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Abstract.

BACKGROUND & OBJECTIVE: To quantify the hemodynamic and thrombotic effect of COVID-19 on the eye micro-
circulation of patients with thromboprophylaxis, shortly after hospital discharge.

METHODS: This case-control study included 17 COVID-19 survivors (named “COVID-19 Group”) and 17 healthy volun-
teers (named “Control Group”). Axial blood velocity (Vax) and percentage of occluded vessels (POV) were quantified by
Conjunctival Video Capillaroscopy (CVC). Microvessels were identified and classified as “capillaries” (CAP), “postcapillary
venules of size 1”” (PC1), and “postcapillary venules of size 2” (PC2).

RESULTS: The COVID-19 Group did not differ significantly in basic demographics from the Control Group. In the COVID-
19 Group, there was a statistically significant (p <0.001) reduction of Vax (39%, 49% and 47%, for CAP, PC1, and PC2,
respectively) in comparison to the Control Group and a sizeable (p <0.001) increase of POV (600%) in comparison to the
Control Group.

CONCLUSIONS: COVID-19 not only reduces significantly axial blood velocity in the capillaries and postcapillary venules
of the eye but has also a devastating effect on microthrombosis (POV) despite thromboprophylaxis treatment. This gives a
possible explanation for long COVID and a hint about the existence of a possibly unknown coagulation factor.
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1. Introduction

We are now in the third year of the COVID-19 pandemic and over 6.3 million deaths have been
reported globally [1]. Apart from the high mortality of the COVID-19 disease, numerous symptoms
have been observed in patients surviving COVID-19 and the term “long COVID syndrome” has been
proposed [2, 3].

*Corresponding author: Aristotle G. Koutsiaris, Medical Informatics Laboratory, Faculty of Medicine, School of Health
Sciences, University of Thessaly, Biopolis, Larissa, Greece. E-mail: ariskout@otenet.gr.

ISSN 1386-0291/$35.00 © 2022 — IOS Press. All rights reserved.


mailto:ariskout@otenet.gr

380 A.G. Koutsiaris et al. / COVID-19 hemodynamic and thrombotic effect on the eye microcirculation in vivo

COVID-19 is not only a respiratory disease with diffuse alveolar damage [4] but also a multisys-
tem thrombotic syndrome with many extrapulmonary manifestations in the visual, neuromuscular,
cardiovascular, gastrointestinal, urinary and integumentary system [5, 6].

From the first year of the pandemic (2020) it became apparent that, in addition to the macrothrombotic
events, the COVID-19 mediated endothelial injury would trigger coagulation mechanisms leading to
widespread thrombotic microangiopathy [6—10]. Various mechanisms have been proposed for the
cause of this microangiopathy, such as endothelial glycocalyx damage [11-13], endothelial cell
derived microvesicles (MV) [14] or extracellular vesicles (EV) [15], endothelial exocytosis [16],
immunothrombosis with neutrophil extracellular traps (NETs) [17] and degradation of endothe-
lial junctional proteins [18]. Regardless of the underlying endothelial mechanism, the extensive
microthrombosis [9] guided the clinical doctors to the proposition of tailored antithrombotic strategies
[19].

In addition, from the classical interpretation of the Virchow’s triad, it is evident that microvascular
blood flow plays a role in the thrombotic process and further investigation of hemodynamic aspects
in COVID-19 was recently proposed [20]. Furthermore, the benefit on the microcirculation of using
antithrombotics is still a matter of debate [21]. In order to assess such potential pharmacological benefits
in the treatment of COVID-19 more quantitative data are needed from the human microcirculation in
vivo.

In this context, the purpose of this work was to use Conjunctival Video Capillaroscopy (CVC) to
quantify microvascular hemodynamics and thrombosis, for the first time, in the eyes of COVID-19
survivors receiving thromboprophylaxis.

CVC is currently an available noninvasive clinical imaging tool for the quantification of blood
velocity in the eye microvessels with diameters less than 25 wm and can be implemented in various
imaging set-ups based on high magnification and high speed optical (slit lamp) biomicroscopy [22].
The measurement procedure is performed without tissue contact, the diameter can easily be measured
and the venular side can be discriminated from the arteriolar side. Another noninvasive imaging tool,
for measuring blood velocity in the smallest eye microvessels, is adaptive optics scanning laser oph-
thalmoscopy (AOSLO). Warner et al. measured temporal and spatial variations of blood velocity in
the healthy human retina using dual beam AOSLO, without reporting capillary diameters [23] which
correlate with velocity [24].

CVC hemodynamic metrics have been shown to correlate with hypertension [25], cardiovascular
risk [26], diabetic microvasculopathy [27], sickle cell retinopathy [28], acute myocardial infarction
[29], oral contraceptives [30] and the administration of medical supplements [31].

2. Methods

2.1. Study design

This observational, fully quantitative, case-control study was based on measurements from images
acquired at the University Hospital of Larissa from April 2021 to February 2022. The study was
approved from the University Hospital of Larissa Scientific Committee (11155/2021), and the research
was performed according to the Declaration of Helsinki. Informed consent was obtained from all
participants in the study.

2.2. Subjects

Microvascular images of the temporal side of the bulbar conjunctiva were taken from the right eye
of 17 normal volunteers (named “Control Group”) and 17 COVID-19 survivors shortly after exiting
the hospital (named “COVID-19 Group”).
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Fig. 1. The imaging set up.

All normal volunteers of the Control Group had no systemic or ocular disease, no alcohol or smoking
habit, were not under any medication and had never been tested positive for SARS-CoV-2.

Inclusion criteria for the COVID-19 Group were hospitalization for COVID-19, oxygen therapy,
Acute Respiratory Distress Syndrome (ARDS) with HI (Horowitz Index) less than 300 mmHg and a
28-day maximum time interval between hospital exit and image recording (duration from discharge).
Exclusion criterion for the COVID-19 Group was rheumatic disease.

Clinical data for both groups, including diastolic and systolic arterial pressure (DP and SP), body
height and body weight and cardiac beats per minute (BPM) were measured on site before and after
image recording. Subjects with diastolic blood pressure greater than 95 mmHg were excluded from
the study (both groups) as hypertensive. Body mass index (BMI) and body surface area (BSA, Du
Bois formula) were calculated from the body height and weight and mean arterial pressure (MP) was
calculated from DP and SP (MP = DP + (SP-DP)/3). Image recordings were performed in a temperature
controlled environment (21 to 23°C) after waiting 30 minutes for adaptation.

2.3. Imaging setup

The imaging setup (Fig. 1) consisted of a special slit lamp (Nikon FS-3V), a high-speed CCD camera
(12 bit, PCO Computer Optics GmbH, Germany) and a personal computer (Pentium 4, 3 GHz). The
imaging system [32] with an enhanced maximum magnification of 242x and a digital resolution of
1.257 £ 0.004 pm/pixel produced digital images of 320 x 240 pixels at a high frame rate of 96 frames
per second.

2.4. Hemodynamics

The internal diameter (D) of each microvessel was estimated from the recorded image using the
Pythagoras’s theorem on the coordinates of the intersection points between a vertical line to the vessel
axis and the outer limits of the erythrocyte column [32]. Axial erythrocyte velocity (V,x) of each
microvessel was measured using the axial distance D¢ travelled by a red blood cell or a plasma gap,
over a fixed time interval At which was known from the frame rate of the camera as equal to 10.04 ms.

2.5. Percentage of occluded vessels (POV)

The percentage of occluded vessels (POV) was introduced in this work as the ratio of the number of
occluded vessels (No) over the total number of vessels (Nt), in percent (%), at a given microvascular
field of view:
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Table 1
Demographic and clinical data of the Control Group and COVID-19 Group

Variable Control group COVID-19 group p value
N 17 17 -
Age (years) 53+9 5T+£7 >0.06
BMI (kgr/m?) 2743 28+5 >0.25
BSA (m?) 1.9+0.2 20£0.2 >0.06
BPM 68+6 65+£11 >0.44
MP (mmHg) 91+£8 94+9 >0.59

N=number of subjects, BMI=Body Mass Index, BSA=Body Surface Area (Du Bois),
BPM =cardiac Beats Per Minute, MP=arterial Mean Pressure. Data are expressed as
Mean + Standard deviation. There was no significant difference in age, BMI, BSA, BPM and
MP between groups.

POV = 100 x No/Nt

POV was defined in microvascular fields comprising at least 4 microvessels in total. A microvessel
was considered as occluded when the flow inside was completely stopped or when blood velocity Vax
was less than 0.1 mm/s [22]. The POV is a microvascular parameter complementary to the proportion
of perfused vessels (PPV) [33] and it is an easily measurable index of thrombotic microangiopathy
proportional to the microvascular damage sustained by a tissue.

2.6. Statistical analysis

The Microsoft Office EXCEL 2016 (professional edition) and the SOFA (version 1.4, Paton-Simpson
& Associates Ltd) software were used for statistics.

In order to take into account the effect of microvessel diameter on microvascular blood flow velocity
[24] the diameters (D) of 9 and 14 pm, were selected as size discriminators, for classifying microvessels
of D<9 um as “capillaries” (CAP), of 9 <D < 14 pm as “postcapillary venules of size 1” (PC1) and
of 14 <D <24 pm as “postcapillary venules of size 2 (PC2). Measurements were taken only from
the venular side of the microvascular bed to avoid the effects of the pre-capillary arteriolar pulse [34].

To cover all variable distributions, normal or not, the differences between groups were examined
using the Mann-Whitney U test. The significance level was set at 0.05.

3. Results

More than 230 thousand digital images of the conjunctival microvasculature were recorded and then
processed manually to take measurements from 683 capillaries and postcapillary venules.

3.1. Baseline characteristics

In Table 1 there is a summary of the demographic and clinical data for the 2 groups. There was no
statistically significant difference in age, body mass index (BMI), body surface area (BSA), cardiac
beats per minute (BPM) and arterial mean pressure (MP) between the 2 groups. In each group, the
changes in BPM and MP before and after the recording procedure were not significant.

All patients had pneumonia (different lung extension and distribution) upon admission (severe
COVID-19 disease). During hospitalization and after 48 hours, all COVID-19 patients needed oxygen
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Table 2

Clinical and pharmacological data of the COVID-19 Group (17 subjects) during
hospitalization and after hospitalization

Variable COVID-19 group COVID-19 group
During Hospitalization After Hospitalization

HI (mmHg) 139455 -

Oxygen therapy, n (%) 17 (100%) 9 (50%)

ICU, n (%) 2 (12%) -

Antiviral therapy (remdesivir), n (%) 15 (88%) -

Anti-IL6R (tocilizumab), n (%) 15 (88%) -

AP, n (%) 15 * (88%) 17 * (100%)

ASA, n (%) 2 (11%) 2 (11%)

Duration from discharge (days) - 9+8

Data are expressed as Mean =+ Standard deviation or as number of subjects (n) and the cor-
responding percentage (%). Five subjects in the COVID-19 Group were diabetic (29%)
and 3 subjects were smokers (18%). HI=Horowitz Index, ICU =Intensive Care Unit,
IL6R = InterLeukine-6 Receptor, AP = Antithrombotic Prophylaxis (* 3 of those patients devel-
oped atrial fibrillation and received full therapeutic dose of enoxaparin during hospitalization
and rivaroxaban after hospitalization), ASA = AcetylSalicylic Acid.

therapy with High Flow Nasal Cannula (HFNC) with settings adjusted on the patient’s requirements.
Concerning pharmacological agents during hospitalization, 15 (88%) patients received remdesivir (an
inhibitor of the viral RNA-dependent, RNA polymerase) since these patients were in the early disease
phase (2—4 days with symptoms) and required low-flow oxygen supply upon admission. 15 patients
(88%) received tocilizumab (a humanized monoclonal antibody against the interleukin-6 receptor)
because of rapid clinical deterioration and high levels of C-reactive protein and ferritin. It is worth
mentioning that the other 2 patients refused to receive tolicizumab although there was a clear indication.
In addition, 15 (88%) patients received Low Molecular Weight Heparin (LMWH) in thromboembolism
prophylaxis dosage, while 3 of them (18%) received a full dose of enoxaparin since they developed
atrial fibrillation and a high CHADS, (Congestive heart failure, Hypertension, Age >75 years, Dia-
betes mellitus, Stroke [double weight]) score during hospitalization, and 2 (11%) of them were also
on antiplatelet therapy with acetylsalicylic acid (ASA) because of coronary artery disease.

After hospital discharge, all patients had extensive radiological findings due to previous ARDS, with
deteriorated pulmonary function. Nine patients (50%) needed oxygen therapy at home for at least one
month and all patients were on antithrombotic prophylaxis until they were fully mobilized (LMWH
is recommended up to 40 days in severe and critically ill patients after discharge), while 2 (11%) of
them continued their chronic medication with acetylsalicylic acid (ASA). Those 3 patients with atrial
fibrillation who were receiving a therapeutic dose of LMWH continued their antithrombotic therapy
after discharge with a full dose of rivaroxaban. In Table 2 there is a summary of the COVID-19 Group
clinical and pharmacological data during and after hospitalization.

3.2. Effect of COVID-19 on axial blood velocity

Microvessel diameters (D) ranged from 4.5 to 24.4 pm in the Control Group and from 4 to 24 um
in the COVID-19 Group. A view of the velocity measurements in the capillaries (CAP, diameters less
than 9 wm) of both groups is shown in Fig. 2.
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Fig.2. A view of the velocity measurements in the capillaries (CAP) of both groups. Blood axial velocity (Vax) measurements
are shown in black dots and X marks for the Control Group and COVID-19 Group, respectively. The difference was statistically
significant (p <0.001).
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Fig. 3. The Control Group and COVID-19 Group results are shown in white and gray columns, respectively. Column heights
are mean values and black bars represent the 95% confidence interval of the mean. (a) There was no statistical difference in
diameter D between groups, for capillaries (CAP), postcapillary venules of size 1 (PC1) and postcapillary venules of size 2
(PC2). (b) The average COVID-19 Group axial velocity (Vax) was 39%, 47% and 49% lower than the average Control Group
Vax, in the capillaries (CAP), postcapillary venules of size 1 (PC1) and postcapillary venules of size 2 (PC2), respectively
(*P<0.001).

The diameter averages and 95% confidence intervals (95CI) for all groups and microvessel sizes are
shown in Fig. 3(a). For all microvessel sizes (CAP, PC1 and PC2) there was no statistical difference
in diameter between groups.

Microvessel axial blood velocities (Vax) ranged from 0.25 to 1.68 mm/s in the Control Group and
from 0.10 to 0.99 mm/s in the COVID-19 Group. Descriptive statistics of Vax in the capillaries (CAP),
postcapillary venules of size 1 (PC1) and postcapillary venules of size 2 (PC2) for both groups are
shown in Table 3. For all microvessel sizes, the Vax in the COVID-19 Group was significantly lower
(»<0.001) than the Vax in the Control Group. In more detail, the average COVID-19 Group axial
velocity (Vax) was 39%, 47% and 49% lower than the average Control Group Vax, in the capillaries
(CAP), postcapillary venules of size 1 (PC1) and postcapillary venules of size 2 (PC2), respectively.
The CAP, PC1 and PC2 velocity averages and 95% confidence intervals (95CI) for both groups are
shown in Fig. 3(b).
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Table 3
Statistics of axial blood velocity (Vax) in the capillaries (CAP), postcapillary venules of size 1 (PC1) and postcapillary
venules of size 2 (PC2) of healthy subjects (Control Group) and COVID-19 patients after discharge with
thromboprophylaxis (COVID-19 Group)

Statistical Vax (mm/s)
parameter CAP PC1 PC2
Control COVID-19 Control COVID-19 Control COVID-19
group group group group group group
NM 57 132 69 160 69 196
Mean + SD 0.54+£0.13 0.33+0.15 0.77+£0.29 0.39+0.18 0.91+£0.30 0.48+£0.21
Median 0.54 0.31 0.73 0.36 0.89 0.48

NM is the number of measurements for each group with each measurement corresponding to a different microvessel. SD
is standard deviation. Vax in the COVID-19 Group was significantly lower (p <0.001) than Vax in the Control Group at all
microvessel classes (CAP, PC1 and PC2).

() (b)

Fig. 4. An example of an occluded microvessel (black arrow). Two images of the same microvessel were taken at different
instances. It is clear that, even though image (a) was taken 146 ms earlier than image (b), the red blood cell column has not
advanced and that blood flow has stopped.

3.3. Effect of COVID-19 on microvessel occlusion

An example of an occluded microvessel is shown in Fig. 4. The percentage of occluded vessels
(POV) ranged from 0 to 43% in the Control Group and from 0 to 100% in the COVID-19 Group.
The POV in the Control Group was significantly lower (p <0.001) than the POV in the COVID-19
Group (Fig. 5). In more detail, the average COVID-19 Group POV (24 4+25% (Average £ SD)) was
600% higher than the average Control Group POV (4 £ 8%). The median POV value was 18% for the
COVID-19 Group and 0% for the Control Group.

4. Discussion

The outbreak of the coronavirus disease (COVID-19) at the end of 2019 and the subsequent pandemic
is a historic landmark for challenging the public health system worldwide. The cause of the disease is an
RNA beta coronavirus (SARS-CoV-2) which infects endothelial cells after binding to the angiotensin
converting enzyme 2 (ACE2) receptor and entering the cell interior with the help of the transmembrane
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Fig. 5. The Percentage of Occluded Vessels (POV) for the Control and COVID-19 Group is shown in a white and gray
column, respectively. Average values are presented as column heights and black bars represent the 95% Confidence Interval
(95CI) of the average value. The average POV of the COVID-19 Group was 6 times (600%) higher than that of the Control
Group (*P<0.001).
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protease serine type 2 (TMPRSS2). Then a cascade of events may follow, depending on the subject,
including endothelial cell activation and dysfunction [13, 14, 35], diffuse alveolar damage, increased
blood viscosity [36, 37], hypercoagulation, thrombotic microangiopathy, acute respiratory distress
syndrome (ARDS), local and systemic hypoxia, and death.

It is evident that the endothelium has a pivotal role in the development of the COVID-19 and this
correlates to its essential part for normal coagulation function after triggering the intrinsic and/or the
extrinsic pathway [35] depending on the conditions. COVID-19 causes imbalance in various coagu-
lation related blood substances [38—41]. The injured endothelium in an interplay with the other two
components of the Virchow’s triad namely, abnormal hemodynamics and hypercoagulability [42],
induces extensive microthrombosis [9].

However, clinical trials have not shown whether antithrombotics reduce microthrombosis [21]. Lodi-
giani et al. [43] reported a higher rate of venous thromboembolic events in COVID-19 patients than in
non-COVID patients despite anticoagulant prophylaxis for both groups. Kelliher et al. reported a high
incidence of thrombosis despite thromboprophylaxis in COVID-19 patients during hospitalization [44].
In a recent clinical trial [45] therapeutic doses of LMWH reduced major thromboembolism and death
compared with standard heparin thromboprophylaxis among inpatients with COVID-19. In another
clinical trial [46] with COVID-19 patients after hospitalization, thromboprophylaxis with rivaroxa-
ban improved clinical outcome. In general, there is great variability in the anticoagulation strategy
in COVID-19 [47]. Currently high-quality data regarding microthrombotic status and microvascular
hemodynamics of COVID-19 patients in vivo after hospital discharge are rare.

In our case-control study, we quantified microvascular hemodynamics and microvascular thrombosis,
in the conjunctival microcirculation in vivo, in COVID-19 patients shortly after hospitalization (Table 2)
and compared the results to those of a Control Group.

Regarding microvascular hemodynamics, the axial blood velocity (Vax) of the COVID-19 Group was
remarkably low with an average Vax of 0.33 mm/s in the capillaries and 0.39 mm/s in the postcapillary
venules of size 1 (Table 3). The COVID-19 lower Vax of this work supports a recently published
sophisticated simulation [48] according to which, when the initial microvascular blood flow velocity
is lower than 0.30 mm/s the white blood cells (WBCs) attach to the thrombus. These simulation results
[48] indicated that WBCs could directly participate in the microthrombus growth and, provided a
mechanistic rationale for microthrombosis in COVID-19 patients.

Regarding microvascular thrombosis in the COVID-19 Group, POV was impressively higher (600%)
than that in the Control Group (Fig. 5), despite thromboprophylaxis. This result sets serious questions
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regarding the efficiency of thromboprophylactic doses for COVID-19 patients at the microvascular
level. Low Molecular Weight Heparin (LMWH), binds to and potentiates antithrombin (a circulating
anticoagulant) to form a complex that irreversibly inactivates clotting factor Xa in the common pathway
of coagulation. The high degree of microthrombosis in our work, despite thromboprophylaxis, indicates
that perhaps there is an unknown coagulation factor XC (C from COVID) that circumvents the action
of common pathway anticoagulants and promotes coagulation. This unknown factor XC could be
related to one of the mechanisms that were proposed as the cause of the microvascular damage such
as degradation of endothelial junctional proteins [18] and glycocalyx [11-13], endothelial cell derived
microvesicles (MV) [14], endothelial exocytosis [16] and, immunothrombosis with NETs [17].

Itis now well known that some people cannot fully recover after COVID-19 disease, presenting long-
term symptoms which are usually named “long-COVID-19”, “long COVID syndrome”, “post-COVID-
19 condition”, or “post-acute COVID-19 syndrome” (PACS) [2, 3, 49]. Huang et al. reported that 76%
of 1733 COVID-19 patients discharged from hospital had at least one symptom 6 months after the acute
infection, with most common symptoms being fatigue, muscle weakness, sleep difficulties and anxiety
or depression [50]. There were similar reports for milder cases of COVID-19 without hospitalization
[2], where 61% of patients older than 46 years had persistent symptoms at a 6-month follow-up. When
the NICE guideline was published on long COVID it was clear that gaps in our knowledge regarding
long COVID-19 symptom etiology remained considerable [3]. The results of our work contribute
to this “knowledge gap” and, with the reported reduced blood flow and therefore oxygen supply,
give a possible explanation for the long COVID-19 symptoms. The underline assumption for such an
explanation would be that similar microvascular abnormalities exist in other tissues and systems, a
plausible premise considering the numerous extrapulmonary manifestations of microvascular damage
due to COVID-19 [6, 7, 8].

A limitation of this observational study was the small sample size. However, the differences between
the groups were so high that the results are statistically significant at a high level with 80% statistical
power.

5. Conclusion

It was found that COVID-19 reduces significantly axial blood velocity in all conjunctival capillaries
and postcapillary venules with a diameter of less than 24 wm and increases substantially microvessel
occlusion percentage, even after hospital discharge and thromboprophylaxis. The scientific explana-
tion of this effect remains unknown but the results give a possible explanation for long COVID and
a hint about the existence of a possibly unknown coagulation factor. Our results contribute to the
accumulation of quantitative knowledge regarding microvascular status in COVID-19 patients with
thromboprophylaxis, in vivo, after hospitalization.
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