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of 1) clinical risk factors for death and hospital‑
ization due to COVID‑19, 2) humoral response to 
COVID‑19 vaccination, and 3) prognosis during 
1‑year follow‑up: risk factors of death and hos‑
pitalization for exacerbation of PAH or CTEPH, 
including a history of COVID‑19 and antispike 
(anti‑S) antibody concentration. So far, these is‑
sues have not been addressed jointly in the PAH 
and CTEPH patients. The study’s novelty in‑
cludes a comprehensive approach focused on 
morbidity, mortality, SARS‑CoV‑2 reinfections, 
long‑term COVID‑19 consequences, prognos‑
tic factors, and the response to COVID‑19 vac‑
cination in the PAH and CTEPH patients, as 
well as exploring their situation following in‑
fections with viral variants differing in clinical 
significance.

Patients and methods  Study design  All consec‑
utive patients with diagnosed PAH or inoper‑
able or persistent / recurrent CTEPH treated 
in the referral cardiology center (First Depart‑
ment of Cardiology, Poznan University of Medi‑
cal Sciences, Poland) were included in the study. 
All patients underwent regular follow‑up every 
3 to 6 months. Echocardiography, a 6‑minute 
walk test (6MWT), and laboratory results, in‑
cluding N‑terminal pro–B‑type natriuretic pep‑
tide (NT‑proBNP) and troponin I, were evaluat‑
ed at each visit in our hospital. All study patients 
received recommended specific drugs, and staged 
balloon angioplasty was performed in CTEPH 
patients.

Introduction  Pulmonary arterial hypertension 
(PAH) and inoperable, recurrent or persistent 
chronic thromboembolic pulmonary hyperten‑
sion (CTEPH) are severe diseases character‑
ized by increased mean pulmonary arterial pres‑
sure (>20 mm Hg), pulmonary vascular resis‑
tance above 2 Wood units and pulmonary arterial 
wedge pressure equal to or lower than 15 mm Hg 
caused by remodeling in pulmonary arterioles 
and / or embolization.1 Patients with PAH and 
CTEPH were recognized as a COVID‑19 high‑risk 
group. Consistently, during the dominance of ear‑
ly SARS‑CoV‑2 lineages, their hospitalization and 
fatality rates were higher than in the general pop‑
ulation.2 However, with COVID‑19 vaccination 
becoming available and SARS‑CoV‑2 evolving 
into lineages associated with a milder course of 
the disease, it became important to understand 
whether PAH and CTEPH patients are still at an 
increased risk advocating for additional protec‑
tive measures.

This study aimed to comprehensively under‑
stand how the situation of PAH and CTEPH pa‑
tients evolved during the COVID‑19 pandem‑
ic. For this purpose, all such patients treated in 
one of the Polish referral cardiology centers were 
monitored from the beginning of the COVID‑19 
pandemic (March 2020) till December 2022. 
The primary end point was an assessment of 
the incidence of SARS‑CoV‑2 infections, mor‑
tality, and the  need for hospitalization for 
COVID‑19 in the patients with PAH or CTEPH. 
The secondary end point included an assessment 
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Results  Clinical characteristics  A total of 88 pa‑
tients with PAH (n = 62; 70%) or inoperable / re‑
current / persistent CTEPH (n = 26; 30%) were in‑
cluded in the study. Their median (IQR) age was 
58 (46–69) years, and a majority (62%) were wom‑
en (Supplementary material, Table S1)

COVID‑19 vaccination and anti‑spike protein antibodies  
A majority of patients (n = 68; 77%) were vacci‑
nated against COVID‑19, including 48 (70%) with 
BNT162b2, 8 (12%) with mRNA‑1273, 8 (12%) 
with AZD1222, and 4 (6%) with Ad26.COV2.S vac‑
cine. In addition, 47 individuals (69%) received 1 
booster dose of the mRNA vaccine. The concen‑
tration of anti‑S IgG antibodies was assessed in 
75 patients (85%). Among them, 14 (19%) were 
seronegative, with 5 (36%) being vaccinated (2 
with Ad26.COV2.S, 2 with mRNA‑1273, and 1 with 
the BNT162b2 vaccine). There were only 2 nonre‑
sponders (7%) among all the vaccinated patients. 
In contrast, 5 unvaccinated patients (25% of the 
unvaccinated individuals) had positive antibody 
levels: 3 of them had a confirmed and 2 not con‑
firmed SARS‑CoV‑2 infection.

SARS‑CoV‑2 infection and COVID‑19 clinical course  
During the study period (from March 2020 to 
December 2022), 34 patients (39%) had a SARS
‑CoV‑2 infection confirmed by a real‑time poly‑
merase chain reaction or an antigen test.

As many as 30 individuals (34%) were infect‑
ed with SARS‑CoV‑2 between April 2020 and 
December 2021 (pre-Delta and Delta periods). 
Among them, only 2 patients (7% of this sub‑
group; 2% of the entire group) were vaccinated 
with 2 doses of the vaccine. One of them (3% of 
the subgroup; 1% of the entire group) received 1 
dose of the mRNA vaccine, whereas 27 individu‑
als (90%) had not been vaccinated. In this period, 
10 patients (34% of the subgroup; 11% of the en‑
tire group) were hospitalized for COVID‑19 and 
5 of them (17% of the subgroup; 6% of the entire 
group) died. All of these patients were unvacci‑
nated (Figure 1A and 1B).

Between January 2022 and December 2022 
(Omicron period), 9 patients (10% of the entire 
group) had a confirmed SARS‑CoV‑2 infection 
(with 50% of cases representing reinfection), and 
6 of them (67% of the subgroup; 7% of the en‑
tire group) were vaccinated. Only 1 patient (11% 
of the subgroup; 1% of the entire group) who was 
unvaccinated was hospitalized for COVID‑19, 
and no deaths were recorded (Figure 1A and 1B). 
A group comparison revealed a higher number 
of COVID‑19 cases (P <0.001), hospitalizations 
(P = 0.009), and deaths (5 vs 0 patients; P = 0.06) 
for COVID‑19 in the pre-Delta and Delta periods 
as compared with the Omicron period. Howev‑
er, the number of vaccinated and infected pa‑
tients during the pre-Delta and Delta periods was 
not higher than in the Omicron period (P = 0.16; 
Figure 1A).

Significant risk factors of death in a univari‑
able Cox analysis in the patients with COVID‑19 

The data assessing COVID‑19 and vaccina‑
tion status in each patient were recorded be‑
tween March 2020 and December 2022. Using 
sequence data submitted by Polish laboratories 
to the Global Initiative on Sharing All Influenza 
Data, the most reliable database on SARS‑CoV‑2 
variant prevalence in different regions of 
the world, 3 periods of the COVID‑19 pandem‑
ic were distinguished, namely 1) pre-Delta pe‑
riod (March 1, 2020–June 30, 2021), 2) Delta 
period (July 1, 2021–December 31, 2021), and 
Omicron period (January 1, 2022–December 
31, 2022), which correspond to the periods of 
dominance of the variants preceding the ap‑
pearance of the Delta variant, dominance of 
the Delta variant, and of the Omicron variant, 
respectively.3

Vaccinated patients were defined as those 
who received at least 2 doses of mRNA vaccines 
(BNT162b2, BioNTech / Pfizer, or mRNA‑1273 
from Moderna) or chimpanzee adenovirus
‑based vaccine (AZD1222, Oxford / AstraZene‑
ca) or a single-dose adenoviral vaccine (Janssen 
Ad26.COV2.S). The data associated with vacci‑
nation, including dates and types, were derived 
from the Polish national database (www.gabi‑
net.gov.pl).

Serum concentration of anti‑S antibodies was 
evaluated between October 2021 and March 2022 
with the Siemens SARS‑CoV‑2 immunoglobulin 
(Ig) G assays (Siemens Healthineers, Munich, Ger‑
many) at the Central Laboratory of our hospital. 
The cutoff concentration indicating seropositiv‑
ity was 20 BAU/ml.

During the follow‑up period, the data were 
collected at regularly scheduled visits and emer‑
gency hospitalizations. Clinical worsening com‑
prised a change in the World Health Organiza‑
tion (WHO) functional class (FC), a need for spe‑
cific treatment escalation, or emergency hos‑
pitalization associated with right ventricular 
failure.

The study was approved by the Bioethics Com‑
mittee of the Poznan University of Medical Sci‑
ences, Poland (372/21). All patients included in 
the study signed their informed consent.

Statistical analysis  Statistical analyses were per‑
formed with the PQStat package version 1.6.6 
(PQStat Software, Poznań, Poland). The distribu‑
tion of data was assessed with the Shapiro–Wilk 
test. The data were presented as median values 
(interquartile range [IQR]). Group comparison 
(the pre-Delta and Delta periods vs the Omicron 
period), assessing the number of COVID‑19 cas‑
es, hospitalizations and deaths due to COVID‑19, 
and the number of vaccinated patients, was per‑
formed with the Fisher exact test. Univariable 
Cox regression analysis assessed the risk factors 
of death and hospitalization due to COVID‑19, 
and multivariable Cox regression analyses de‑
termined the risk factors of death and hospital‑
ization due to clinical worsening. P value below 
0.05 was deemed significant.
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is in line with previous observations of high mor‑
tality rates among patients with PAH and CTEPH 
during the dominance of earlier SARS‑CoV‑2 lin‑
eages before the COVID‑19 vaccines were wide‑
ly available.4,5

Before our study, the situation of PAH and 
CTEPH patients during the dominance of the 
Omicron SARS‑CoV‑2 variant was scarcely ex‑
plored. Our findings indicate that during this 
period, the COVID‑19 course was milder, which 
is consistent with other analyses encompassing 
the general population or patients with different 
comorbidities.6 Indeed, there were no deaths dur‑
ing the Omicron period, in contrast with the ear‑
ly phases of the pandemic, when 17% of the in‑
fected patients died. Moreover, hospitalizations 
due to COVID‑19 were by 23% more frequent 
during the pre-Delta and Delta waves than in 
the Omicron period. The milder course of the in‑
fection in the PAH and CTEPH patients is like‑
ly a joint effect of vaccinations, to which the ma‑
jority of these patients adhered (by 60% more 
than in the general population), and mutation
‑driven changes in the viral biology, particular‑
ly less efficient membrane fusion kinetics than 
in the previous SARS‑CoV‑2 lineages, preferen‑
tial endocytic cell entry, and faster replication in 
the bronchus but less efficient in the lung cells.7,8 
We hypothesize that it was the milder course of 
Omicron infection that did not prompt patients 
to take tests, which resulted in a lower percent‑
age of confirmed Omicron cases than in the ear‑
lier waves of the pandemic.

As shown in our study, the patients with PAH 
or CTEPH who died due to COVID‑19 were sig‑
nificantly older and had a more advanced dis‑
ease, including worse 6MWT score, higher mRAP, 
RAA, RDW, and lower Sat mixO2. In contrast, 
NT‑proBNP levels did not vary in the deceased 

included a lack of vaccination, older age, higher 
mean right atrial pressure (mRAP), red blood cell 
distribution width (RDW) and right atrial area 
(RAA), lower mixed venous oxygen saturation 
(Sat mixO2), and lower 6MWT score (Supplemen‑
tary material, Table S2). Due to the small size of 
the study group, multivariable analysis was not 
performed. None of the assessed risk factors were 
found significant in the patients hospitalized for 
COVID‑19 vs those not requiring hospitalization.

One‑year follow‑up  At 1‑year follow‑up, mortal‑
ity and hospitalization due to PH exacerbation 
reached 6% (n = 5) and 12% (n = 10), respective‑
ly. One case of fatal outcome was suspected to be 
associated with COVID‑19 prior to hospitaliza‑
tion (the patient had a high level of anti‑S anti‑
bodies on admission, ie, 4051.3 BAU/ml without 
vaccination). Significant risk factors of mortality 
and hospitalization due to clinical worsening in 
the univariable Cox regression analysis included 
higher WHO FC, RDW, mRAP, RAA, and mean 
pulmonary arterial pressure (mPAP), and inde‑
pendent risk factors in the multivariable analy‑
sis were RDW and RAA (Supplementary materi‑
al, Table S3). A history of vaccination, a history 
of COVID‑19, and anti‑S antibody concentration 
were not predictors of death and hospitalization 
due to PH exacerbation.

Discussion  This study documents the experi‑
ence of a referral cardiology center with PAH and 
CTEPH patients during the COVID‑19 pandem‑
ic encompassing different periods, including that 
dominated by the SARS‑CoV‑2 Omicron lineage. 
As shown, hospitalizations for COVID‑19 were 
more frequent during the pre-Delta and Delta pe‑
riods, and all deaths in the study cohort occurred 
before the emergence of the Omicron variant. This 

Figure 1�  A – a group comparison (pre-Delta and Delta periods vs Omicron period) assessing the number of SARS‑CoV‑2 infections, hospitalizations, 
and deaths due to COVID‑19 and the number of vaccinated patients infected with SARS‑CoV‑2; B – the number of hospitalizations, deaths, and 
vaccinations among patients with COVID‑19 in the pre-Delta, Delta, and Omicron periods 
Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension; PAH, pulmonary arterial hypertension
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induced by vaccination and previous SARS‑CoV‑2 
infections.19 Nevertheless, further exploration of 
the impact of COVID‑19 on the PAH and CTEPH 
patients, exposed to the continuously evolving 
pathogen, is pivotal.

Conclusions  This study provides novel informa‑
tion on PAH and CTEPH patients and indicates 
that they were at a lower risk of severe COVID‑19 
after the emergence of the Omicron SARS‑CoV‑2  
lineage, although they experienced infections 
and reinfections despite being vaccinated. Before 
the Omicron‑dominated period, the risk factors 
of death due to COVID‑19 included worse 6MWT 
score, higher mRAP, RAA, RDW, and lower Sat 
mixO2 values. Adherence to COVID‑19 vaccination 
in the studied group was higher than in the gen‑
eral population, and the humoral response to 
the vaccines was satisfactory. Having COVID‑19 
and being vaccinated against it were not associ‑
ated with clinical worsening during 1‑year follow
‑up, contrary to higher RDW and RAA. The ap‑
proach of the present study could also be imple‑
mented in the context of infections with other 
respiratory viruses, such as influenza viruses or 
respiratory syncytial virus, which constitute a sig‑
nificant risk for the PAH and CTEPH patients, and 
for which vaccinations are also available.

Supplementary material

Supplementary material is available at www.mp.pl/paim.
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