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A B S T R A C T   

Background: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) affects the cardiovascular sys
tem. The current study investigated changes in heart rate (HR), blood pressure (BP), pulse wave velocity (PWV), 
and microcirculation in patients recovering from Coronavirus disease 2019 (COVID-19) infection. 
Methodology: Out of 43 initially contacted COVID-19 patients, 35 (30 males, 5 females; age: 60 ± 10 years; and 
body mass index (BMI): 31.8 ± 4.9) participated in this study. Participants were seen on two occasions after 
hospital discharge; the baseline measurements were collected, either on the day of hospital discharge if a 
negative PCR test was obtained, or on the 10th day after hospitalization if the PCR test was positive. The second 
measurements were done 60 days after hospitalization. The vascular measurements were performed using the 
VICORDER® device and a retinal blood vessel image analysis. 
Results: A significant increase in systolic BP (SBP) (from 142 mmHg, SD: 15, to 150 mmHg, SD: 19, p = 0.041), 
reduction in HR (from 76 bpm, SD: 15, to 69 bpm, SD: 11, p = 0.001), and narrower central retinal vein 
equivalent (CRVE) (from 240.94 μm, SD: 16.05, to 198.05 μm, SD: 17.36, p = 0.013) were found. Furthermore, 
the trends of increasing PWV (from 11 m/s, SD: 3, to 12 m/s, SD: 3, p = 0.095) and decreasing CRAE (from 
138.87 μm, SD: 12.19, to 136.77 μm, SD: 13.19, p = 0.068) were recorded. 
Conclusion: The present study investigated cardiovascular changes following COVID-19 infection at two-time 
points after hospital discharge (baseline measurements and 60 days post-hospitalization). Significant changes 
were found in systolic blood pressure, heart rate, and microvasculature indicating that vascular adaptations may 
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be ongoing even weeks after hospitalization from COVID-19 infection. Future studies could involve conducting 
additional interim assessments during the active infection and post-infection periods.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. SARS-CoV-2 
enters the cell by binding its spike protein to membrane-bound angio
tensin-converting enzyme 2 on the host cells (Chung et al., 2021; Low
enstein and Solomon, 2020; Invernizzi et al., 2020; Aşıkgarip et al., 
2021; Aydemir et al., 2021; Invernizzi et al., 2021; Carreno et al., 2022). 
Post-mortem examinations have revealed that the coronavirus SARS- 
CoV-2 spreads through the bloodstream and attacks various organs, 
including the cardiovascular system (Vymazalová et al., 2023; Shankar 
et al., 2022). We know that the pathophysiological impacts of COVID-19 
lead to a proinflammatory phenotype, disruption of oxide-redox meta
bolism, reduction in nitric oxide bioavailability, and many other factors 
leading to endothelial dysfunction. Gradually accumulating structural 
changes in the endothelium, supported by spreading inflammation, can 
induce a prothrombic phenotype and potentially lead to thrombosis 
(Chung et al., 2021; Lowenstein and Solomon, 2020; Wadowski et al., 
2023; Salton et al., 2022). How the viral infection affects vascular health 
in peripheral circulation is unclear. 

The peripheral vascular system consists of blood vessels (arteries, 
arterioles, capillaries, venules, and veins) outside the heart. Arteries are 
vessels under high pressure, responsible for supplying organs with blood 
and nutrients. The main roles of arterioles are to regulate pressure, flow, 
and nutrient delivery to the tissue. Their structure which includes elastic 
tissue and smooth muscles, predisposes them to be primary site for 
vasomotor regulation of blood pressure. Capillaries branch from arte
rioles and are followed by venules. Capillaries lack smooth muscle and 
elastic tissue and are responsible for transferring nutrients and oxygen to 
tissues. The postcapillary part of microcirculation, venules, has a thin 
layer of smooth muscle and elastic tissue, making them highly reactive 
to extravasation and inflammation (Granger and Rodrigues, 2016). 
When venous endothelial cells recognize the inflammatory phenotype of 
the blood, they initiate the inflammation process, that intimately leads 
to the adherence and extravasation of leukocytes into the interstitium 
through dilated junctions between cells. 

COVID-19 can cause endothelitis (Varga et al., 2020), with a 
microvascular function that is not completely recovered 3 months after 
the infection (Tehrani and Gille-Johnson, 2021). Additionally, lower 
vascular function and higher arterial stiffness provide evidence of 
COVID-19's impact on larger arteries (Ratchford et al., 2021; Jud et al., 
2021). The virus can induce cardiovascular conditions such as acute 
coronary syndrome, myocarditis, arrhythmias, and valvular damage 
(Ruzzenenti et al., 2021). These effects, along with reduced access to 
cardiovascular care during the pandemic, have led to increased 
morbidity and mortality. Further research on the connections between 
COVID-19 and the cardiovascular system as well as the validation of fast 
and appropriate diagnostic approaches to prevent the uncontrollable 
spread of the disease and enable early treatment are warranted. 

Pulse wave velocity (PWV) is a widely used non-invasive physio
logical biomarker to assess changes in arterial stiffness (Vlachopoulos 
et al., 2010). A PWV instrument measures the transmission of the arte
rial wall wave velocity between two arterial points, with carotid-femoral 
PWV accepted as the gold standard (Laurent et al., 2006). The normal 
mean PWV in the general middle age population (45–65 years) is esti
mated at 6.0 m/s but increases with the height of the person, age, and 
blood pressure (van Hout et al., 2021). PWV serves as an independent 
predictor of cardiovascular risk. Increased arterial PWV has been re
ported to be a predictor of cardiovascular risk and mortality (Vlacho
poulos et al., 2010). Conditions or processes affecting the elasticity of 
the arterial wall are reflected in PWV changes. One of the most common 

pathological conditions analysed and evaluated using this approach is 
atherosclerosis-caused arterial stiffening (Wang et al., 2015). 

Retinal image analysis is a methodology to non-invasively and 
quickly evaluate microvascular health from static photographs of the 
retinal fundus. It assesses the parameters of retinal arterioles and ve
nules. Changes in these parameters can reflect and predict future 
changes in larger vessels of the cardiovascular system (Hanssen et al., 
2022). Therefore, implementation this method to assess early changes of 
the cardiovascular system could aid in the diagnosis and treatment of 
various cardiovascular diseases. 

VICORDER® device measuring HR, BP, and PWV and retinal imag
ing technique to assess microcirculation were used to evaluate the effect 
of COVID-19 infection on vascular health. To assess the effects of 
COVID-19 on health, baseline measurements were conducted as soon as 
possible after discharge from hospitalization; either on the day of hos
pital discharge (if a PCR test on the day of hospital discharge was 
negative) or on day 10 (if a PCR test on the day of hospital discharge was 
positive). The second measurements were carried out 2 months after 
hospitalization. 

The aim of this study is to investigate cardiovascular changes, 
including both microvascular and macrovascular parameters, in patients 
who have been discharged from the hospital following COVID-19 
infection. Specifically, the study aims to examine these changes at two 
different time points post-hospital discharge, with the first measure
ments taken either on day of hospital discharge or on day 10 after 
hospitalization, while the second set of measurements was conducted 
60 days post-hospitalization. By evaluating the cardiovascular changes 
in the post-hospitalization period, the study provides insights into the 
cardiovascular changes/adaptations occurring after COVID-19 
infection. 

2. Material and methods 

The longitudinal study was conducted in the general hospital Izola, 
Slovenia. The data analysis was performed at the Medical University of 
Graz, Austria. The study was submitted to and approved by the insti
tutional Ethics Committee of general hospital Izola with the application 
number 1/21 (from 1.2.2021). The clinical trial protocol was registered 
on ClinicalTrials.gov, with an identifier number NCT04860206. Data 
collection was performed in accordance with good clinical practices and 
followed the WMA Declaration of Helsinki (2013). Every participant 
received detailed information about the study protocol and provided 
written consent. 

2.1. Participants 

Forty-three patients were invited for this longitudinal study. Partic
ipants were approached by a physician who explained the study proto
col. Inclusion criteria were signed informed consent and completed 
hospital treatment after a positive polymerase chain reaction (PCR) nose 
swab test on the SARS-CoV-2 virus. The exclusion criteria were a posi
tive PCR test for the SARS-CoV-2 upon discharge from the hospital, 
major injuries/damage to the musculoskeletal system (disability), and 
the inability to follow the instructions while performing the tests. 
However, if only a positive PCR test for the SARS-CoV-2 upon discharge 
from the hospital, then participants were included and assessed ten days 
after hospital admission. Out of 43 initially enrolled patients, 35 
completed the study. It is highly probable that the ongoing COVID-19 
pandemic and the large distance between the hospital and their homes 
played a significant role in the decision of eight patients to withdraw 
from the study, as they did not provide specific reasons for their 
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discontinuation. At admission, 25 reported dyspnoea and 33 showed the 
need for oxygen based on oxygen saturation level below 90 %. No pa
tient received non-invasive mechanical ventilation or was intubated. 
The patients were hospitalized for 7.0 ± 4.9 days on average ranging 
between 1 and 30 days. Out of these, two patients spent 8 and 21 days, 
respectively, in the intensive care unit. 

2.2. Study protocol 

Participants were tested on two points in time after discharge from 
hospitalization (Fig. 1). The baseline measurements (post-COVID-19, 
collected between the 7th of January and to 18th of March 2021) were 
taken on the day of hospital discharge if a negative PCR test was ob
tained (PCR test, done in General Hospital Isola); otherwise, they were 
conducted on the 10th day after hospitalization. The second measure
ment was done 60 days after hospitalization (collected between 11th of 
March and the 19th of May 2021). The aim of this study was to inves
tigate the changes in the cardiovascular health of post-COVID-19 pa
tients during an encouraged but not supervised recovery period. After 
the first measurements, participants received a brochure titled “Stay 
active” which described appropriate motor and cognitive exercises 
along with nutritional recommendations (Pǐsot et al., 2020). All mea
surements were performed in the same room in the General Hospital 
Isola during morning hours. Physiological measurements using the 
Vicorder and retinal imaging techniques were used to assess cardio
vascular health. This study was part of a larger project in which other 
measures, such as physical performance tests, pulmonary function, 
muscle properties and cognitive abilities were addressed. 

2.3. Cardiovascular measurements 

All measurements were performed using the VICORDER® (SMT 
medical GmbH & Co. KG, Würzburg, Germany). The non-fasting par
ticipants were in a supine position in a quiet room, with the head raised 
to approximately 15◦ so that the skin and muscles over the carotid were 
relaxed. Pulse wave velocity was measured by a cuff placed over the 
right carotid and the right thigh. The length between the carotid and 
femoral arteries was measured between the suprasternal notch and the 
mid-point of the thigh cuff (Stoner et al., 2012). Measurements were 
taken until pressure waveforms over the carotid and thigh area were 
clear and reproducible. During the second measurement, the same 
length was assured. To ensure accurate pulse wave velocity measure
ments, blood pressure readings were obtained using the VICORDER® 

device with a cuff placed on the left upper arm while the person was 
seated. Only one measurement per person, per session was taken in 
accordance with the ESH/ESC guidelines. 

2.4. Microvascular measurements 

The optic disc-focused retinal images (resolution of 1536 × 1536) 
from patients were collected in two runs, as mentioned in the study 
protocol. The retinal images of the right eye were taken by a trained 
person using a hand-held, portable 30◦ field-of-view digital retinal 
camera Optomed Aurora (Optomed Oy, Oulu, Finland). The retinal 
images were analysed by a trained grader without any previous 
knowledge about the details of the study. Image processing was done 
using MONA REVA software (VITO, Mol, Belgium; (Khan et al., 2022)). 
Details about the software and its use are reported in Khan and co- 
workers (Khan et al., 2022). The diameters of the 6 largest arterioles 
and 6 largest venules were used in the revised Parr-Hubbard-Knudtson 
formula (Knudtson et al., 2003) for calculating the central retinal arte
riolar equivalent (CRAE) and central retinal venular equivalent (CRVE). 
The CRAE and CRVE were expressed in micrometres (μm). 

2.5. Statistical analysis 

All collected data were checked for normal distribution by the 
Shapiro-Wilk test. The pulse pressure index (PPI) was not normally 
distributed and thus transformed by a decadic logarithm, and analysed 
separately by a non-parametric Wilcoxon test. To compare the effect of 
post-COVID-19 changes, paired samples t-test and analysis of covariance 
(to check the covariates: age, height, weight, and body mass index) were 
applied. Since there are only 2-time points, Mauchly's test of sphericity 
assumes an ε of 1 for all parameters. All analyses were performed by 
SPSS (Version 27.0, SPSS Inc., USA). Significant results (p ≤ 0.05) were 
boldened. 

3. Results 

Thirty-five participants (30 males, 5 females; age: 60 ± 10 years; 
height: 174.6 ± 8.8 cm; weight: 97.1 ± 16.7 kg; and BMI: 31.9 ± 4.9) 
completed this study. Over time, a decrease in heart rate (HR) (p =
0.001) and CRVE (p = 0.013) and a decrease in systolic blood pressure 
(SBP) (p = 0.004) were observed. PWV was higher (p = 0.095) and 
central retinal arteriolar equivalent (CRAE) lower (p = 0.068), respec
tively. Table 1 summarizes the basic characteristics of the study 

Fig. 1. Simplified overview of the study flow including phases preceding the study conduction. The vertical line with the arrows toward the right poses the time flow 
of the study. The black dot highlights day 0 (the first hospitalization day). The red dots highlight the points of the baseline and second measurements. The baseline 
measurements were conducted after discharge from hospitalization; either on the day of hospital discharge (if a PCR test on the day of hospital discharge was 
negative) or on day 10 (if a PCR test on the day of hospital discharge was positive). The second measurements were carried out 2 months (60 days)after hospi
talization. Indicated are also the devices used to measure the parameters of (micro-) macrovasculature and measured parameters. Blood Pressure (BP), Heart Rate 
(HR), Pulse Wave Velocity (PWV), Central Retinal Arteriolar Equivalent (CRAE) and Central Retinal Venular Equivalent (CRVE), Artery to Vein Ratio (AVR). 
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participants. 

3.1. Cardiovascular measurements 

Comparing macrocirculation parameters between two measure
ments after discharge from hospitalization (Table 2), two significant 
changes were noted. An increase in SBP (X‾1 = 142; SD1 = 15; X‾2 =

150; SD2 = 19; F(1,32) = 4.555; p = 0.041) and a decrease in HR (X‾1 =

76; SD1 = 15; X‾2 = 69; SD2 = 11; F(1,34) = 14.268; p = 0.001) were 
observed. Additionally, an increase in PWV (X‾1 = 11; SD1 = 3; X‾2 =

12; SD2 = 3; F(1,32) = 2.966; p = 0.095) was observed. 
*X‾1 (the mean value of the baseline measurement); X‾2 (the mean 

value of the second measurement); SD1 (the standard deviation of the 
baseline measurement); SD2 (the standard deviation of the second 
measurement). 

3.2. Retinal microcirculation 

Comparing microcirculation parameters between two measurements 
after discharge from hospitalization (Table 2), the present study 
observed a significant decrease in CRVE (X‾1 = 204.94; SD1 = 16.05; 
X‾2 = 198.05; SD2 = 17.36; F(1,17) = 7.681; p = 0.013). Additionally, a 
reduction in CRAE (X‾1 = 138.87; SD1 = 12.19; X‾2 = 136.77; SD2 =

13.19; F(1,17) = 3.810; p = 0.068) was observed. 
*X‾1 (the mean value of the baseline measurements); X‾2 (the mean 

value of the second measurement); SD1 (the standard deviation of the 
baseline measurement); SD2 (the standard deviation of the second 
measurements). 

4. Discussion 

The present study investigating the effect of COVID-19 infection on 
vascular health compared macro and microvascular parameters of the 
study participants at two-time points after hospital discharge. Baseline 
measurements were taken either on day 0 (if a PCR test on the day of 
hospital discharge was negative) or on day 10 (if a PCR test on the day of 
hospital discharge was positive), and the second measurement occurred 
2 months after hospitalization. A significant increase in SBP, a lower HR, 
and a narrower CRVE were found (Table 2). Furthermore, there were 
recorded trends of increasing PWV and decreasing CRAE (Table 2). 

Some studies did not find significant changes in BP between COVID- 
19 patients and non-infected individuals (Zanoli et al., 2022; Heckel 
et al., 2022; Lambadiari et al., 2021). On the other hand, the preliminary 
results of the LOCHINVAR study showed that COVID-19 patients have 
an 8.6 mmHg increase in their average 24 h SBP, compared to healthy 
controls (Lip et al., 2022). However, compared to the present study 
group, they showed elevation of SBP in actual COVID-19 patients, while 
the present study found an elevated SBP post-infection. 

In another study, significantly higher SBP and diastolic blood pres
sure (DBP) in non-COVID individuals compared to COVID-19 patients 
were observed (Schnaubelt et al., 2021). Because the first measurements 
of the present study were done immediately after hospital discharge, 
when the effect of COVID-19 on the body is still distinct, these mea
surements could be considered as COVID-19 patients and the second 
measurements as healthy individuals. It would suggest, that the findings 
in the present study are in partial agreement with their findings. 

There are two studies that observed long-term effect on BP post 
COVID-19 disease (Akpek, 2022; Szeghy et al., 2022). One includes 154 
COVID-19 patients and confirmed significantly higher SBP as well as 
DBP post COVID-19 (31.6 ± 5.0 days after baseline) than on admission 
(baseline) (Akpek, 2022). Even though the duration of their study was 
shorter than the present study, the results of both studies are in partial 
agreement. 

A longitudinal study, observing post-COVID-19 effect on BP showed 
significant reduction in SPB between 1 month and 6 months after 
infection (Szeghy et al., 2022). Although this study was closest to the 
present study in terms of duration, the present study observed the 
opposite effect on SBP two months after hospitalization. One hypothesis 
is that COVID-19 caused alterations in sympathetic activity or endo
thelial function leading to disturbances in blood pressure regulations 
(Szeghy et al., 2022). High blood pressure increases the chance to a 
longer and more difficult COVID-19 course with increasing hospitali
zation rate and deaths (Guan et al., 2020; Roncon et al., 2020). 

COVID-19 may cause irregularities in HR. Ongoing inflammation 
and fever in the body affect the heart, causing it to pump more blood to 
overcome the infection. The effect can be reinforced by dehydration, 
anxiety, or medications, common conditions during ongoing disease. 
The present study showed a significant reduction in HR after COVID-19 
infection (Table 2). Other studies did not disclose any significant change 
in HR between COVID-19 patients and the control group (Zanoli et al., 
2022; Heckel et al., 2022; Lambadiari et al., 2021). Maloberti et al. 
found higher HR in COVID-19 patients at admission (90 ± 18 bpm) than 
at discharge (mean decrease of 10 bpm) (Maloberti et al., 2021). In 
another study where COVID-19 patients and control group were 
compared, the tendency in higher HR in COVID-19 patients was 
observed (Schnaubelt et al., 2021). This result is partially in agreement 
with the present study in which a reduction in HR after two months of 
recovery was observed. 

Natarajan and colleagues presented 3-phases course of HR during 

Table 1 
Characteristics of study participants population. The data are presented as mean 
(standard deviation), unless otherwise mentioned.  

Parameter Basic characteristics of the study participants 

N (males/females) 35 (30/5) 
Age (years) 60 (10) 
Height (cm) 174.6 (8.8) 
Weight (kg) 97.1 (16.7) 
Body mass index (kg/m2) 31.9 (4.9) 
Dyspnea (n) 25 
O2 saturation < 90 % (n) 33 
Patients in intensive care unit (n) 2 
Hospitalization time (days) 7 (4.9)  

Table 2 
Comparison of the macro- and microcirculation parameters between two 
measuring time points after hospital discharge. Baseline measurements were 
conducted on the day of hospital discharge (if a PCR test on the day of hospital 
discharge was negative) or on day 10 (if a PCR test on the day of hospital 
discharge was positive) and second measurements were carried out 2 months 
after hospitalization. The P-values in bold highlight significant results. The data 
is presented as mean (standard deviation). SPB (systolic blood pressure), DPB 
(diastolic blood pressure), L (length), HR (heart rate), PWV (pulse wave veloc
ity), PPI (pulse pressure index), CRAE (central retinal artery equivalent), CRVE 
(central retinal vein equivalent), AVR (artery to vein ratio).  

Parameter Baseline 
measurements 

Two months after 
hospitalization 

p-Value 

Macrocirculation 
SBP 

(mmHg) 
142 (15) 150 (19) p =

0.041 
DBP 

(mmHg) 
76 (13) 79 (12) p = 0.105 

L (cm) 90 (5) 90 (4) p = 0.747 
HR (bpm) 76 (15) 69 (11) p =

0.001 
PWV (m/s) 11 (3) 12 (3) p =

0.095 
PPI 1.1 (0.3) 1.1 (0.4) p = 0.880  

Microcirculation 
CRAE (μm) 138.87 (12.19) 136.77 (13.19) p =

0.068 
CRVE (μm) 204.94 (16.05) 198.05 (17.36) p =

0.013 
AVR 0.679 (0.055) 0.693 (0.069) p = 0.188  
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COVID-19 (1. the elevation during onset of symptoms (maximal peak), 
2. decreasing to minimum around 13 days after symptoms onset, 3. in
crease around 28 days after symptoms onset) (Natarajan et al., 2022). 
They noted that HR returned to baseline levels around 112 days after 
symptoms onset. Because the present study did not measure HR at the 
onset of symptoms but only after hospital discharge, it is possible that 
the baseline measurements of the present study have been around the 
28th day after symptoms onset. The second measurements of the present 
study would, in that case, reflect the results of Natarajan and colleagues 
when they showed a permanent course of decreasing HR from the 28th 
day after symptoms onset. 

It is unclear why people experience changes to their HR after COVID- 
19. It can be due to the immune response during the COVID-19 infection, 
affecting the autonomic nervous system. However, other factors should 
be considered as COVID-19 disease affects the everyday lifestyle of sick 
people, lockdowns, prolonged inactivity, and spending weeks in bedrest 
for recovery can have a long-term impact on the cardiovascular system. 

Vessel stiffening and worse PWV in COVID-19 patients has been 
observed (Ratchford et al., 2021; Jud et al., 2021; Lambadiari et al., 
2021; Schnaubelt et al., 2021). The level of deterioration depends on the 
severity of the disease (Kumar et al., 2021). The present study recorded 
an increasing trend in PWV two months after hospitalization compared 
to the baseline measurements. 

The study examining vascular alterations among young adults with 
and without SARS-CoV-19 revealed increased PWV in COVID-19 in
dividuals (Ratchford et al., 2021). The worsening in PWV was confirmed 
even 4 months after overcoming COVID-19 (Lambadiari et al., 2021), 
which could partially agree with present results. Additionally, Schnau
belt et al. showed that COVID-19 is related not only to an enhanced 
PWV, but it correlated with the length of hospital stay (Schnaubelt et al., 
2021). On the other hand, a study observing 24-hour hemodynamic load 
did not find any changes in PWV between adults with and without a 
history of COVID-19 (Heckel et al., 2022). Furthermore, opposite to the 
findings in present study, a case report of a 24-year-old woman showed 
improvement in PWV 6 weeks after overcoming Covid-19 (Jud et al., 
2021). This is supported by the longitudinal study of Zanoli et al. 
showed a trend toward improvement in PWV in follow-up measure
ments (Zanoli et al., 2022). However, this improvement was still not at 
the level of healthy controls. These results were partially confirmed by 
another study that observed a significant reduction in PWV between 1 
and 6 months post COVID-19 (Szeghy et al., 2022). 

Current research confirms the deterioration of PWV reflecting arte
rial stiffening in COVID-19 patients as well as its improvement after 
recovery. The present study observed the opposite effect, thereby 
deterioration of PWV in the course of recovery. The results from the 
present study suggest that adaptive responses of the vascular system are 
ongoing even two months after hospitalization from the COVID-19 
infection. 

The first study investigating the effect of COVID-19 on retinal 
microcirculation, the SERPICO-19 study found that CRAE and CRVE 
values are higher in COVID-19 patients compared to unexposed subjects 
(Invernizzi et al., 2020). The present study partially confirmed these 
findings with a widening in retinal venules. 

One study investigated 25 COVID-19 patients and 25 healthy con
trols and compared characteristics of retinal arteries and veins at base
line and at 4 months after remission. They confirmed findings in the 
SERPICO-19 study when they observed an increase in the diameters of 
retinal arteries and veins in COVID-19 patients during the disease 
(Aşıkgarip et al., 2021). 

Similarly, the prospective case-control study from Turkey revealed 
dilatation not only in venules as observed in the present study but also in 
arteries as the effect of COVID-19 (Aydemir et al., 2021). Another study 
confirmed previous ones when they observed larger diameters of retinal 
arteries and venules in COVID-19 patients compare to unexposed sub
jects. Six months later, a favourable decrease in diameters in COVID-19 
patients was shown (Invernizzi et al., 2021). However, the diameters of 

the vessels were still significantly narrower in severe COVID-19 patients 
compared to unexposed subjects (Invernizzi et al., 2021). 

A study performed in Spain did not find a correlation between retinal 
vessel diameters and clinical outcome (Carreno et al., 2022). This study 
used a different setup with no control group or follow-up measurements, 
and the clinical assessment scale was different. 

In addition to retinal fundus imaging, a recent review examines the 
microvascular changes in COVID-19 using nailfold capillaroscopy 
(Mondini et al., 2023). While both retinal imaging and nailfold video 
capillaroscopy provide valuable insights into microcirculation, they 
differ in terms of the anatomical location and specific vascular beds 
being examined. Retinal imaging focuses on the blood vessels within the 
retina, which receive their blood supply from the ophthalmic artery, the 
first branch of the internal carotid artery. As a result, retinal imaging is 
more likely to reflect changes in larger vessels of the cardiovascular 
system. Additionally, retinal imaging allows for the separate analysis of 
arterioles and venules. On the other hand, nailfold video capillaroscopy 
primarily assesses the capillaries in the nailfold region and is commonly 
used in diagnosing connective tissue diseases, particularly to identify the 
scleroderma-like pattern (Smith et al., 2020; Ruaro et al., 2019). 

Hormonal response during inflammatory reactions leads to release of 
vasodilatation mediators such as histamine, bradykinin, and prosta
glandins. A cytokine storm, which is a very typical consequence of 
COVID-19 accompanies these mediators and multiplies the pro- 
inflammatory effect (Chung et al., 2021; Lowenstein and Solomon, 
2020; Wadowski et al., 2023; Salton et al., 2022). The vasodilatation and 
the increase in flow and pressure increase intravascular hydrostatic 
pressure and therefore extravasation through postcapillary venules into 
tissue. Furthermore, the virus causes disruption of the delicate balance 
between platelets and the vessel wall predominantly via the interplay 
between the factors such as activation of von Willebrand factor, coag
ulation cascade, and extensive neutrophil extracellular traps (NETs) 
formation, with histones as their components. These actions promote 
inflammation and play significant roles in the development of micro
thrombi, thrombosis, and tissue ischemia (Lowenstein and Solomon, 
2020; Wadowski et al., 2023). In this study, significantly narrower 
retinal venules were observed two months after hospitalization from 
COVID-19 infection. This suggests ongoing vascular adaptations even 
two months after hospitalization from COVID-19 infection. 

5. Limitations 

Due to the limited number of enrolled subjects, the present pilot 
study did not include stratification based on the severity of infection, 
such as ICU hospitalization, thereby preventing the incorporation of 
clinical severity parameters into the model. Assessments before and 
during the infection were not performed and this situation hampers the 
correlation of the study data with the infection status. The inclusion of 
the participants in the study was confirmed by negative COVID-19 tests 
(in case PCR test on day 0 was positive, baseline measurements have 
been collected on day 10), thereby, the present study investigated the 
process of recovery and not the infection itself. The present study 
investigated cardiovascular physiology parameters after hospital 
discharge; measures prior to and during infection would have made the 
interpretation stronger. Considering the complexity experienced with 
COVID-19 patient interactions and difficulties with setting up studies 
during the pandemic period, such intense research protocols were 
almost impossible to set up. The study has been performed with reliable 
and well-accepted methods for assessing macrocirculation and micro
circulation. Therefore, we are of the opinion that the study brings useful 
information about the possible impact of COVID-19 on the cardiovas
cular system. The present study does not have matched healthy control 
group to compare with. However, the confirmed previous COVID-19 
infection and inclusion to the study as soon as possible after hospital 
discharge strongly suggest that the results of the baseline measurements 
are caused by the effect of COVID-19 infection, as well as that results 
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from the second measurements reflect an ongoing recovery from the 
infection. Even though only one grader was engaged in the evaluation of 
retinal images thereby the inter-rater variability factor could affect the 
results, we do not believe this is the case since the grader was specifically 
trained by the staff of MONA Reva. Due to the limited ability to perform 
repeated measurements on the same study participants caused by the 
ongoing pandemic COVID-19, only one image per session per participant 
was taken and thereby intra-rater variability factor could have an impact 
on reached results. 

6. Conclusions and future directions 

The evaluation of changes in cardiovascular health parameters using 
the Vicorder and retinal imaging technique was performed. Measure
ments were carried out at two time points: 1.) the baseline measure
ments were taken on day 0 (hospital discharge) if a negative PCR test 
was obtained; otherwise, they were conducted on the 10th day after 
hospitalization; 2.) the second measurement was done 60 days after 
hospitalization. Significant increase in SBP, decrease in HR, and CRVE 
and the trends of increasing PWV and decreasing CRAE were found. The 
present findings have important clinical implications, suggesting that 
vascular adaptations may be ongoing even weeks after the COVID-19 
infection, which can contribute to improved patient management and 
follow-up care, as well as the development of targeted interventions to 
support cardiovascular health in post-COVID-19 patients. Future could 
involve conducting additional interim assessments during the active 
infection and post-infection periods, and emphasize the adequately 
balanced study group selection. 
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