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Abstract: The coronavirus disease 2019 (COVID-19) is associated with an increase in the incidence
of cardiovascular diseases (CVD) that persists even several months after the onset of infection.
COVID-19 may also have an impact on arterial stiffness, which is a risk factor for CVD. We aimed to
analyze if and to what extent arterial stiffness measured by photoplethysmography differed among
COVID-19 convalescents depending on the acute phase severity and time elapsed since disease onset.
A total of 225 patients (mean age 58.98 + 8.57 years, 54.7% women) were analyzed after COVID-19
hospitalization at the Cardiac Rehabilitation Department of the Ustron Health Resort (Poland). In
the entire study population, no differences were found in the mean values of stiffness index (SI)
and reflection index (RI) depending on the severity of the acute COVID-19 and the time since the
onset of the disease. There were no differences in the heart rate (HR) according to the severity of
acute COVID-19; the mean HR was higher in patients who had COVID-19 less than 12 weeks before
the study than in convalescents more than 24 weeks after the acute disease (p = 0.002). The mean
values of SI and RI were higher in men than in women (p < 0.001), while the heart rate (HR) was
similar in both sexes (p = 0.286). However, multiple linear regression analyses after adjusting for
factors influencing arterial stiffness, i.e., sex, age, body mass index, smoking status, hypertension,
diabetes, the severity of the acute COVID-19, and the time from the disease onset, confirmed that age,
sex, time from disease onset, and diabetes are the most important determinants that could influence
arterial stiffness.

Keywords: arterial stiffness; COVID-19 disease; SARS-CoV-2; cardiovascular risk

1. Introduction

The coronavirus disease-2019 (COVID-19), caused by Severe Acute Respiratory Syn-
drome Coronavirus-2 (SARS-CoV-2), leading to severe interstitial pneumonia, has been
troubling people around the world since 2019 [1]. By November 2022, 629 million cases and
6.5 million deaths due to COVID-19 have been confirmed worldwide [2]. Surviving COVID-
19 resulted in a deterioration of the general fitness, quality of life, and cardio-respiratory
capacity of a large number of convalescents [3-5].

It was demonstrated that cardiovascular diseases (CVD) and the presence of cardiovas-
cular (CV) risk factors, including older age, hypertension, diabetes, dyslipidemia, obesity,
and smoking, significantly increase the risk of developing severe COVID-19 [6-8]. However,
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studies conducted on patients recovering from COVID-19 prove that the disease is also
associated with an increase in the incidence of newly diagnosed CVD and diabetes, and
the increase in risk persists for up to several months and is independent of age, sex, and
other traditional CV risk factors [9,10]. SARS-CoV-2 infection is associated with systemic
inflammation, an altered immune response, and endothelial dysfunction with subintimal
inflammation leading to functional and structural arterial remodeling [11-16].

Therefore, COVID-19 can have an impact on arterial stiffness. The relationship be-
tween increased arterial stiffness and the severity and duration of chronic inflammation
in many systemic inflammatory diseases and cardiometabolic syndrome (CMS) is well
understood [17-19]. Moreover, arterial stiffness is considered an additional CV risk factor,
including a risk factor for CV death [12,20].

One method of assessing arterial stiffness is photoplethysmography (PPG) [21,22].
This method has the potential for early screening for CVD risk due to its non-invasive
nature, low cost, and mobility of the PPG device. However, data on the significance of
parameters that assess arterial stiffness in patients after COVID-19 are scarce [12,20,23-25].
Only a continuous increase in the baseline heart rate (HR) is associated with a higher risk
of CVD [26].

The present study aimed to investigate whether and to what extent arterial stiffness
measured by PPG differs in Polish convalescents after COVID-19 in terms of both the
severity of the acute phase of the disease and the time elapsed since its onset.

2. Materials and Methods
2.1. Study Group

Volunteers for the study were recruited among patients after COVID-19 who were
admitted to the Cardiac Rehabilitation Department of the Ustron Health Resort (Poland)
for rehabilitation. All consecutive COVID-19 convalescents who gave their written consent
to the study were included. The recruitment process lasted six months (from August
2021 to January 2022), and 248 people qualified for the analysis of arterial stiffness. For
23 participants, no results of reproducible measurement of arterial stiffness could be
obtained, and these data were excluded from further analysis. Eventually, data from
225 patients were analyzed.

In all patients included in the analysis, the diagnosis of COVID-19 was based on
reverse transcription polymerase chain reaction testing or the qualitative assessment of
the presence of the SARS-CoV-2 antigen in nasopharyngeal swabs. Patients were divided
into subgroups according to sex (102 men and 123 women) and the severity of the acute
period of COVID-19, i.e., according to four stages of the disease (stage [—mild (n = 112),
stage [I—moderate (n = 58), stage Ill—severe (n = 35), and stage IV—critical (n = 15))
based on retrospective data from hospital records and according to the guidelines of the
Polish Society of Epidemiologists and Infectiologists [27]. In addition, three subgroups
of patients were also distinguished based on the time which elapsed since the disease
onset, i.e., <12 weeks (n = 24), 12-24 weeks (n = 83, and >24 weeks (1 = 95). The long
COVID-19 syndrome was defined as signs and symptoms that continue or develop after
acute COVID-19 and includes both ongoing symptomatic COVID-19 (from 4 to 12 weeks)
and post-COVID-19 syndrome (12 weeks or more) [28].

The research was approved by the Bioethical Committee of the Medical University of
Silesia in Katowice, Poland (Resolution no. PCN/CBN/0052/KB1/68/1/21/22).

2.2. Arterial Stiffness Measurement

The analysis of the pulse wave shape obtained through photoplethysmography using
the Pulse Trace PCA2 device (Micro Medical Ltd., Rochester, Kent, UK) was used to measure
arterial stiffness. The measurement was preceded by acclimatization in the supine position
for ten minutes in a quiet room at room temperature. Next, the measurement was carried
out in the supine position at the level of the phalangeal artery. Each measurement lasted
ten seconds. The measurements were repeated five times for each patient.
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The typical digital volume pulse (DVP) contour was analyzed as follows: (1) the first
part of the DVP (the so-called systolic component) is caused by the propagation of the pulse
wave from the aorta to the finger; (2) the second DVP component (the so-called diastolic
component) illustrates the sum of the pulse waves reflected from the small arterioles
(known as resistance arterioles); this wave returns to the aorta, and from there it propagates
again towards the finger.

Based on the pulse wave contour analysis, the following parameters were automati-
cally calculated: stiffness index (SI), reflection index (RI), and HR. The SI (m/s) measures
large artery stiffness and is calculated as the subject’s height divided by the distance be-
tween the first systolic peak and the reflected peak. The RI (%) measures the vascular tone
of small arteries and is calculated using the a/b x 100% formula, where “a” is the reflected
peak, and “b” is the early systolic peak.

The SI and RI parameters depend on the elasticity of the arteries. The lower the
elasticity, the higher the SI and RI values because in stiff arteries, the speed of propagation
of the pulse wave increases.

2.3. Statistical Analysis

Statistical analyses were performed using Statistica 13 (StatSoft; Statistica, Tulsa, OK,
USA). The normality of the distribution of the variables was assessed using the Shapiro—
Wilk test. The continuous variables were expressed as mean (M) and standard deviation
(SD), while categorical variables were shown as absolute numbers (1) and percentages (%).
Spearman’s rank correlation coefficient, r, was computed to assess the relationships between
the variables. The categorical variables between the analyzed subgroups of patients were
compared with chi-square test. We used a one-way variance ANOVA to evaluate analyzed
subgroups by sex. The combined effects of sex and the severity of COVID-19 (in subgroups
according to the severity of the disease, i.e., stages I-IV) as well as the possible changes in
RI, SI, and HR values depending on the time since the disease onset were analyzed using a
two-way factorial ANOVA. Multiple linear regression was used to analyze the impact of
adjusting factors, i.e., sex, age, body mass index (BMI), the severity of the acute COVID-19,
the time from the disease onset, smoking status, hypertension, and diabetes on arterial
stiffness. Results were considered as significant when p < 0.05.

3. Results
3.1. Characteristics of the Study Group

The study involved 225 convalescents with COVID-19 at the age of 58.98 + 8.57 years.
Of these, 123 (54.7%) were women. The mean time from COVID-19 diagnosis to study
enrollment was 24.76 £ 11.79 weeks. Table 1 demonstrates the characteristics of the entire
COVID-19 convalescent group as well as subgroups depending on sex.

The mean age and the mean BMI were similar between women and men. There were
no differences in diabetes, dyslipidemia, and hyperuricemia prevalence between men and
women. However, men had higher mean systolic and diastolic blood pressure (BP) and a
significantly higher percentage of diagnosed hypertension than women. Furthermore, we
observed that both smokers and former smokers are more often male than female (Table 1).
In the group of smokers, almost 81% of the analyzed patients were former smokers who had
not smoked for an average time of 20 years. In the study population, mean values of both
SI and RI were higher in men than in women (p < 0.001). However, HR was similar in both
groups (p = 0.286). A strong positive correlation between the SI and RI values (r = 0.569,
p < 0.001) was observed in the analyzed group of COVID-19 convalescent participants—the
greater the mean value of RI, the greater the value of SI on average. Similar correlations
between SI and RI were observed in both sex subgroups (r = 0.464, p < 0.001 for women and
r=0.564, p < 0.001 for men). In addition, there was a weak negative correlation between RI
and HR (r = —0.302, p < 0.001) for the entire group. No correlation was found between SI
and HR.
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Table 1. Characteristics of the total group of COVID-19 convalescents and subgroups based on sex.

Total Group Men Women
n=225 n =102 (45.33%) n =123 (54.67%) P
Age (years), M £+ SD 58.98 £ 8.57 59.18 £ 8.56 58.81 £ 8.61 0.475
BMI (kg/mz), M £ SD 29.35 £ 4.82 29.41 £5.09 29.30 £5.38 0.752
Smoking status, 1 (%)
Non-smokers 126 (56.00) 42 (41.18) 84 (68.29)
Smokers 17 (7.56) 14 (13.72) 3 (2.44) <0.001
Former smokers 81 (36.00) 46 (45.10) 35 (28.45)
Hypertension, 1 (%) 139 (61.78) 73 (71.57) 66 (53.66) 0.006
Diabetes, 11 (%) 50 (22.73) 27 (12.27) 23 (10.45) 0.163
Hyperuricemia, n (%) 15 (7.54) 5(2.51) 10 (5.03) 0.382
Dyslipidemia, 1 (%) 116 (52.73) 58 (26.36) 58 (26.36) 0.140
SI(m/s), M £ SD 8.80 £ 1.95 9.54 + 2.07 8.19 +1.62 <0.001
RI (%), M £+ SD 56.85 £ 16.28 64.29 +14.25 50.68 £ 15.29 <0.001
HR (beats/min.), M 4+ SD 70.35 + 10.67 70.87 £ 10.77 69.91 £ 10.62 0.286
SP (mmHg), M &+ SD 139.93 +17.42 141.66 + 16.96 136.67 +17.63 0.031
DP (mmHg), M + SD 83.10 £ 11.02 86.48 = 11.25 80.30 £ 10.03 <0.001
M—mean; SD—standard deviation; SI—stiffness index; RI—reflection index; HR—heart rate; SP— systolic
pressure; DP—diastolic pressure. Significant differences are in bold.
3.2. Analysis of Stiffness Parameters Depending on the Severity of COVID-19 Disease
There were no differences in the mean values of arterial stiffness parameters depending
on the severity of the acute COVID-19 period. In addition, no significant differences in
the distribution of smokers, hypertensive subjects, and patients with diabetes were found
depending on the severity of the disease (Table 2).
Table 2. Comparisons between the subgroups of COVID-19 convalescents depending on the severity
of the acute phase of the disease (i.e., stage I, stage II, stage III, stage IV).
Stage I Stage II Stage III Stage IV
n=112 n =58 n =35 n=15 P
Age (years), M &+ SD 58.82 £7.93 57.64 = 8.29 61.14 £ 10.49 59.13 £8.93 0.299
Sex (M/F), n (%) 52 (46.4) 24 (41.4) 17 (48.6) 7 (46.7) 0.902
BMI (kg/mz), M £+ SD 29.60 + 4.76 29.18 £ 541 29.95 +4.42 26.87 + 3,61 0.187
Smoking status, 1 (%)
Non-smokers 59 (53.2) 35 (60.3) 22 (62.9) 8 (53.3) 0.736
Smokers 8(7.2) 6 (10.3) 1(2.9) 1(6.7)
Former smokers 44 (39.6) 17 (29.3) 12 (34.3) 6 (40.0)
Hypertension, 7 (%) 69 (61.6) 32 (55.2) 23 (65.7) 13 (86.7) 0.155
Diabetes, 1 (%) 24 (24.1) 12 (20.7) 9 (25.7) 2(13.3) 0.755
Hyperuricemia, n (%) 9(9.7) 5(8.9) 1(2.9) 0(0.0) 0.378
Dyslipidemia, 7 (%) 67 (59.8) 30 (51.7) 12 (34.3) 6 (40.0) 0.045
SI (m/s), M £+ SD 8.77 £2.01 8.88 +2.07 8.84 £1.77 9.08 £1.36 0.940
RI (%), M £+ SD 56.48 £ 16.98 56.59 + 15.64 56.77 £ 16.18 56.62 £ 15.40 0.999
HR (beats/min.), M &+ SD 70.23 +10.64 69.12 4= 10.09 73.78 + 11.87 71.21 £9.35 0.221
SP (mmHg), M &+ SD 137.33 £ 17.00 139.55 + 18.58 139.91 + 14.25 145.13 + 20.82 0.384
DP (mmHg), M £ SD 82,52 £ 10.60 83.50 + 11.06 8229 £11.11 86.20 £ 14.50 0.633

M—mean; SD—standard deviation; SI—stiffness index; RI—reflection index; HR—heart rate; SP— systolic
pressure; DP—diastolic pressure. Significant differences are in bold.

However, significant differences in SI values between women and men were observed
only with less severe acute disease (stage I and II), with no differences in the SI values in
stages III and IV of COVID-19 (Figure 1A). The RI parameter differed in convalescents
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Figure 1. Differences in the parameters of SI, RI, and HR in the specific stages of acute COVID-19
based on sex ((A)—differences in SI parameter; (B)—differences in RI parameter; (C)—differences in
HR). SI—stiffness index; RI—reflection index; HR—heart rate; Statistical differences are in bold.

3.3. Analysis of Stiffness Parameters Depending on the Time from the Disease Onset

Table 3 presents the characteristics of the variables depending on the time from
the onset of COVID-19 disease. In the entire study group, the mean values of SI and
RI parameters did not differ depending on the time from the acute phase of COVID-19
(p = 0.472 and p = 0.321, respectively). On the contrary, the mean value of HR was the
highest in patients who suffered COVID-19 less than 12 weeks before the study, while the
mean HR was the lowest in patients who suffered COVID-19 more than 24 weeks before;
the difference was significant (p = 0.002).

However, significant differences in the mean values of these parameters depending on
sex were observed (Figure 2).

There was no difference in the mean SI values between women and men in the period
of up to 12 weeks from COVID-19 (p = 0.276). However, the differences were statistically
significant (p < 0.001, each) for the periods of 12-24 weeks and over 24 weeks after the
disease (Figure 2A).

The mean RI values differed significantly between the women’s and men’s groups for
each period from the onset of the disease (i.e., up to 12 weeks (p = 0.007), 12 to 24 weeks
(p < 0.001), and after 24 weeks (p < 0.001)) (Figure 2B).

There were no significant differences in the mean HR between women and men in any
of the time intervals analyzed (Figure 2C).
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Table 3. Comparisons between the subgroups of COVID-19 convalescents depending on the time
from the disease onset (i.e., <12 weeks, 12-24 weeks, and >24 weeks).

<12 Weeks 12-24 Weeks >24 Weeks
n=24 n=283 n=95 P
Age (years), M &+ SD 60.79 + 11.36 58.86 + 8.31 57.73 £ 7.61 0.258
Sex (M/F), n (%) 12 (50.0) 42 (50.6) 38 (40.0) 0.329
BMI (kg/m?), M + SD 28.06 + 4.77 29.46 + 4.48 29.39 + 4.97 0.418
Smoking status, 1 (%)
Non-smokers 15 (62.5) 41 (50.0) 57 (60.0) 0651
Smokers 8 (33.3) 34 (41.5) 31 (32.6)

Former smokers 14.2) 7 (8.5) 7 (7.4)
Hypertension, 1 (%) 13 (54.2) 54 (65.1) 56 (58.9) 0.546
Diabetes, 1 (%) 4 (16.7) 23 (27.7) 20 (21.1) 0414
Hyperuricemia, 1 (%) 2 (8.3) 7 (11.1) 5(5.3) 0.409
Dyslipidemia, 1 (%) 5 (20.8) 55 (66.3) 47 (49.5) <0.001
SI (m/s), M 4+ SD 8.52 +1.98 8.83 £ 2.02 9.05 +£1.95 0.321
RI (%), M £+ SD 52.48 + 13.49 58.07 £ 17.30 57.35 £ 15.67 0.472
HR (beats/min.), M 4+ SD 77.52 + 11.73 69.94 + 10.77 68.97 £+ 10.05 0.002
SP (mmHg), M £ SD 138.71 + 19.75 137.30 + 16.61 140,35 + 17.81 0.514
DP (mmHg), M £+ SD 88.04 + 12.32 81.64 + 11.50 83.52 + 10.31 0.045

M—mean; SD—standard deviation; SI—stiffness index; Rl—reflection index; HR—heart rate; SP— systolic
pressure; DP—diastolic pressure. Significant differences are in bold.
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Figure 2. Differences in the parameters of SI, RI, and HR in the specific stages of the onset of COVID-
19 based on sex ((A)—differences in SI parameter; (B)—differences in RI parameter; (C)—differences
in HR). Significant differences are in bold.

3.4. Multiple Linear Regression Analysis of the Influence of Selected Risk Factors for
Arterial Stiffness

Multiple linear regression after adjusting for factors influencing arterial stiffness, i.e.,
sex, age, BMI, the severity of the acute phase of COVID-19, the time from the disease onset,
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smoking status, hypertension, and diabetes confirmed that age, sex, time from disease onset
as well as diabetes are independent determinants that could influence arterial stiffness. The
exact results from the analysis are presented in Table 4.

Table 4. The results of linear regression analysis (uni- and multivariate) of the influence of selected
risk factors for arterial stiffness after adjusting age, sex, BMI, stage of the severity of the acute
COVID-19, the time from the disease onset, smoking status, hypertension, and diabetes.

Univariate Multivariate

Predictors Coefficient Std. Error p Coefficient Std. Error p

SI SI (R? = 0.155; p < 0.001)
Age (years) 0.050 0.015 0.003 0.043 0.014 0.002
Sex women vs. men —0.675 0.123 <0.001 —0.667 0.121 <0.001
BMI (kg/ m?) —0.026 0.027 0.335 NS
Time from disease onset
<12 weeks vs. >24 weeks —0.276 0.288 0.338 NS
12-24 weeks vs. >24 weeks 0.027 0.210 0.897
COVID—-19 severity
Stage I vs. stage IV —0.124 0.215 0.565 NS
Stage Il vs. stage IV —0.008 0.249 0.973
Stage III vs. stage IV —0.056 0.289 0.847
Diabetes no vs. yes —0.094 0.157 0.547 NS
Hypertension no vs. yes —0.241 0.133 0.072 NS
Smoking status
Nonsmoker vs. smoker —0.477 0.207 0.022 NS
Former smoker vs. smoker 0.062 0.219 0.778

RI RI (R? = 0.218; p < 0.001)
Age (years) 0.060 0.127 0.638 NS
Sex women vs. men —6.807 0.993 <0.001 —7.285 1.038 <0.001
BMI (kg/ m?) —0.086 0.226 0.703 NS
Time from disease onset
<12 weeks vs. >24 weeks —3.485 2.340 0.138 —4.670 2.103 0.027
12-24 weeks vs. > 24 weeks 2.101 1.704 0.219 NS NS NS
COVID—-19 severity
Stage I vs. stage IV —0.134 1.802 0.940 NS
Stage Il vs. stage IV —0.020 2.090 0.992
Stage Il vs. stage IV —0.150 2.427 0.951
Diabetes no vs. yes 2.012 1.301 0.123 2.722 1.228 0.028
Hypertension no vs. yes —1.048 1.117 0.349 NS
Smoking status
Nonsmoker vs. smoker —5.494 1.702 0.001 NS
Former smoker vs. smoker —0.528 1.808 0.771

HR HR (R? = 0.086; p < 0.001)
Age (years) —0.016 0.083 0.846 NS
Sex women vs. men 0477 0.716 0.505 NS
BMI (kg/mz) —0.072 0.148 0.627 NS
Time from disease onset S
<12 weeks vs. >24 weeks 5.380 1.530 <0.001 5.686 1.519 <0.001
12-24 weeks vs. >24 weeks —2.206 1.115 0.049 —2.378 1.105 0.033
COVID—19 severity
Stage I vs. stage IV —0.856 1.167 0.464 NS
Stage Il vs. stage IV —1.965 1.353 0.148
Stage Il vs. stage IV 2.693 1.572 0.088
Diabetes no vs. yes -1.727 0.850 0.043 —2.064 0.886 0.021
Hypertension no vs. yes —0.782 0.732 0.286 NS
Smoking status
Nonsmoker vs. smoker —1.150 1.146 0.317 NS
Former smoker vs. smoker 0.084 1.218 0.945

BMI—body mass index; SI—stiffness index; RI—reflection index; HR—heart rate; NS—non-significant, did not
enter the model. Significant differences are in bold.



Diagnostics 2022, 12, 3189

8of11

4. Discussion

In the analyzed population of 225 COVID-19 convalescent participants, the mean
values of RI and HR depended on the time elapsed since the onset of infection. Patients
over 24 weeks after COVID-19 had lower mean values of HR than patients below 12 weeks
from the disease. On contrary, patients below 12 weeks from the disease had lower RI
than patients more than 24 weeks from the disease. In addition, the mean values of SI,
and RI were influenced by age, sex, and diabetes. The influence of the above-mentioned
parameters on arterial stiffness was independent of other cofactors, such as body mass
index, smoking, and hypertension. There were no differences in SI, RI, and HR in terms of
the severity of acute COVID-19 symptoms. The mean values of SI and RI were higher for
men than women, while HR was similar for both sexes.

Arterial stiffness gradually increases with age [26,29,30]. In our study, age influenced
arterial stiffness only via the SI parameter. This may be because our study group was
homogenous in case of age. Only 14% of the analyzed patients were under the age of 50,
while only 6% of patients were over 70 years old. Moreover, arterial stiffness parameters
have been shown to differ between men and women, which may be related to the effect
of estrogens on the vascular wall [26,31,32]. It has been documented that arterial stiffness
increases significantly in post-menopausal women [33]. Among other factors influencing
arterial stiffness, the following ones can be distinguished: hypertension, increased pulse,
diabetes, dyslipidemia, insulin resistance, chronic kidney disease, smoking, excessive
alcohol consumption, infections as well as lack of physical activity. In our study, the mean
values of the parameters describing arterial stiffness (i.e., SI and RI) were higher in men.
Although most women in the present study were in the peri- or post-menopausal period,
some protective effects of estrogens on the vascular wall cannot be ruled out [31]. In turn,
no differences in terms of age and BMI were observed between the sexes. Also, the mean
BP values and the percentage of smokers and former smokers were higher in the group of
men than in the group of women. This may be one of the explanations for the differences
in RI and SI values between the sexes, as increased systolic BP and smoking status were
associated with increased vascular tone and the progression of atherosclerosis [34-36].
In our analysis, strong positive correlations between the SI and RI values in the entire
analyzed group of COVID-19 convalescents as well as in sex subgroups were demonstrated.
An earlier study by Madhura and Sandhya [37] also showed a positive correlation between
the two parameters.

An interesting observation from the present study is a correlation between RI and HR,
and the time that has elapsed since the beginning of the disease, however, in an opposite
way. The positive correlation between time from the disease and the RI parameter may
reflect the chronic inflammation with progressive arterial wall remodeling, and thus a
persistent increase in cardiovascular risk in the convalescents [11-19,24,38-40]. On the
other hand, the inverse correlation of HR with time from disease onset may reflect a
resolution of pulmonary lesions with an improvement in lung function and a decrease in
dyspnea. The impact of COVID-19 on the increase in arterial stiffness has been observed
both in the acute period of the disease [20,41,42] and in convalescents up to 12 months
after recovery [40,43]. The acute phase of COVID-19 is dominated by microvascular
dysfunction, related to inflammation and oxidative stress, and mediated by an increase in
pro-inflammatory cytokine production and diminished nitric oxide bioavailability [15,24].
In the chronic phase, vascular wall remodeling may progress due to persistent endothelial
dysfunction, chronic subintimal inflammation, a loss of elastic fibers, and an increase in
the inelastic collagenous components of the vascular wall, leading to accelerated vascular
aging [15,39,40].

Resting HR is an easy and non-invasive vital sign related to CVD. Previously, it
was confirmed that a higher resting HR is associated with increased arterial stiffness [35].
Analyzing differences in HR values regarding the time elapsed since the onset of COVID-19,
we observed that HR was lower in patients over 24 weeks from the disease compared to
those below 12 weeks. Such a relationship was similar in both women and men. However,
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no sex-based differences in HR values were observed between the entire group of patients
and the different subgroups in terms of the severity of the acute phase of the disease. No
significant differences in HR between men and women were observed by Ring et al. [26],
despite significant differences in arterial stiffness based on sex.

Surprisingly, in the present study, we demonstrated that mean values of SI and RI did
not differ between the subgroups according to the severity of COVID-19. A previous study
by Raisi-Estabragh et al. [44] also demonstrated no correlation between arterial stiffness and
COVID-19 status in both univariate and multivariate analyses. In contrast, Kumar et al. [42]
reported higher arterial stiffness in patients after severe COVID-19. However, this analysis
concerned patients in the acute period of the disease, not convalescents.

The present study has some limitations. First, the analyses were performed on a
relatively small number of participants. However, we cannot now enlarge the study group
in the rehabilitation center because the Polish public payer (i.e., National Health Fund)
has terminated the program for COVID-19 convalescents. Second, the study group is not
fully representative because only some convalescents decided to join the NHF program.
Third, most of the patients were over 60 years of age; only a few participants under the
age of 50 were recruited. Finally, some of the data about the medical history of COVID-19
patients was obtained from a review of medical records. The retrospective nature of this
search might mean that certain information is lacking. The last but not least limitation
of our study is the method of measurement of arterial stiffness. In the present study, we
used photoplethysmography through the finger to evaluate arterial stiffness, while the
gold standard is the pulse wave velocity method.

5. Conclusions

In the present study, we demonstrated that the arterial stiffness in COVID-19 survivors
does not depend on the severity of the infection but it is determined by sex, and the time
elapsed since the onset of the disease. Age and diabetes were additional factors that may influ-
ence the SI and HR values, respectively, in the population of Polish COVID-19 convalescents.
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