarin was not associated with higher risk 
of major bleeding, except for those with stage 2 
CKD (HR 1.36; 95% CI 1.13–1.64). The therapeutic 
international normalized ratio recommendation is 
usually between 2 and 3, but, despite this, patients 
can have an increased risk of bleeding. This de-
pends on patient age and comorbidities. However, 
Shah et al. confirmed that routine warfarin use 
cannot be considered the preferred anticoagulant 
for reducing the risk of stroke in most patients 
with AF and CKD [19, 20]. Their study indicated 
that, in dialysis patients with AF, warfarin use, in 
comparison with non-use, did not reduce the risk 
of stroke. Moreover, it is associated with a 44% 
higher risk of a bleeding event, whereas warfarin 
use in non-dialysis patients with AF was associated 
with a 13% lower risk of stroke and a 19% higher 
risk of a bleeding event [19, 20].

Data from the Danish Registry showed an 
increased risk of bleeding with warfarin (HR 2.24, 
95% CI 2.10–2.38, p < 0.001) among all patients who 
had any renal disease, when compared to those who 
had no renal disease, and there was an increased 
risk of bleeding with warfarin (HR 2.70, 95% CI 
2.38–2.3.07, p < 0.001) among all patients who had 
CKD requiring renal replacement therapy [21]. The 
safety and effectiveness of warfarin and direct oral 
anticoagulants across the range of eGFR in real-
world settings was summarized by Shin et al. [22].  
The patients with eGFR < 60 mL/min/1.73 m2 who 
took direct oral anticoagulants for AF had a slightly 
higher risk of bleeding compared with those on 
warfarin, but had similar benefits from the preven-
tion of ischemic stroke [22]. Some researchers 

focus on other important objections to treatment 
via warfarin, i.e. the association of warfarin with 
subcutaneous arteriolar calcification, calciphylaxis 
[23]. Anticoagulant-related nephropathy (ARN) is  
a type of acute kidney injury (AKI) that results from 
severe glomerular hemorrhage in patients receiv-
ing supratherapeutic doses of warfarin and mainly 
in those who already have multiple risk factors for 
AKI. Usually, ARN appears in the first 3 months 
after starting warfarin. AKI with unexplained 
glomerular hemorrhage was also documented in 
patients who were over-anticoagulated with dabi-
gatran, apixaban and heparin [24–26]. Substantial 
GFR loss in both the warfarin and dabigatran 
cohorts is about 2 to 3 mL/min/year. This is 2 to 
3 times greater than the expected estimated GFR 
decline attributable to aging (1 mL/min/year) [27]. 
The risk may be higher in patients with CKD and is 
associated with increased mortality (> 25% in the 
month after the onset of ARN). The risk of ARN 
at the onset of coagulopathy is about 20% overall 
and about 37% in patients with CKD [28]. The final 
diagnosis of ARN can be confirmed after a kidney 
biopsy is performed. The pathogenesis includes 
glomerular hemorrhage, predominant lesion of tu-
bular epithelial cell injury and obstruction with red 
blood cells (RBCs) and RBC casts [29]. Notwith-
standing, studies, that have examined the incidence 
of ARN, have relied upon a presumptive diagnosis 
of ARN defined as GFR changes from baseline over 
time according to the level of INR control rather 
than a histopathological diagnosis [27].

The 2018 European Heart Rhythm Associa-
tion Practical Guide on the use of non-vitamin K 
antagonist oral anticoagulants in patients with 
preserved renal function anticoagulated with 
non-vitamin K antagonist oral anticoagulants due 
to AF recommends monitoring renal function at 
least once a year in order to detect deterioration 
of renal function and for adaptation of dosage [9]. 
In patients with eGFR < 60 mL/min/1.73 m2 they 
recommended evaluation of renal function more 
frequently [30]. All four non-vitamin K antagonist 
oral anticoagulants showed better efficacy and 
safety in patients with stage 1–3 of CKD. Reduced 
dosages of rivaroxaban, apixaban, and edoxaban are 
accepted for use in patients with stage 4 CKD; da-
bigatran should be used only in patients with eGFR 
> 30 mL/min [30]. There are no studies widely 
assessing the efficacy and safety of non-vitamin 
K antagonist oral anticoagulants in patients with 
stage 5 CKD [30]. However, non-vitamin K antico-
agulant treatment in transplanted patients should 
be used with specific attention due to the risk of 
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interactions with calcineurin inhibitors (CNIs). 
Dabigatran is a substrate of P-gp. CNIs inhibit P-gp. 
Concurrent CNIs therapy increases bleeding risk. 
When compared to anti-Xa inhibitors transplant re-
cipients immunosuppressed with CNIs, who were 
prescribed dabigatran were more likely to require 
a decrease in tacrolimus dose during therapy and 
had more major bleeding events. Cyclosporine 
(CsA) inhibits CYP3A. CsA also led to a substantial 
inhibition of P-gp activity when compared to tac-
rolimus or sirolimus. A two-fold increase in rivar-
oxaban area under curve (AUC) were noted when 
administered with strong CYP3A4 inhibitors and 
rivaroxaban-cyclosporine interaction may be clini-
cally more relevant than with tacrolimus [31]. Until 
more data are available on the interactions between 
rivaroxaban and CNIs, a rivaroxaban dose should 
be based on anti-Xa activity, especially in patients 
receiving CsA [32]. According to the European 
Summary of Product Characteristics, the dose of 
edoxaban should be 50% reduced for nonvalvular 
AF and VTE in patients who concomitantly receive 
cyclosporine and the recommended dose is 30 mg 
once daily.

Dabigatran 

According to the summary of product char-
acteristics, dabigatran is eliminated up to 80% 
through the kidneys (Fig. 1). Thus, CKD can easily 
cause accumulation of the drug. Using dabigatran 
in patients with eGFR < 30 mL/min/1.73 m2 is 

contraindicated in Europe [30]. The mean terminal 
half-life of dabigatran is approximately 9 h in young-
er healthy volunteers, is prolonged to 12–16 h  
in older healthy volunteers, and extended even 
more — 25–30 h — in individuals with CrCL < 30 
mL/min [33]. In patients with G3 CKD, a dose of 75 
mg twice daily is recommended, due to confirma-
tion in phase I is that in this group half-time can 
increase 2.7-fold in comparison to patients without 
renal impairment. In a small group of volunteers 
with severe CKD impairment (G4, G5 CKD), the 
total impact of dabigatran on the body (AUC) was 
about 6 times higher and the half-life was about 
two times longer than in a population without renal 
impairment (Table 1) [30].

Chan et al. [34] in “Circulation,” drew our 
attention to dabigatran in a population of chronic 
hemodialysis patients with AF (off label). Da-
bigatran is partially removed by dialysis, i.e. 62% 

Table 1. Half-life of total dabigatran in healthy 
subjects and subjects with impaired renal function.

GFR
CrCL [mL/min]

gMean (gCV%; range)
Half-life

≥ 80 13.4 (25.7%; 11.0–21.6)

≥ 50 – < 80 15.3 (42.7%;11.7–34.1)

≥ 30 – < 50 18.4 (18.5%;13.3–23.0)

< 30 27.2(15.3%; 21.6–35.0)

CrCL — creatinine clearance; GFR — glomerular filtration rate

Dabigatran active Apixaban

Up to 80%
cleared
by kidneys

Inactive 
dabigatran

5–60%
cleared
by dialysis

Rivaroxaban

35%
cleared
by kidneys

7%

Inactive compound

Edoxaban

50%
cleared
by kidneys

9%
cleared
by dialysis

40% eliminated with bile

27%
cleared
by kidneys50%

6%
cleared
by dialysis

Inactive compound

Figure 1. Metabolic aspects or chosen oral anticoagulants.
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of a 50-mg dose in 2 h and 68% of it in 4 h. Most 
importantly, it increased the risk of bleeding, and 
did not decrease the stroke risk. The event rate 
of major bleeding was higher for dabigatran (83.1 
events per 100 patient-years) than in comparison 
to warfarin group (35.9 events per 100 patient-
years). The mortality rate from bleeding was 
higher in patients on dabigatran (19.2 deaths per 
100 patient-years) in comparison to warfarin (10.2 
deaths per 100 patient-years). It is worth noting 
that the occurrence of embolic stroke was 9.0/100 
patient-years in comparison to warfin (5.8) and 
the occurrence of arterial embolism was 1.6/100 
patient-years in dabigatran group and 0.7 in the 
warfarin one [34]. Feldberg et al. [35] in their 
systematic review, which included 10 studies, 
underlined that for moderate CKD patients (eGFR 
30–60 mL/min/1.73 m2) there was no difference in 
stroke outcomes between dabigatran 110 mg [HR 
0.78, 95% CI 0.51–1.21] and warfarin. However, the 
risk of stroke or systemic embolism was signifi-
cantly reduced with dabigatran 150 mg versus war-
farin (HR 0.55, 95% CI 0.34–0.89). Either 110 mg  
or 150 mg dabigatran presented no significant 
difference in major bleeding when compared to 
warfarin. In hemodialysis patients, there was no 
difference in stroke outcomes between dabigatran 
and warfarin. In this group of patients, dabigatran 
was associated with an increased major bleeding 
risk [34, 35].

Rivaroxaban

According to the summary of product charac-
teristics, rivaroxaban is mostly (2/3) metabolized 
by cytochrome P450 enzymes, half of which is 
eliminated through the kidneys and the other half 
being excreted with feces (Fig. 1). Therefore, renal 
insufficiency resulted in an increase in exposure to 
rivaroxaban. In individuals with eGFR between 50 
and 80 mL/min, G3 CKD and G4 CKD, rivaroxaban 
plasma concentrations (AUC) were increased 1.4-, 
1.5-, and 1.6-fold, respectively. Notably, there are 
very limited data in patients with end-stage renal 
disease [36]. However, due to high plasma protein 
binding, > 90%, rivaroxaban is not expected to be 
dialyzable [30], even with high flux dialyzers [37]. 
As aforementioned, Chan et al. [34] in “Circula-
tion,” focused on dialyzed patients using oral an-
ticoagulants. The event rate of major bleeding was 
higher in the rivaroxaban group (68.4 events per 
100 patient-years), although lower in the warfarin 
group (with 35.9 events per 100 patient-years). 
The mortality rate from bleeding was higher in 

patients on rivaroxaban (16.2) than on warfarin 
(10.2). Coleman et al. [38], using US MarketScan 
claims data, analyzed rivaroxaban and warfarin us-
ers with nonvalvular AF and moderate-to-severe 
CKD. There were no differences in major bleeding 
or hemorrhagic stroke and an insignificant reduc-
tion in systemic embolism and ischemic stroke 
between cohorts. What is more, in the heart failure 
group, the hazard of developing stroke, systemic 
embolism ischemic stroke, or major bleeding was 
not found to be different between rivaroxaban and 
warfarin users [38–40]. The ROCKET AF trial in-
cluded patients with AF and G3 CKD who received 
a dose of 15 mg/d. In this group, the rates of stroke 
and systemic embolism were higher when com-
pared to patients with better renal function. Thus, 
rivaroxaban had no significant benefits in patients 
with G3 CKD when compared to warfarin [30].

Apixaban 

According to the summary of product charac-
teristics, apixaban is eliminated up to 27% via the 
kidneys (Fig. 1). The fact that this is the lowest 
value for all non-vitamin K antagonist oral antico-
agulants [30] is noteworthy. In the ARISTOTLE 
trial, patients with AF and mild/moderate renal 
dysfunction (stage 1–3 CKD) received half a dose of 
2 × 2.5 mg/d. Patients with more advanced disease 
were excluded from the study. Bleeding episodes 
were less frequent with apixaban in comparison to 
warfarin in patients with renal dysfunction. More - 
over, a more profound analysis of patients with CKD  
revealed that bleeding episodes and cardiovascular 
events were more common with impaired renal 
function [30, 41, 42]. In the retrospective cohort 
study, which consisted of patients with end-stage 
kidney disease on dialysis and AF, and compared 
standard/reduced (5 mg/2.5 mg twice a day) dose 
of apixaban with warfarin. In matched cohorts, 
a standard dose of apixaban was associated with 
lower risk of thromboembolism and mortality 
compared to reduced-dose apixaban and warfarin. 
Apixaban use may be also associated with a lower 
risk of bleeding [43]. However, it should be under-
lined that special attention is required in solid organ 
transplant recipients, commonly requiring antico-
agulation and being maintained on cyclosporine and 
tacrolimus. Apixaban exposure probably doubles in 
this situation and requires dose reduction or avoid-
ance. Kraft et al. (see [44, 45]) examined the drug 
interactions between cyclosporine (100 mg) and 
tacrolimus (5 mg) with 10 mg apixaban adminis-
tered orally in 12 healthy men. Based on this small 
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study, cyclosporine increased apixaban exposure by 
20%, and tacrolimus decreased apixaban exposure 
by 22% [44, 45].

Edoxaban 

According to the summary of product char-
acteristics, edoxaban is eliminated by up to 50% 
through the kidneys (Fig. 1) [30]. The ENGAGE 
AF-TIMI 48 Trial evaluated the efficacy and safety 
of edoxaban versus warfarin for stroke or systemic 
embolism prevention and bleeding risk across 
30–50 mL/min and > 50 mL/min creatinine clear-
ance CKD patients. Bleeding rates were lower at all 
levels of CrCL with higher dose edoxaban regimen 
and the risk of stroke or systemic embolism was 
similar [46]. In the HOKUSAI-VTE trial, edoxaban 
(30 mg once a day) and warfarin were compared in 
patients with stage 1–3 CKD. No difference was 
found between edoxaban and warfarin regarding 
bleeding events. Moreover, edoxaban (15 mg once 
a day) and warfarin were compared in patients 
with stage 4 CKD. No significant difference was 
revealed between edoxaban and warfarin regarding 
bleeding events. Notably, in hemodialysis patients, 
edoxaban was not eliminated and there was no 
need for an additional dose of edoxaban if a single 
dose of 15 mg was administered [30]. It is worth 
noticing that according to product characteristics 
edoxaban blood levels were lower in patients with 
better renal function, this means 40% less in pa-
tients with eGFR ≥ 95 mL/min when compared to 
patients with eGFR between 50 and 80 mL/min. 

Conclusions

The use of anticoagulants in CKD is common, 
but for safety reasons it is commonly restricted 
to patients with stage 1–3 CKD. Dose reductions 
are necessary for patients with even a moderate 
reduction of renal function. Further studies are 
necessary and required.
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Introduction

Stent implantation for vascular lesions, as with 
branch pulmonary artery stenosis in patients with 
congenital heart disease has become a standard 
procedure with proven long-term efficacy [1]. 
Compression of an airway by a stent placed in an 
adjacent branch pulmonary artery is a rare but 
recognized complication, especially in patients 
with a complex cardiac anatomy [2]. This potential 
complication highlights the importance of adequate 
visualization of the vessel-airway relationship, 
which may influence an intervention plan in the 
cardiac catheterization laboratory [3, 4].

Flexible bronchoscopy has been used to guide 
endovascular stenting decreasing the risk of cata-
strophic airway compression [5]. Other specialists 
prefer cross-section imaging such as magnetic 
resonance imaging or computed tomography (CT) 
of the chest to better assess the vessel/airway re-
lationship prior to a procedure and interventional 
planning [6].

Over the last decade three-dimensional rota-
tional angiography (3DRA) has become a useful tool 
to assess complex cardiac anatomy in the catheteri-
zation laboratory [7]. The incremental adoption of 
3DRA in clinical practice has demonstrated the 
advantages in identifying these anatomical spatial 
relationships in patients with congenital heart dis-
ease. The technique described herein, displays this 
relationship by simultaneous airway and vascular 
segmentation and reconstruction from 3DRA using 
commercially available tools.

The limitation

Although 3DRA has been gaining wider ac-
ceptance, there are few reports exploring the 
potential for integrating airway and vascular struc-
tures with this imaging modality. Truong et al. [8]  
showed the feasibility of creating multiplanar 
reformat images of the airways after 3DRA but 
were not able to segment them or produce a 3D 
reconstruction. A few reports describe the use of 
3DRA for 3D presentation of topological airway 
relationships using a vendor specific angiographic 
software package [4, 9].

The solution

Outside cardiology, tools have been developed 
to facilitate identification and segmentation of 
anatomic features using cone beam CT (XperCT, 
Philips Healthcare) in a multi-slice 3D view, to 
guide interventional procedures like biopsies and 
embolization [10]. The present study investigated 
the use of interventional radiology software tool 
utilizing 3DRA images to develop a protocol for 
airway segmentation and reconstruction during 
cardiac catheterization in patients with congenital 
heart defects. XperGuide (Philips Healthcare) is 
a segmentation tool which allows stepwise 3D 
segmentation of structures with a low contrast 
ratio and irregular boundaries [10]. We devel-
oped a method of using this software package to 
allow presentation of the airway and the airway- 
-vessel (pulmonary artery) relationship (Fig. 1). On  

mailto:sebastiangoreczny@yahoo.pl


876 www.cardiologyjournal.org

Cardiology Journal 2020, Vol. 27, No. 6

Figure 1. Step by step airway segmentation from three-dimensional rotational angiography (3DRA) in a patient after 
previous stent implantation to a major aorto-pulmonary collateral artery (MAPCA). A vascular reconstruction from 
3DRA shows the narrow segment (white arrowhead) of the MAPCA distal to the previously implanted stent (A). Air-
way segmentation (white arrow) with XperGuide (Philips Healthcare) was performed for better visualization of the 
mechanism of the narrowing. Segmentation of the airway was conducted on three perpendicular planes of multiplanar 
reformats (B). At the beginning of the segmentation smoothness of the 3D airway and slice thickness of multiplanar 
reformats was selected according to operator preference. Manual growing of the airway was commenced at the level 
of the distal trachea and the proximal left main bronchus (black empty arrow) (C). Distal left main bronchus was cor-
rected from outside (white empty arrow) (D). Finally, the vascular and airway 3D volumes were presented together 
clearly showing compression of the left main bronchus on distal segment of MAPCA (white dashed circle) (E).

a 3DRA data set the airway has a dark contrast (air) 
and can be manually segmented easily. Contrast 
filled pulmonary arteries can be automatically 
segmented and reconstructed with the potential for 
manual corrections where necessary. Both the vas-
cular and airway structures can then be presented 
in the same virtual space allowing 3D visualization 
of the vessel and airway relationship (Fig. 2A–C). 
This complex can then be projected onto live fluor-
oscopy to guide cardiac catheterization. 

The validation

Three-dimensional rotational angiography 
was performed in 23 patients for visualization of 

pulmonary arteries. Seventeen patients had biven-
tricular circulations, whist the remaining 6 had single 
ventricle cardiac physiology at various stages of pal-
liation. Figure 2D shows patient characteristics and 
procedural data. Airway segmentation was performed 
successfully in 21 patients (21/23, 91.3%). In 1 patient 
the isocenter of the imaging apparatus was set too 
anteriorly, resulting in only partial inclusion of the air-
way in the 3D volume. In the other patient, extensive 
artifacts from multiple, previously implanted vascular 
occlusion coils did not allow accurate visualization of 
the airways for segmentation.

The trachea was segmented in all patients 
(21), the left and right main bronchus in 21 (100%)  
and 20 (95%) patients, respectively (Fig. 2E). 
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Three patients were surreptitiously identi-
fied with airway anatomy variants or anoma-
lies including 1 tracheal right upper bronchus, 
1 patient diagnosed with right atrial isomerism 
based on the identification of bilateral morpho-
logical right bronchial anatomy, and 1 patient 
was noted to have major aortopulmonary collat-
eral compression caused by the adjacent airway  
(Fig. 1). The median time for segmentation and 
production of an airway and vascular reconstruc-
tion was 2.4 (range 0.81–3.81) min with no signifi-
cant time difference between the three operators  
(p = 0.9; Fig. 2F).

Conclusions

This study shows the feasibility of quick and 
accurate airway segmentation from 3DRA. Seg-
mentation of proximal airways was possible during 
a routine 3DRA acquisition of pulmonary arteries 
without any dedicated airway imaging protocol. As 
well as providing important incidental diagnoses 
in 3 patients, this rapid process provided valuable 
information for decision making and procedural 
guidance with overlay on live fluoroscopy. Further 
studies are warranted to explore clinical benefits 
of this technique of airway segmentation.

Figure 2. Example of airway segmentation (XperGuide, Philips Healthcare) from three-dimensional rotational angio-
graphy (3DRA) in patients after partial cavo-pulmonary connections (A–C). A raw reconstruction from 3DRA shows 
narrowing of the proximal left pulmonary artery (LPA, white arrow) (A). Already during airway segmentation on mul-
tiplanar reformats close relationship between the LPA (white empty arrow) and the left main bronchus (LMB) was 
noted (B). The vascular and airway 3D volumes, presented together, clearly reveal close relationships between the 
LPA and the LMB (white dashed circle) (C). Patient demographics and procedural data (D). Percentage of successful 
segmentation of particular airway segments (E). Comparison of the segmentation times of the three independent 
observers (observer 1–3) and the average segmentation time (average observer) (F). The error bars represent the 
standard deviation of the segmentation time between the three observers. It can be noted that there was a good 
agreement in the segmentation times between the observers indicating that segmentation complexity and difficulties 
were experienced similarly.
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Background

Heart failure (HF) remains as important chal-
lenge in cardiovascular medicine. The incidence 
increases with age reaching 10% of the human 
population after the seventh decade of life [1, 2]. 
Despite advances in HF therapy, morbidity re-
mains high regardless of HF etiology. Treatment 
is focused mainly on the reduction of symptoms; 
however, it has been shown to date that a reduc-
tion in mortality was achieved only in heart failure 
patients with reduced ejection fraction (HFrEF) 
[3]. On top of that, the group of patients with heart 
failure with preserved ejection fraction (HFpEF) 
continues to grow. 

The diastolic dysfunction, which is common 
among HFpEF patients is mainly driven by dimin-
ished left ventricle relaxation, increased volume 
and filling pressures in the left atrium that leads 
to pulmonary congestion [4, 5]. In these patients, 
treatment options are limited mainly to diuretics.

A novel conception of therapy based on creat-
ing a communication between both atria has been 
proposed recently. The left to right interatrial shunt 
enables decompression of the left atrium and thus 
may improve patient symptoms [6, 7].

There are three different devices available for 
patients with either HFrEF or HFpEF: interatrial 
shunt device (IASD, Corvia Medical Inc., Tewks-
bury, MA, USA); V-Wave shunt (V-Wave Ltd., 

Caesarea, Israel) and the Atrial Flow Regulator 
(AFR, Occlutech, Heslingborg, Sweden). The 
initial safety and efficacy have been proved for the 
first two devices in small studies [6, 7]. Atrial Flow 
Regulator is a self-expandable double-disc nitinol 
wire mesh construction allowing communication 
across the interatrial septum. The offered fenestra-
tion diameter ranges from 4 mm to 10 mm, but for 
HF patients only the 8 mm and 10 mm have the 
European CE mark. The device is fully reposition-
able and retrievable.

There are few data concerning the effective-
ness of interatrial shunting. It is reasonable to focus 
on defining clinical and hemodynamic parameters, 
thus predicting who would benefit from interatrial 
shunting. The Pomeranian atRial flOw reguLatOr 
iN conGestive hEart failuRe (PROLONGER) study 
was designed for this purpose.

Methods

Study design
The PROLONGER study (ClinicalTrials.gov 

identifier NCT04334694) is a prospective, open-
-label clinical trial aimed to define invasive and non- 
invasive parameters that could predict a positive 
response for AFR therapy among patients with HF. 
The observation period will include peri-procedural 
hospitalization and a 12 month follow-up with four con-
trol visits: after 1, 3, 6 and 12 months, respectively. 
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Patients’ selection
Around 30 patients will be enrolled. The 

main inclusion criterion is symptomatic HF, either 
HFrEF or HFpEF. An elevated left heart filling 
pressure has to be confirmed in all eligible patients 
before the AFR procedure. Detailed inclusion and 
exclusion criteria are presented in Table 1. 

Blinding (masking)
As the PROLONGER is an open-label, single-

-arm study, both the participants and investigators 
will not be blinded to the allocated intervention.

Interventions
All eligible patients will undergo detailed 

screening using echocardiography, impedance 
cardiography (ICG) and right heart catheterization 
prior to AFR implantation.

Echocardiography. The transthoracic echo-
cardiography (TTE) examinations will be taken as 
recommended by European Society of Cardiology 
(ESC) and American Heart Association (AHA). 
Patients will be imaged in the left lateral decubitus 
position. Images will be obtained in the parasternal 
and apical chamber views. 

The echocardiography protocol consists of the 
following elements recorded with three cardiac 
cycles loop recordings:

 — Long axis view (LAX): Dimensions of left and 
right ventricles, left atrium, morphology and 
function of aortic and mitral valves;

 — Short axis view (SAX): Morphology and func-
tion of aortic and pulmonic valves; pulse 
wave Doppler in right ventricle outflow tract 
(RVOT) (assessment of acceleration time);

 — Apical 4 and 2 C plane:
• Assessment of right ventricle dimension 

right ventricle inflow tract (RVIT), right 
atrium area, left atrium volume index 
(LAVI),

• Assessment of left ventricle systolic func-
tion (ejection fraction by Simpson method 
and by speckle tracking imaging),

• Assessment of left ventricle diastolic 
function (by using mitral flow, mitral an-
nulus diastolic velocity, left atrial volume, 
tricuspid regurgitation (TR) velocity,

• Assessment of right ventricle systolic 
function by tricuspid annular plane sys-
tolic excursion (TAPSE), right ventricle 
fractional area change and speckle track-
ing imaging,

• Morphology and function of mitral valve,

• Mechanism and quantitative assessment 
of mitral regurgitation,

• Morphology and function of aortic valve,

Table 1. The inclusion and exclusion criteria in 
PROLONGER study.

Inclusion criteria

1 Age ≥ 18 years 

2 Symptomatic HF in NYHA class III or IV  
ambulatory

3 Optimal medical therapy of HF according  
to ESC guidelines for last 6 months

4 Hospitalization because of HF decompensation 
in last 12 months

5 Absence of significant valvular disease requiring 
cardiac surgery

6 Life expectancy ≥ 1 year

7 Written informed consent obtained from  
the patient

8 Left ventricular ejection fraction ≥ 15%

9 Elevated left heart filling pressures:

•	PAWP in rest > 15 mmHg or

•	PAWP > 25 mmHg during handgrip test

Exclusion criteria

1 Participation in another clinical trial in last  
30 days

2 Acute infection or sepsis

3 Severe coagulation disorder

4 Allergy to nickel or titanium

5 Severe peripheral artery disease disabling 
6MWT

6 Allergy to antiplatelet drugs, oral anticoagulation 
or heparin

7 Contraindications to transesophageal  
echocardiography

8 Pregnancy

9 ASD or presence of ASD septal occluder

10 Severe PFO with significant left to right  
shunt in rest

11 Intracardiac thrombus

12 ACS or PCI or CABG in last 6 months

13 Severe pulmonary hypertension:

•	Right atrial pressure ≥ PAWP

•	Right atrial pressure ≥ 20 mmHg

14 Planned heart transplantation

15 TIA or stroke within last 6 months

16 CRT therapy within last 6 months

HF — heart failure; NYHA — New York Heart Association;  
ESC — European Society of Cardiology; PAWP — pulmonary  
artery wedge pressure; 6MWT — six-minute walk test; ASD — atrial 
septal defect; PFO — patent foramen ovale; ACS — acute coronary 
syndrome; PCI — percutaneous coronary intervention; CABG — 
coronary artery bypass grafting; TIA — transient ischemic attack; 
CRT — cardiac resynchronization therapy
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• Morphology and function of tricuspid 
valve,

• Quantitative assessment of tricuspid re-
gurgitation;

 — Subcostal view:
• Position and flow (color Doppler) in AFR 

device, flow gradient (continuous wave 
Doppler).

The TTE examinations will be done before 
AFR and during each follow up visit.

All patients will also be imaged with trans- 
esophageal echocardiography (TEE) in standard 
views to:

 — Exclude intra-cardiac thrombus;
 — Exclude presence of patent foramen ovale 

(PFO) or atrial septal defect (ASD);
 — Assess anatomy of interatrial septum.

The TEE examinations will be done prior to 
AFR procedure and during the first follow up visit.

Impedance cardiography. All patients will 
be examined using an ICG. 

The PhysioFlow® Q-LinkTM is a noninvasive 
hemodynamic evaluation system to assess patient 
cardiovascular state using the analysis of trans-
thoracic bio-impedance signals. 

PhysioFlow System measures the change in 
impedance by injecting a high frequency alternat-
ing electrical current (66 kHz) of low magnitude  
(4.5 mA peak to peak) towards the thorax between 
two electrodes positioned on the neck and another 
two positioned on xiphoïd process. The use of  
a high frequency current eliminates the risk of 
interference with heart and brain bioelectrical 
activity. In addition, as the impedance of skin-
electrodes is very low at high frequency, tissues 
will not endure any thermal effects and patients 
feels nothing. 

Specific calculations conducted, as part of 
further analysis will be based on values obtained 
in the supine position. 

The measurement scheme will be as follows: 
the first ICG will be done 1 day prior to the AFR 
procedure. Four ICG and two ECG pre-gelled 
electrodes will be placed: two (Z1, Z2) on the left 
side of the patient’s neck, one (Z3) at the level of 
the xiphoid and the last one (Z4) just to the right 
to Z3. The ICG data will be collected continuously 
(beat by beat) for 30 min. The blood pressure will 
be taken every 10 min and stored for analysis. 
The following parameters will be measured con-
tinuously: cardiac index (CI [l/min/m2]), stroke 
volume index (SVi [mL/m2]), left cardiac work 
index (LCWi [kg∙m/m2]), contractility index (CTi), 
ventricular ejection time (VET [ms]), systemic 

vascular resistance index (SVRi [dyn∙s/cm5∙m2]), 
thoracic fluid content index (TFCi [1/kΩ∙m2]) and 
heart rate (HR [1/min]).

The values of these parameters will be record-
ed beat-to-beat. Specific calculations conducted, as 
part of further analysis, will be based on the values 
obtained in the supine position. 

The ICG examinations will be done before 
AFR and during each follow up visit.

Invasive right heart catheterization. All 
eligible patients before enrolling to the study 
will undergo a diagnostic right heart catheteriza-
tion using a Swan-Ganz catheter (SGC). After 
ultrasound-guided puncture of internal jugular or 
subclavian vein, a SGC will be introduced via the 
right ventricle to a pulmonary artery. The following 
pressure curves will be obtained in patients at rest:

 — Right atrium/upper vena cava pressure;
 — Right ventricle pressure;
 — Mean pulmonary artery pressure;
 — Pulmonary artery wedge pressure (PAWP).

Furthermore, a cardiac output (CO) will be 
measured using the thermodilution method. 

The following hemodynamic parameters will 
be calculated:

 — Cardiac index;
 — Systemic vascular resistance;
 — Pulmonary vascular resistance.

In the next step, subjects will be asked to 
perform a handgrip test for a maximal tolerated 
period of time until  fatigued. The measurement 
of PAWP and CO will then be obtained.

If a resting PAWP will be above 15 mmHg 
or exercise PAWP above 25 mmHg, patients will 
be qualified for AFR implantation. A right atrial 
pressure above 20 mmHg or exceeding PAWP 
will be the contraindication for the atrial shunting 
procedure.

 Invasive catheterization will be performed 
before AFR and during the first follow up visit.

The AFR procedure. The procedure will 
be performed under general anesthesia. A three-
dimensional TEE guided trans-septal puncture will 
be performed followed by insertion of an Amplatzer 
Stiff wire in a left upper pulmonary vein. Next,  
a 10–14 mm diameter balloon septostomy to facili-
tate AFR implantation through a 12–14 F dedicated 
delivery system. Before releasing the device, an 
invasive trans atrial gradient will be measured 
through an 8–10 mm fenestration. The left to right 
shunt and mean gradient will be confirmed in TEE. 
After releasing an AFR device, a delivery system 
will be removed and a puncture site will be sealed 
with hemostatic suture.
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The patients will be discharged during the 
following couple of days. Subjects with history 
of atrial fibrillation will continue anticoagulation 
therapy and those without atrial fibrillation will be 
treated with double antiplatelet drugs for 3 months.

Outcomes
Primary outcome measures. The primary 

outcome is clinical improvement within 12 months 
after AFR implantation defined as at least 10% in-
crease in six-minute walk test (6MWT) compared 
to baseline. 

Secondary outcomes measures. (1) Clinical 
improvement expressed in reduction of New York 
Heart Association (NYHA) class; (2) Device related 
adverse event: device migration, embolization, 
device related thrombus, shunt occlusion, or need 
for device removal.

Other outcome measures. (1) Reduction 
of PAWP at rest 30 days after AFR implantation. 
(2) Reduction of PAWP during a handgrip test  
30 days after AFR implantation. (3) Kansas City 
Cardiomyopathy Questionnaire (KCCQ-12) within 
12 months after AFR implantation. (4) Clinical 
adverse events within 12 months after AFR im-
plantation: cardiac mortality or rehospitalization 
for HF decompensation.

Correlation of echocardiographic, inva-
sive and impedance parameters with clinical 
outcome. All hemodynamic data will be analyzed 
post-hoc to test any correlation with clinical out-
come after AFR procedure.

Data collection and management
All clinical data including demographic infor-

mation, results of blood laboratory tests perfor- 
med locally will be stored for further analysis.  
Digital files containing raw data obtained from 
echocardiography and fluoroscopy will also be 
collected.

Statistical methods
Continuous data will be summarized by means 

of mean value, median, minimum, maximum, stan-
dard deviation and number of observations. Cat-
egorical data will be expressed as means of absolute 
and relative frequencies. A series of statistical tests 
including: the Shapiro-Wilk test, ANOVA, unpaired 
t-test, the Mann-Whitney U or c2 test will be done. 
Clinical adverse events will be tabulated.

Ethical considerations
A local ethics committee has approved the 

PROLONGER study protocol.

Discussion

The concept of creating an interatrial shunt 
leading to decompression of left atrium is an at-
tractive therapy for patients with HF.

Presented herein, is the PROLONGER study 
protocol. This is a single center, open label clinical 
study aimed at defining invasive and non-invasive 
clinical parameters that could predict a positive 
response for implantation of AFR. 

Three available shunt devices have been 
tested in a series of small studies to date. The 
initial results are promising; however, the ques-
tion of which population would benefit most from 
interatrial shunting has been raised.

In the AFR PRELIEVE study some, but not 
all patients showed symptoms improvement. The 
6MWT distance significantly increased only among 
HFrEF patients. The interpretation of single 
statistically significant results such as change in 
NYHA class or increase in 6MWT distance should 
be cautious, because the patient numbers were 
small. Both HFpEF and HFrEF patients presented 
reduced resting PAWP compared to baseline, 
however only in HFpEF subjects, the difference 
reached statistical significance [8].

In the present study we are going to focus 
on clinical parameters as: 6MWT test and NYHA 
functional class. 

Although the study is not designed to show device 
related adverse events, these will also be reported.

A hemodynamic profile will be assessed by an 
invasive right heart catheterization as well as using 
non-invasive impedance cardiography.

The ICG is a non-invasive diagnostic tool 
enabling reliable assessment of patients’ hemody-
namic profile [9–13].  

There are data supporting a good correlation 
between impedance diagnostics and invasive as-
sessment of cardiac output and systemic vascular 
resistance [14]. Our previous experience with this 
procedure in patients with acute myocardial infarc-
tion was recently published [15].

Unlike previously published studies, the focus 
will be to perform exercise invasive catheterization 
using a simple handgrip test instead of standard 
cyclo-ergometer. Although a handgrip test in not 
well validated, it allows a patient to perform sig-
nificant exertion.

The hemodynamic data obtained from SGC and 
ICG will be analyzed post-hoc in order to seek any 
correlation of cardiac filling pressures and cardiac 
performance with clinical improvement after the 
AFR procedure.
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The first patient enrolled to PROLONGER 
study presented substantial clinical improvement 
in the 6MWT distance, which almost doubled and 
a reduction of NYHA class. Diagnostic right heart 
catheterization revealed a significant reduction 
in PAWP, mean pulmonary artery and right atrial 
pressures [16].

A 12 month follow-up is planned with four 
control visits, which should allow assessment of 
clinical and hemodynamic responses for AFR.
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Scquizzato et al. [1] in their meta-analysis 
showed out-of-hospital cardiac arrest had worse 
short-term outcomes during the pandemic than 
a non-pandemic period, suggesting direct effects 
of COVID-19 infection and indirect effects from 
lockdown and disruption of healthcare systems. 
The American Heart Association (AHA) has is-
sued an interim guideline on basic life support 
during COVID-19 [2, 3]. Since 2010, the AHA 
removed rescue breaths guidelines from the basic 
life support algorithm in favor of a hands-only ap-
proach for resuscitation performed by the public 
for individuals [4, 5]. As show by Rosell Ortiz et 
al. [6] the frequency of undertaking resuscitation 
by bystanders before the pandemic was 51.5% and 
during the pandemic it was 42.6%. Borkowska et al. 
[7] show the cardiopulmonary resuscitation (CPR) 
rapidity during the pandemic at the level of 10.1%. 
The reduction in the frequency of resuscitation by 
the witnesses of an incident in the Rosell Ortiz study 
[6] may be because of the increased level of fear of 
SARS-CoV-2 infection per person with cardiac arrest 
[8]. One might suppose that limitation of movement 
or lockdown also influenced such behavior, however, 
studies by Rosell Ortiz et al. [6] and Chan et al. [9] 

seem to contradict this thesis. In these studies, the 
witnessed cardiac arrest was at a comparable level 
both before the COVID-19 pandemic and during the 
pandemic. As showed by Jorge-Soto et al. [10] brief 
hands-on training supported by real-time feedback 
of CPR quality helps future schoolteachers improve 
their knowledge, self-confidence and CPR skills and 
build pro-health attitudes and increase the chances 
of undertaking CPR.

In order to verify the influence of COVID-19 
on the frequency of resuscitation by witnesses of 
the event, a systematic review and meta-analysis 
were performed.

This review was performed according to the 
Cochrane Collaboration methodological guidelines. 
We conducted a literature search in the EMBASE, 
PubMed, Web of Science, Scopus and Cochrane 
Library databases, covering the publication period 
from databases inception to November 15, 2020. 
Two investigators (M.P. and S.B.) independently 
reviewed the articles obtained. Disagreements 
between the two investigators were resolved by 
a third reviewer (A.G. or L.S.).

All results are presented with a 95% confi-
dence interval (CI). When the continuous out-

COVID-19
Cardiology Journal 

2020, Vol. 27, No. 6, 884–885
DOI: 10.5603/CJ.2020.a0179 
Copyright © 2020 Via Medica

ISSN 1897–5593 
eISSN 1898–018X

884 www.cardiologyjournal.org

RESEARCH LETTER

https://orcid.org/0000-0003-0373-9911
https://orcid.org/0000-0002-5923-2469
https://orcid.org/0000-0002-2140-9732
https://orcid.org/0000-0001-5083-7587
https://orcid.org/0000-0002-0973-5455


come was reported in a study as median, range, 
and interquartile range, estimated means and 
standard deviations using the formula described 
by Hozo et al. [11] were used. Heterogeneity of 
the effect sizes was checked with the I2 index. If  
p > 0.1 and I2 < 50%, a fixed effect model was used, 
otherwise a random effect model was chosen. All 
statistical analyzes were carried out using RevMan 
5.4 software (The Cochrane Collaboration, Oxford, 
Copenhagen, Denmark).

Eight studies reported bystander CPR ratio in 
COVID-19 and pre-COVID-19 periods. Bystander 
CPR rate in COVID-19 period was 43.6% vs. 41.5% 
for non-COVID-19 period (odds ratio: 0.95; 95% CI: 
0.79–1.16; p = 0.64; I2: 91%; Fig. 1). Detailed char-
acteristics of the studies included in the analysis 
are presented in Supplementary Table 1.

In summary, the meta-analysis performed 
showed a slightly higher frequency of CPR by wit-
nesses during the COVID-19 pandemic compared 
to the periods preceding the pandemic. However, 
despite this fact, the effectiveness of resuscitation 
in out-of-hospital cardiac arrest is significantly 
lower than in the pre-pandemic period.
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Figure 1. Forest plot of bystander cardiopulmonary resuscitation rate in COVID-19 versus non-COVID-19 period. The 
center of each square represents the weighted odds ratios for individual trials, and the corresponding horizontal line 
stands for a 95% confidence interval (CI). The diamonds represent pooled results.
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The current severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) pandemic 
forces medical personnel to search for alternative 
early diagnosis methods of the patient’s condi-
tion [1]. An essential element of the diagnosis 
of a patient with COVID-19 is to understand the 
impact of various laboratory tests on the sever-
ity of the disease. An example of this research 
can be determining the level of ferritin, which is 
considered an indicator of the body’s iron supply. 
As iron levels fall, the blood ferritin levels fall [2]. 
The concentration of 1 µg/L corresponds to 8 mg 
of iron in the reserve pool [3]. When healthy, 20% 
of the body’s iron is bound to ferritin. Ferritin 
bound iron accounts for 95% of the hepatic iron 
stores. According to World Health Organization, 
adult women’s norm ranges from 15 to 150 µg/L, 
for men from 15 to 200 µg/L [4]. Moreover, fer-
ritin is considered an acute phase protein, so its 
concentration also increases inflammation and 
infections. This limits the possibility of using its 

determination to assess systemic iron resources, 
even in terms of the diagnosis of COVID-19 sever-
ity [5, 6]. Abbaspour et al. [7] showed that ferritin 
is a crucial mediator of immune dysregulation via 
direct immune-suppressive and pro-inflammatory 
effects, contributing to cytokine storm.

The present study aimed to determine the 
usefulness of ferritin as a predictor of a patient’s 
severity with COVID-19 in a performer systematic 
review and meta-analysis. This study followed the 
Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis (PRISMA) guidelines [8] and the 
Meta-analysis Of Observational Studies in Epidemiol-
ogy (MOOSE) guidelines for reporting systematic re-
views and meta-analyses of observational studies [9].

Three authors (L.S., J.S., and S.B) indepen-
dently searched relevant literature. The current 
Pubmed, Embase, Cochrane, Web of Science, Scop-
us (from database inception to November 10, 2020) 
was explored. The whole search strategy used 
free words, including “ferritin” AND “COVID-19”  
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Figure 1. Forest plot of ferritin levels in severe versus non-severe groups. The center of each square represents the 
odds ratio for individual trials, and the corresponding horizontal line stands for a 95% confidence interval (CI). The 
diamonds represent pooled results; SD — standard deviation.

OR “SARS-CoV-2”. The reference lists of all 
eligible trials and reviews were screened for ad-
ditional citations. Publications were restricted to 
the English language.

Twenty studies reported ferritin levels in 
severe and non-severe patient groups. Polled 
analysis showed that it significantly correlated 
higher ferritin levels with the more severe condi-
tion of the COVID-19 patient (MD: 406.98; 95% 
CI: 319.41–494.55; p < 0.001; I2: 94%; Fig. 1). De-
tailed characteristics of the studies included in the 
meta-analysis are presented in Supplementary 
Digital Content. Higher ferritin levels were also 
associated with more frequent hospitalization in 
intensive care unit conditions (MD: 748.96; 95% 
CI: 444.45–1053.48; p < 0.001; I2: 89%), and higher 
mortality in COVID-19 patients (MD: 594.43; 95% 
CI: 345.7–843.17; p < 0.001; I2: 99%; Supplemen-
tary Digital Content).

In conclusion, this systematic review and 
meta-analysis show a close correlation between 
ferritin levels and the state of the COVID-19 pa-
tient. Higher ferritin levels were associated with 
a more severe patient condition, more intensive 
care unit exposure, and higher mortality.
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Treatment of aorto-ostial coronary artery dis-
ease remains a challenge for interventional cardio-

logists due to the high rate of restenosis and stent 
misplacement often results in poor cardiovascular 
outcomes [1, 2]. Its anatomical position and plaque 
morphology may impact the rigidity of the lesion, 
possibly complicating the stenting procedure [3]. 
The gap-angle ratio (GAR) has been recently pro-
posed as a method to describe the right coronary 
artery ostial stenosis rigidity and its impact on 
post-stenting outcomes [4]. We evaluated the use 
of the same parameter to describe isolated left 
main (LM) coronary artery ostial disease, analys-
ing the prognostic role of GAR in these patients 
before stenting.

The clinical and instrumental records of 5435 
consecutive patients underwent to coronary an-
giography in the documented institution were 
retrospectively analysed between January 2011 to 
January 2018 to identify patients with an isolated 
ostial LM disease and bypass surgery contraindi-
cations and/or refusal as determined by the local 
Heart Team. The local board approved the study. 

A significant ostial LM lesion was defined as  
a lesion with > 50% diameter stenosis within  
3 mm of the aortic ostium by quantitative coronary 
angiography analysis. Target lesion failure (TLF) 
was defined as the composite of cardiovascular 
death, target-vessel myocardial infarction, and 
clinically driven target lesion revascularization 
(TLR). For each patient we assessed the angle be-
tween the greater curvature of the aortic wall and 
LM take-off during both the diastolic (i.e. minimum 

angle) and systolic phases (i.e. maximum angle) in 
right anterior oblique (30°) position. The LM-GAR 
was calculated as follows: 

Maximum angle–Mimimum angle
Mimimum angle

As evidenced in the formula (1), a high LM-GAR  
would indicate large motion of the LM ostium, 
similarly to the observations performed by Ohashi 
et al. [4]. Two independent cardiologists performed 
the measurement using the same software with an 
agreement of 98.3%.

Stent repositioning after the first attempt and 
misplacement with need of a second stent were also 
recorded and analysed in each patient.

Information about the in-hospital outcome 
was obtained from an electronic clinical database 
for patients maintained at the documented institu-
tion and by reviewing hospital records for those 
discharged to referring hospitals. Post-discharge 
survival status was obtained from the Municipal 
Civil Registries. 

Sixty-one patients were identified with iso-
lated LM ostial stenosis: 7 were excluded due to 
a history of aortic valve replacement, 3 had con-
comitant significant lesions of the mid-left anterior 
descending or LM bifurcation, 2 had an aortitis 
and one was admitted due to a ST-segment eleva-
tion myocardial infarction. Finally, 47 patients (36 
males, mean age 68.2 ± 10.2 years) were analysed 
(Table 1). During the procedure, patients who expe-
rienced stent repositioning or stent displacement 

(1)
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resulting in need for a second stent (15 patients) 
had a mean LM-GAR angle higher than those 
without: 0.26 ± 0.02 vs. 0.21 ± 0.03 (p = 0.03).  

On receiver operating characteristic analysis 
the optimal cut-off value for LM-GAR, as a predic-
tor of 1-year TLF was ≥ 0.24 (area under curve of 
0.86 ± 0.5; 95% confidence interval [CI] 0.76–0.96, 
p = 0.002). At a mean follow-up of 11.9 ± 0.6 
months, the rate of both TLF (38.4% vs. 5.8%, 
p = 0.005) and cardiovascular mortality (23.0% 
vs. 2.9%, p = 0.03) were significantly higher in 
patients with an LM-GAR ≥ 0.24. Sensitivity, 
specificity, positive predictive value and negative 

predictive value of LM-GAR for TLF were 81.8%, 
94.1%, 69.2%, and 94.1, respectively. Mantel-Cox 
analysis revealed that there was a significant sta-
tistical difference in the occurrence of TLF after 
1 year between patients with a LM-GAR < 0.23 
compared with those having a LM-GAR ≥ 0.24 (log 
rank [Mantel–Cox] c2 10.2, p = 0.01]. Moreover,  
a multivariate Cox regression analysis demonstrat-
ed that 1-year TLF (hazard ratio [HR] 3.34, 95% CI 
2.29–3.77, p = 0.001) were independently predict-
ed by dyslipidaemia (HR 2.26, 95% CI 1.89–2.46,  
p < 0.001) and diabetes mellitus (HR 1.86, 95% CI 
1.45–2.16, p = 0.03). 

Table 1. General characteristics of the patients enrolled, also stratified according the left main gap  
angle ratio (LM-GAR). 

All  
(n = 47)

LM-GAR < 0.23  
(n = 34)

LM-GAR ≥ 0.24  
(n = 13)

P

Age [years] 68.2 ± 10.2 66.0 ± 9.8 70.4 ± 11.3 0.19

Males 36 (76.5%) 26 (76.7%) 10 (76.9%) 0.98

Hypertension 24 (51.0%) 18 (52.9%) 6 (46.1%) 0.67

Dyslipidemia 24 (51.0%) 14 (41.1%) 10 (76.9%) 0.03

Diabetes mellitus 20 (42.5%) 11 (32.3%) 9 (69.2%) 0.02

Previous smokers 21 (55.6%) 14 (41.1%) 7 (53.8%) 0.43

Active smokers 6 (12.7%) 4 (11.7%) 2 (15.3%) 0.74

Previous MI 8 (17.0%) 5 (14.7%) 3 (23.0%) 0.50

Heart failure 10 (21.2%) 7 (20.5%) 3 (23.0%) 0.85

CKD° 15 (31.9%) 8 (23.5%) 7 (53.8%) 0.05

COPD 7 (14.8%) 5 (14.7%) 2 (15.3%) 0.97

Stroke 7 (14.8%) 4 (11.7%) 3 (23.0%) 0.33

LVEF [%] 47.1 ± 9.2 46.2 ± 8.7 48.1 ± 9.8 0.55

CCS 2.3 ± 0.5 2.3 ± 0.9 2.4 ± 0.6 0.71

SYNTAX score 9.4 ± 3.9 9.4 ± 3.6 9.5 ± 4.1 0.94

Basal MLD [mm] 1.7 ± 1.1* 1.7 ± 1.3* 1.8 ± 1.0* 0.80

Final MLD [mm] 4.3 ± 0.5 4.3 ± 0.6 4.4 ± 0.3 0.57

Lesion length [mm] 12.1 ± 3.6 11.8 ± 2.5 12.3 ± 3.5 0.58

Orsiro1 10 (21.2%) 7 (20.5%) 3 (23.0%) 0.85

Onyx2 25 (53.1%) 18 (52.9%) 7 (53.8%) 0.95

Promus Premier3 12 (25.3%) 9 (26.4%) 3 (23.0%) 0.81

1-year TLF 7 (14.8%) 2 (5.8%) 5 (38.4%) 0.005

1-year CV mortality 4 (8.5%) 1 (2.9%) 3 (23.0%) 0.03

Maximum angle° 103.6 ± 9.8 101.9 ± 7.8 105.4 ± 13.2 0.26

Minimum angle° 83.3 ± 10.5 82.2 ± 12.1 84.4 ± 8.6 0.55

Angle gap° 20.3 ± 9.2 19.7 ± 9.2 21.0 ± 9.6 0.67

LM-GAR 0.26 ± 0.32 0.11 ± 0.60 0.42 ± 0.17 < 0.0001

°Defined as an estimate glomerular filtration rate, using the CKD-EPI formula, < 60 mL/min/m2

*p < 0.0001 between basal and final MLD after post dilatation in each group
1Biotronik Inc., Bulak, Switzerland; 2Medtronic Inc., Galway, Ireland; 3Boston Scientific Corp. Mantik, MA, USA

MI — myocardial infarction; CKD — chronic kidney disease; COPD — chronic obstructive pulmonary disease; LVEF — left ventricular ejection 
fraction; CCS — Canadian Cardiovascular Score; MLD — minimal lumen diameter; TLF — target lesion failure; CV — cardiovascular
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The present results suggest that LM-GAR was 
able to predict the incidence of TLF and cardiovas-
cular mortality at 1 year in patients with isolated 
LM ostial stenosis treated with percutaneous 
coronary intervention (PCI). Both the degree of 
steepness of the LM takeoff angle as well as exten-
sive motion of the LM ostium are independent risk 
factors of adverse clinical events in the long-term 
period in these patients [1]. 

In the current study it was postulated that  
a high LM-GAR indicate large motion of the LM 
ostium which potentially can complicate stent 
placement and deployment resulting in stent 
malapposition or mild displacement. This hypoth-
esis was confirmed by a statistically significant 
higher LM-GAR ratio in patients who experienced 
such problems during PCI.

High LM-GAR ratio seems to correlate with 
a potential increased challenge during the proce-
dure and with less favourable outcomes at 1 year 
compared to patients with lower LM-GAR ratios: 
patients with a LM-GAR ratio ≥ 0.24 require par-
ticular attention during PCI in order to overcome 
the large vessel motion, such as extra-backup 

guiding catheter and double wiring of the LM 
bifurcation.
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Venous thromboembolic disease (VTE) is  
a challenging issue in  medicine and for public 
health [1]. VTE is the third most common cardio-
vascular disease after ischemic heart disease and 
ischemic stroke. Approximately half of the patients 
with symptomatic, untreated venous thrombosis 
develop pulmonary embolism, and 10% of cases 
end in sudden death. Death in untreated patients 
is about 30%. However, after initiating treatment, 
it decreases to 3–8% [2]. 

It is particularly challenging to ensure the effec-
tiveness of therapy for patients with VTE. Most pa-
tients, due to comorbidities, take many medications, 
which carries the risk of interactions and other drug-
-related problems. An additional issue is adherence 
to therapy. Patients often do not achieve satisfactory 
health results due to non-adherence. They usually 
take medicine incompletely, inconsistently, or not 
at all. Polypharmacy, inappropriate prescription, and 
drug-related problems increase morbidity and mor-
tality rates and contribute to a large waste of health 
resources. All these situations require effective action 
to improve the quality of patient care [3].

A practical solution for patients is the use of 
various mHealth (mobile health) technologies [4]. 
mHealth is a sub-segment of eHealth and is defined 
as the use of mobile computing and communica-
tion technologies (e.g., mobile phones, wearable 
sensors) for health services and information [5]. 
mHealth includes various methods of interaction 
with the patient — text messages, reminders, but 
also phone applications. 

Many studies are confirming the impact of 
mHealth applications on improving patient out-
comes in different populations and at varying levels 
of healthcare. Applications are particularly important 
for chronically ill patients, including the elderly.

Currently, many mHealth applications are 
available for patients. They support prevention 
diagnostics, patient monitoring, correct use of 
medicines, as well as communication between 
the patient and healthcare staff [5]. mHealth is 
used in patients with diabetes, chronic obstruc-
tive pulmonary disease, or cardiovascular dis-
eases, including hypertension, atrial fibrillation, 

or stroke patients.
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According to available research, there are no 
mobile applications dedicated to patients with VTE 
disease. Given the seriousness of this disease, a de-
cision was made to develop a mobile application for 
patients with VTE disease. “The Patient Access” is 
an application that enables the correct and safe use of 
medicine for people with VTE disease. The application 
displays all drug information in written and graphic 
forms. It also has the function of drug reminders and 
is a compendium of knowledge about VTE disease. 
The application significantly increases the likelihood 
that patients will use medications as directed, which 
is especially important when taking any drug.

To date, the functionality and usability of “The 
Patient Access” mobile application has been verified 
and will support safe drug dosing for people with VTE 
disease.

Testing the application involved assessing the 
usability of a prototype, allowing users to explore 
the application in detail and formulate conclusions 
about both the prototype and the final shape of the 
product. Testing was performed by a target group 
of product users [6]. 

After an application demonstration, each par-
ticipant was asked to answer the questions included 
in the System Usability Scale (SUS). SUS contains 
ten statements related to the subjective assess-
ment of utility. The participant assigns points to 
each statement (according to the Likert 5-point 
scale) assessing the extent to which he agrees 
with the statement. SUS has a good façade validity 
and high reliability (Cronbach’s alpha 0.91) [7, 8].

This study took place at a community phar-
macy in Bialystok, Poland. Participants were 

recruited among persons buying anticoagulants at 
the pharmacy. Study participants had to regularly 
use a smartphone or tablet, which ensured that 
they the basic skills in operating new technologies. 
The age of study participants (> 18 years) was also 
an important criterion. Data were collected from 
March to May 2020.

Sixteen further potential users of the applica-
tion took part in the study. Sample sizes for testing 
the usability of a high-fidelity prototype require only 
5–10 participants to identify 80% of product prob-
lems [9, 10]. For this reason, 16 people participating 
in the study were a sufficient number. The average 
age of the subjects was 64.44 (SD = 15.56). The re-
spondents mainly had a higher education (81.25%). 

After calculating the score according to the SUS 
scale key, the overall assessment of usability of “The 
Patient Access” application was rated at 73.59 points.

Analyzing the average score to each state-
ment in the SUS questionnaire (Table 1), it can be 
assessed that most patients agreed with the state-
ments regarding the ease of use of the application 
and proper integration of functions:

 — “I thought the system was easy to use” (M = 4.35;  
SD = 1.11);

 — “I would imagine that most people would learn 
to use this system very quickly” (M = 4.31; 
SD = 0.87);

 — “I found the various functions in this system 
were well integrated” (M = 4.13; SD = 0.81).
Respondents, disagreed most with statements 

regarding the inconvenience of use, the need to 
help another person when using the application, 
or excessive system complexity:

Table 1. Descriptive statistics of System Usability Scale (SUS) results.

No. of SUS question M Median SD Min Max

1. I think that I would like to use this system frequently 2.81 3 1.11 1 4

2. I found the system unnecessarily complex 1.88 1.5 1.11 1 4

3. I thought the system was easy to use 4.35 5 1.11 2 5

4. I think that I would need the support of a technical person  
to be able to use this system

1.75 1 1.13 1 4

5. I found the various functions in this system were well integrated 4.13 4 0.81 3 5

6. I thought there was too much inconsistency in this system 1.94 2 0.93 1 4

7. I would imagine that most people would learn to use this  
system very quickly

4.31 5 0.87 3 5

8. I found the system very cumbersome to use 1.69 1 1.01 1 4

9. I felt very confident using the system 3.31 3 1.25 1 5

10. I needed to learn a lot of things before I could get going  
 with this system

2.13 2 1.20 1 5

M — average value; SD — standard deviation; Min — minimum value; Max — maximum value
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 — “I found the system very cumbersome to use” 
(M = 1.69; SD = 1.01);

 — “I think that I would need the support of  
a technical person to be able to use this sys-
tem” (M = 1.75; SD = 1.13);

 — “I found the system unnecessarily complex” 
(M = 1.99; SD = 1.11).
This project is innovative because it was the 

first to focus on creating an application support-
ing drug dosage in people with VTE disease. This 
usability and satisfaction research allowed us to 
validate this application before the market launch. 
“The Patient Access” application has been highly 
rated by potential users. Users also indicated those 
features that should be developed in the next phase 
of work on the application.
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Teaching medical applications and workflow of 
three-dimensional printing to medical students: 

Results of a pilot elective course
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Three-dimensional printing (3Dp) employs  
a process of placing layers upon layers of mate-
rial to create a physical object based on a digitally 
designed model [1]. The process (workflow) of 
making 3D models involves data acquisition from 
two-dimensional (2D) images, virtual reconstruc-
tion and physical printing [1]. 3Dp models are 
sought as an effective means for educating not only 
medical students, but also physicians, residents, 
nurses and other healthcare providers, as well as 
an aid in planning and training (simulating) pro-
cedures [2–8]. Having had experience in the field 
and seeing the increasing interest, as depicted by  
a growing body of literature, in medical 3Dp leads to 
a question of whether it is worthwhile and possible 
to teach undergraduate medical students about the 
basics of 3Dp workflow within a reasonably short 
timeframe. For this purpose, a pilot hands-on 3Dp 
elective course was organized to expose medical 
students to the potential of 3Dp in the hopes of 
raising their awareness and interest in the concept. 

The course was comprised of 15 teaching 
hours, equally divided into 5 days. The first 3 days of 
the course included seminars on the following top-
ics — medical applications of 3Dp (with examples 
from experience and published literature); available 
software, printing technologies and materials; and 
overview of the 3Dp workflow. The seminars were 
given by a pediatric cardiologist with experience 
in medical 3Dp and representatives of Zortrax 
and Sinterit, well-known as desktop 3D-printer 
manufacturing companies. During the seminars, 
students asked questions and actively participated 

in discussion. The last 2 days consisted of hands-
on workshops, wherein students worked in pairs 
on four computed tomography (CT) scans to pre-
pare models of scapula, middle aortic syndrome, 
vascular ring and trachea, and coronary arteries, 
respectively. On the first day of the workshop, the 
students were taught how to segment the region 
of interest from the 2D images, create a digital 3D 
model and inspect them for artifacts, which were 
fixed if present. Each pair practiced these steps on 
all four CT scans using Materialise Mimics Innova-
tion Suite 22.0. The students then prepared a STL 
file for the vascular ring and trachea model, which 
was printed overnight for the second workshop day. 
On the last day, the students were taught how to 
post-process the printed 3D model (e.g. removing 
support structures). Each pair worked together on 
their models to prepare the final product, which 
they were allowed to take home.

Fourteen 4th and 5th year medical students from 
the Medical University of Gdansk participated in 
this pilot course. The enrollment for the course was 
done through an online system on a “first-come, 
first-served” basis. Ten students were eligible to 
take part in the study — three had prior experience 
in making 3Dp models and one did not consent to 
take part in the study. To gauge the effectiveness 
of the course, a questionnaire and a technical test 
was developed which the students filled out prior 
to entering and after completing the course. The 
entry questionnaire consisted of 22 Likert scale 
items assessing their familiarity with 3Dp, their 
opinion on its applications and their perception of 
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creating 3Dp models. In the exit questionnaire, 
the students were asked about which step of the 
3Dp workflow was the most challenging for them 
and to give their opinion on how the course may 
have influenced their medical education. It included  
6 Likert scale items regarding the content and 
quality of the course. The technical test included  
7 true/false and 1 open question along with a ques-
tion regarding the order of steps in 3Dp workflow. 
A statistical analysis of the questionnaire responses 
and test scores was performed using the Wilcoxon 

test and Paired T-test with GraphPad Prism 8.0. 
As indicators of significance, two-tailed p-values  
of < 0.05 was used.

Prior to starting the course, 70% of the stu-
dents stated that they were “somewhat familiar” 
with the concept of 3Dp. In comparison, 40% 
believed that they “have experience” and 60% 
were “somewhat familiar” at the end of the course 
(Suppl. Fig. 1A). The course was able to positively 
change the opinion of the students regarding the 
following medical applications of 3Dp — creating 

Table 1. Results of entry- and exit-subjective questionnaire and objective technical test scores. 

Entry-responses
(n = 10)

Median (IQR)

Exit-response
(n = 10)

Median (IQR)

P

3Dp models are accurate and precise representation  
of patient’s anatomy

3 (2.75–4) 4 (3.75–5) 0.02

Working through the process of making 3Dp models  
would improve my understanding of anatomy

4.5 (3–5) 5 (4.75–5) 0.18

3D printing helps in understanding pathologies and  
planning medical interventions

4 (3.75–4.25) 5 (4.75–5) 0.01

3Dp models can be used to plan, prepare and practice  
surgical procedures

4 (3–5) 5 (4–5) 0.22

3D printing has a role in medical education 4.5 (4–5) 5 (4–5) 0.75

3D printing can be used to make customized prothesis  
and implants

5 (4–5) 5 (4–5) 0.75

3Dp models can be used to educate patients about  
their diseases and treatment

4 (3–5) 5 (5–5) 0.03

3D printing can be used in pharmaceutical research  
(e.g. drug dosages, delivery system

3 (2–3) 4 (3–5) 0.02

3Dp models can be used in administering doses of  
radiotherapy in treatment of superficial cancers

3 (2–3) 3.5 (2–4.25) 0.34

3D printing can be currently used to make organs for  
transplantation

2 (2–3.25) 2.5 (1–5) 0.35

3Dp models can be used to make physical libraries of  
several pathologies and their variants

4 (3–5) 5 (4.75–5) 0.38

3D printing is a widely researched concept in medicine  
and healthcare

3 (2–3) 5 (2.75–5) 0.03

Senior doctors can benefit from 3Dp models 5 (3.75–5) 5 (4–5) 0.63

Medical residents can benefit from 3Dp models 5 (3–5) 5 (5–5) 0.5

Medical students can benefit from 3Dp models 5 (3–5) 5 (5–5) 0.13

Nurses can benefit from 3Dp models 4 (3–5) 5 (4.75–5) 0.13

Patients can benefit from 3Dp models 4.5 (4–5) 5 (5–5) 0.06

3D printing models is an extremely time consuming 4.5 (3–5) 5 (3.75–5) 0.19

3D printing models is a very costly process 3 (3–5) 4 (2.75–4.25) > 0.99

The process of printing 3D models is difficult.  
It requires a lot of skill and experience

3 (3–4.25) 3 (2–4) 0.23

It is possible to customize 3D printed models after they  
are printed (e.g. adding colors, textures, labels etc.)

4 (2.75–5) 4.5 (3.75–5) 0.19

Technical Test Scores* 6.3 ± 1.34 8.4 ± 1.65 0.0049

*Results reported in means ± standard deviation. Analyzed using the Paired T-test; 3Dp — three-dimensional printing; IQR — interquartile 
range
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accurate representations of a specific patient’s 
anatomy (p = 0.02), helpful in understanding 
pathologies and planning medical interventions  
(p = 0.01), beneficial for patient education (p = 0.03)  
and application in pharmaceutical research  
(p = 0.02) (Table 1). After the course, they also 
realized the scientific interest in researching the 
concept of 3Dp in the field of medicine (p = 0.03). 
In both entry and exit responses, the students 
unanimously agreed that 3Dp has a role in medi-
cal education, making customized protheses, and 
practicing surgical procedures. At the end of the 
course, 40% of students disagreed that 3Dp is dif-
ficult and requires experience as compared to 0% 
before the course (Suppl. Fig. 1B).

Majority (60%) of the students found seg-
mentation to be the most challenging step in the 
3Dp workflow, the rest found analyzing the CT 
images, inspecting the digital model and prepar-
ing the model for printing to be more challenging 
(Suppl. Fig. 1C). All students were pleased with 
the content and methods of teaching 3Dp used in 
the course (Suppl. Fig. 1D). Every student stated 
that they would be interested in participating in 
such courses in the future and would recommend 
them to fellow students (Suppl. Fig. 1D). It was 
also seen that learning the process of 3Dp and its 
application had a positive impact on the experience 
of learning medicine of each student participating in 
the course (Suppl. Fig. 1D). The students scored 
significantly higher in the technical exit test (mean 
score = 8.4 vs. 6.3, p = 0.005). Majority (60%) of 
students were able to correctly arrange the steps 
of the 3Dp workflow in the exit test as compared 
to only 30% in the entry test (Suppl. Fig. 1E).

Three-dimensional printing is a relatively 
novel and emerging concept in the field of medicine 
with widespread applications. It is therefore worth-
while introducing undergraduate medical students 
to, not only its uses but also the process of creating 
3Dp models. The present study demonstrates that 
the course including hands-on workshops such as 

these are effective for this purpose. Learning and 
experiencing 3Dp workflow adds an additional skill 
to the repertoire of a student while also enhancing 
their medical education. Courses like these have 
the potential of raising interest and attracting stu-
dents to partake and contribute in furthering the 
practice of medical 3Dp.
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Successful optical coherence tomography-guided 
stent ablation with rotational atherectomy  

for an underexpanded stent
Yongcheol Kim , Deok-Kyu Cho , Ji Woong Roh ,  

Oh-Hyun Lee , Eui Im , Donghoon Choi

Division of Cardiology, Department of Internal Medicine, Yonsei University College of Medicine  
and Cardiovascular Center, Yongin Severance Hospital, Yongin, Korea

A 62-year-old man with a history of ischemic 
heart disease and dyslipidemia presented with 
aggravating effort angina. He underwent stent 
implantation with a 3.0 × 40 mm sirolimus-eluting 
stent at the mid portion of left anterior descending 
artery 2 years prior, but a heavily calcified lesion 
led to severe stent underexpansion, which did not 
resolve despite postdilation with a non-compliant 
(NC) balloon (Suppl. Video 1). Angiography dem-
onstrated aggravated luminal narrowing in the un-
derexpanded stent site (Fig. 1A, Suppl. Video 2);  
therefore, stent ablation with rotational atherec-
tomy was planned. Pre-interventional optical co-
herence tomography (OCT) demonstrated that the 
diameter of the underexpanded stent was between 
1.24 and 1.66 mm (Fig. 1B, C, Suppl. Video 3), 
which was also confirmed on three-dimensional 
OCT (Fig. 1D). OCT assessment led to stent abla-
tion using a stepwise increase in burr size, from 

1.25 mm to 1.50 mm and finally 1.75 mm. Following 
stent ablation, OCT showed no visible strut area 
in the site of the previously underexpanded stent 
(Fig. 1E, F). However, a minimal lumen area of 
2.27 mm2 led to the performance of drug-coated 
balloon angioplasty with a 3.0 × 20 mm Pantera 
Lux (Biotronik, Bülach, Switzerland) after balloon 
dilation with a 3.0 × 15 mm NC balloon at 24 atm. 
Final angiography showed good distal flow without 
residual stenosis (Fig. 1G, Suppl. Video 4).

This report highlights the superior resolution of 
OCT, which can aid in choosing the optimal burr size, 
and presents OCT images of successful stent ablation.
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Figure 1. A. Initial angiography demonstrating underexpanded stent (white box); B, C. Cross-sectional optical coher-
ence tomography (OCT) imaging of underexpanded stent site; D. Three-dimensional OCT reconstructed strut image of 
underexpanded stent site; E, F. OCT demonstrating no visible struts after stent ablation with rotational atherectomy; 
G. Final angiography demonstrating no residual stenosis after treatment with 3.0 × 20 mm drug-coated balloon.
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Recurrent sinus of Valsalva aneurysm  
with thrombogenesis after surgical repair
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A 36-year-old woman was admitted to hospital 
experiencing paroxysmal palpitations for 1 month. 
Surgical repair of a ruptured sinus of a Valsalva an-
eurysm was done when she was 10 years old. After 
admission, the transthoracic echocardiography 
examination showed that the aortic non-coronary 
sinus was dilated (45 × 36 mm) and a moderately 
stronger signal could be seen within (45 × 17 mm).  
Coronary computed tomography angiography 
indicated an expanded aortic non-coronary sinus 
(5.3 × 4.9 cm) with low density areas within 
(Fig. 1). The coagulation function tests revealed  
D-dimer 0.8 mg/L. After anesthesia, transesopha-
geal ultrasound identified a mass of thrombus in 
the expanded sinus. During the operation, the right 
atrium and aorta were cut open, a massive, grey, 
smelly purulent thrombus out of the aneurysm was 
then removed (Suppl. Video 1). The thrombus was 
sent to the pathology department for pathological 
tests. Then, a pericardial patch a was used to fix the 
opening of the aneurysm through the incision of the 
aorta and another patch b was used to reinforce it 
through the rupture in the right atrium. A double 
helical suture was used to eliminate the sac of the 
aneurysm. After the operation, transesophageal 
ultrasound showed that the thrombus had disap-
peared and that the aneurysm was minimized. Ten 
days post-surgery, transthoracic echocardiography 
showed that the expanded non-coronary aneurysm, 
pre-surgery, was replaced by a hyperechoic mass 
(20 × 21 mm), in which a blood signal could not be 

detected. Pathological examination of the throm-
bus indicated fibrous tissue without structure. 
The patient recovered well and left the hospital 
successfully.

Funding: This work was financially supported by 
projects of the National Scientific Foundation of 
China (NSFC, grant nos.81700340).

Conflict of interest: None declared

Figure 1. Low density areas can be found in the ex-
panded aortic non-coronary sinus.
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We read with great interest an article by 
Li et al. [1] which reviewed the cardiovascular 
complications in COVID-19 patients. The authors 
discuss many disease entities, including cardiac 
injury, myocarditis, acute coronary syndrome, 
heart failure, or sudden cardiac arrest. However, 
it is worth adding to this catalog cardiac tampon-
ade, which is a pathological condition that directly 
threatens a patient’s life. It consists in filling the 
pericardial cavity with a fluid that has the nature 
of an exudate or effusion, thus hindering filling the 
atria. Tamponade may arise because of infarction, 
trauma, mediastinal tumors and many other clinical 
conditions [2, 3].

Since December 2019, the world has been 
struggling with the pandemic of infections of 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), causing coronavirus disease 2019 
(COVID-19). There is an increased recognition of 
cardiac involvement in patients with COVID-19 as 
it confers a worse prognosis. The most common 
cardiac complications include acute myocardial in-
jury, arrhythmias, acute myocarditis and severe left 
ventricular dysfunction. However, several authors 
including Asif et al. [4] present a case of COVID-19- 
-associated acute viral pericarditis complicated by 
large pericardial effusion and cardiac tamponade. 
Also, Hakmi et al. [5] showed that cardiac tam-
ponade with concomitant biventricular failure can 
develop in COVID-19 patients.

As mentioned previously, cardiac tamponade 
is a life-threatening condition and, in the event 
of intensification of symptoms, requires urgent 
intervention in the form of decompression of the 
pericardial sac. However, in order not to delay 
the tamponade diagnosis procedure, especially 
in patients with suspected/confirmed COVID-19, 
when medical staff wears full personal protective 
equipment for aerosol generating procedures (PPE 
AGP), ultrasonography may be helpful [6, 7]. For 
this purpose, the Focus Assessment Transthoracic 
in Emergency (FATE) protocol can be used. 

The aim of the aforementioned is to perform 
basic echocardiographic projections — sub-sternal, 
apical, parasternal and bilateral pleural projections 
(in the middle axillary lines in the costal arch). 
The ultrasonographic images acquired in this way 
allows confirmation or exclusion of cardiac tam-
ponade, and, with its presence under ultrasound 
control, it is also possible to drain it.

In conclusion, cardiac tamponade, which can 
also be associated with COVID-19 infection, is  
a therapeutic challenge requiring immediate confir-
mation and implementation of invasive treatment.
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There is now firm evidence that the measure-
ment of cardiac troponins, either I (cTnI) or T 
(cTnT) using high-sensitivity immunoassays, is 
the mainstay for diagnosing both ischemic and non- 
-ischemic myocardial injury, regardless of the cutoff 
point, as we have read in the article by Bjurman et 
al. [1]. Recent evidence attests that neither of these 
two biomarkers seem superior to the other for the 
purposes of diagnosing myocardial infarction, so 
that they can be ideally used interchangeably [2]. 
Since little information is currently available on 
the worldwide preference of one biomarker over 
the other, a retrospective analysis was carried 
out based on Google Trends, to establish which 
of the two cardiac troponins is more popular than 
the other.

Google Trends (Google Inc., Mountain View, 
CA, USA) is one of the most widely accessed 
tools in digital epidemiology. It is a freely available 
Google instrument, typically used for analyzing the 
popularity of top search queries in Google over 
time, across various geographical regions and using 
different languages. The search volume (expressed 
as Google Trends weekly Score) is finally displayed 
in graphical format, where the top value (i.e., 
100) represents the maximum volume of Google 
searches for one or more given keywords [3].  
In the present analysis, we used the keywords 
“troponin I” and “troponin T” in the field “topic”, 
with no geographical or language restriction (thus 
including potential local translations), from the old-
est searchable period (i.e., year 2004) up to present 
time (i.e., January 2020). The results of this search 
were downloaded in comma-separated values, 
and were imported into an Excel file (Microsoft, 
Redmond, WA, USA), and analyzed with Analyse-it  

(Analyse-it Software Ltd, Leeds, UK). Results 
were expressed as mean ± standard deviation and 
significance of differences was assessed with the 
Mann-Whitney test. The study was performed in 
accordance with the Declaration of Helsinki, under 
the terms of relevant local legislation.

The primary results of weekly volume of 
Google searches for cTnI and cTnT from 2004 to 
the present year are shown in Figure 1. Although 
the volume of weekly Google searches for cTnI 
and cTnT was found to be almost identical between 
the years 2004–2010 (49.3 ± 18.2 vs. 49.4 ± 11.2;  
p = 0.478), the number of weekly searches in 
Google for cTnT became steadily higher than that 
for cTnI in the following period, i.e., between 2011 
to present year (57.0 ± 12.1 vs. 42.5 ± 8.7; mean 
difference, 29% and 95% confidence interval [CI] 
27–31%; p < 0.001). This trend was magnified 
during the prior 12 months, whereby comparing  
the weekly volume of Google searches for cTnT 
(80.7 ± 4.1) and cTnI (58.8 ± 3.8), the mean  
gap further increased to 31% (95% CI 27–35%; 
p < 0.001). Interestingly, the weekly volume of 
Google searches for cTnI remained higher in 
United States, Mexico, Brazil, Portugal, France, 
Iran, China, and Japan, amongst others, while 
that for cTnT appeared to be predominant in the 
remaining countries. 

It has recently been demonstrated that assess-
ment of Web-based inclinations, using tools such 
as Google Trends, reflects human behaviors along 
with preference to access some specific diagnostic 
and/or therapeutic resources [4], including the 
worldwide use of cardiac biomarkers [5]. There-
fore, the results of this analysis suggests that, 
despite the existence of only one fully-automated 
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immunoassay for measuring cTnT, the current 
popularity of cardiac biomarkers seems to favor 
cTnT. Even in areas traditionally bound to cTnI, 
such as Canada and northern Europe, the scenario 
has changed during the past decade, especially dur-
ing the past 12 months, with a weekly volume of 
Google searches for cTnT offsetting that for cTnI. 
The recent clearance of high-sensitivity-cTnT 
immunoassay in United States is probably linked 
with the observed change in tendency, which has 
led to broad diffusion of the test in the country [6]. 
Interestingly, the gap between the weekly Google 
searches for cTnI and cTnT in the United States 
has narrowed from ~50 vs. ~20 in the mid-2010s, 
to ~50 vs. ~35 in the past 12 months (data not 
shown). 
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Figure 1. Trend of worldwide weekly Google Trends searches for cardiac troponin I (cTnI) and cardiac troponin T 
(cTnT) between 2004 and January 2020.
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The article published by Kowalczys et al. [1]  
was read with great enthusiasm and interest. Brief-
ly, the prognostic value of daytime heart rate (HR), 
systolic (SBP) and diastolic (DBP) blood pressure 
(BP), and their multiplication products and ratios 
was assessed in congestive heart failure (CHF) 
patients. Accordingly, it was found that daytime 
DBP and products including HR × DBP and HR 
× SBP may be valuable risk stratification factors 
for predicting death and decompensation in stable 
patients [1]. Beyond the prognostic implication of 
HR, BP and their products in patients with stable 
CHF, attention  was paid to the value of SBP and 
DBP itself, in terms of the golden ratio. In the 
study population, Kowalczys et al. [1] found mean 
daytime SBP and DBP of patients with stable CHF 
as 114 mmHg and 70 mmHg, respectively. The ratio 
of SBP to DBP gives 1.62, which is very close to 
the golden ratio as described previously by the 
famous mathematicians Euclid and Fibonacci [2]. 
In addition, it is also noteworthy to calculate the 
ratio of SBP to DBP in patients with decompen-
sated (107.0/60.7 mmHg) and non-decompensated 
(115.3/72.1 mmHg) status during the follow-up 
period. SBP/DBP in patients without decompensa-
tion is 1.59; whereas it is 1.76 in decompensated 
patients, which shows a distinct deviation from 
the golden ratio. 

In principle, golden proportion is an observa-
tion that the ratio of any two sequential Fibonacci 
numbers approximates to the value of 1.618, which 
is named as the Greek letter Phi (j) [2]. The 
Fibonacci series or golden ratio represents itself in  
a variety of natural settings such as the design of 
patterns in flowers, branching of leaves; and have 

also been used in the modeling of biological and fi-
nancial systems as well as in electronics and music 
[2–4]. By defining the systolic phase interval as the 
time between the tip of the R wave and the end of 
the T wave on electrocardiography, the diastole/ 
/systole ratio has demonstrated as 1.611 and R-R 
interval/diastole ratio as 1.618, which is very close 
to golden ratio [5]. Furthermore, the ratio of the 
left ventricular end-diastolic to the end-systolic di-
ameters gives a ratio equal to 1.614, which is quite 
close to the golden ratio [6]. In a similar manner, 
Henein et al. [7] have demonstrated that vertical 
and transverse dimensions of the heart are in ac-
cordance with the golden ratio in healthy humans. 
However, in the end-stage HF patients the ratio 
significantly decreases [7]. Likewise, SBP to DBP 
ratios have been shown to be very close to the 
golden ratio both in the systemic and pulmonary 
vascular system [8–10]. Yetkin et al. [8] observed 
that night-time proportions of systemic systolic to 
diastolic pressures are the closest results to the 
golden ratio; however, during the daytime it is a bit 
far from the golden ratio which might be explained 
by the changing balance between sympathetic and 
parasympathetic activity [8]. In this regard, it is 
exciting to observe the SBP/DBP ratio as very 
close to the golden proportions in stable CHF and 
deviated in decompensated patients. Values of 
the SBP/DBP rate, which are higher than or show 
considerable deviation from the golden ratio, might 
be a useful criterion for predicting decompensation 
in stable CHF patients with the support of future 
clinical studies.
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We would like to thank Yetkin et al. [1] for 
interesting and insightful comments regarding our 
publication. They suggested that systolic blood 
pressure/diastolic blood pressure (SBP/DBP) 
ratio is associated with golden ratio and might be 
useful for stratifying the risk of heart failure (HF) 
decompensation [1].

Heart failure decompensation is one of the 
most difficult challenges in the management of 
patients with HF [2]. It needs to be highlighted that 
each HF decompensation should be regarded as  
a life-threatening condition and adversely affects 
the prognosis in this group of patients [2]. One of 
the very important research goals in the field of HF 
is the search for factors that may lead to a reduction 
in HF decompensations [2]. Early identification of 
potential risk factors enables the improvement of 
effectiveness of care in patients with chronic HF. 
In this context, the prospect of using new tools to 
identify patients at high risk of HF decompensation 
is very interesting and requires  further attention.

The golden proportion was known already in 
antiquity and was attributed to exceptional aes-
thetic values [3, 4]. Golden ratio, estimated as phi 
= 1.618, has been described not only in mathemat-
ics but also in many other fields such as nature, 
architecture, art and science [3, 4]. Many authors 
have indicated a possible link of golden ratio with 
the human cardiovascular system [3–10]. Several 
data demonstrated the existance of golden propor-
tion particularly in left ventricle dimensions meas-
ured in transthoracic echocardiography [3, 5–7]. 
Moreover, Gibson et al. [9] revealed an association 
between the Fibonacci sequence and distribution 

of culpirit lesions in coronary arteries in patients 
with myocardial infarction with ST-segment eleva-
tion. Many researchers have also been interested 
in the relationship between the golden proportion, 
SBP/DBP and DBP/pulse pressure ratios [3, 4, 8, 
10]. Recently, Papaioannou et al. [8] analyzed the 
NHANES data from 31,622 individuals and reported 
that participants with SBP/DBP values that deviate 
from the 1.618 have a significantly higher risk of 
death in comparison to those with blood pressure 
values close to golden ratio.

Yetkin et al. [1] observed that in our study pop-
ulation SBP/DBP ratio is very close to 1.618 in sta-
ble patients with HF. Moreover, they estimated that 
SBP/DBP ratio in patients with recent HF decom-
pensation differs significantly from this value [1].  
Indeed, taking into account the above observations, 
SBP/DBP ratio value may be important in estimat-
ing the risk of decompensation in stable patients 
with HF. However, it should be emphasized that 
our study had limitations that may have affected 
the above results. First, the population in our 
study was small and diverse and included not only 
patients with HF due to coronary artery disease, 
but were also caused by other etiological factors. 
Secondly, most of our patients had various comor-
bidities and cardiovascular risk factors. Finally, 
all patients were treated pharmacologically with 
drugs that affect blood pressure and heart rate, 
which may have had an impact on the potential 
prognostic value of the SBP/DBP ratio. Further-
more, the methodology of our study included only 
daytime multiple blood pressure measurements 
during hospitalization [11]. Meanwhile, Yetkin et 
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al. [10] suggested that particularly the night-time 
SBP/DBP ratio measurements were close to the 
golden ratio. Therefore, future research in this area 
should take into account the application of 24-hour 
ambulatory blood pressure monitoring.

Currently, there is still little data in the litera-
ture on the prognostic significance of SBP/DBP 
ratio, double product and other ratios involving 
heart rate and blood pressure in patients with HF. 
Therefore, large studies are needed to determine 
their usefulness and applicability in clinical practice.
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