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Abstract.

BACKGROUND: Elevated estimated blood viscosity (EBV), derived from hematocrit and globulins, is associated with
thrombotic complications, organ failure, and higher mortality in COVID-19 patients. Although informative, EBV does not
account for cellular interactions or fibrinogen.

OBJECTIVE: Investigate whether patients with acute and recent COVID-19 have altered whole blood viscosity (WBYV)
when measured at both high and low shear rates using in vitro blood samples from patients.

METHODS: Cross-sectional study of 58 patients: 15 in the intensive care unit with acute COVID-19, 32 convalescent
(9 < 8weeks [W] from acute infection, 23 >8 W), and 11 controls without COVID-19. WBV was measured at high (300s™")
and low (5s7") shear rates (HSR, LSR) using a scanning capillary viscometer.

RESULTS: Acute and convalescent patients <8 W had mean WBV at LSR (16.0 centipoise [cP] and 15.1 cP) and HSR (5.1
cP and 4.7 cP). Mean WBYV of convalescent>8 W and control patients were 12.3 cP and 13.0 cP at LSR, and 4.1 cP and 4.2
cP at HSR. Acute and <8 W patients had significantly higher WBV at both HSR and LSR compared to patients >8 W (all
p <0.01). No significant differences in WBV were observed between acute and <8 W patients, or between patients >8 W
and controls.

CONCLUSIONS: Hyperviscosity provides a possible explanation for thrombotic risk in acute and convalescent (<8 W)
patients. These findings have important implications for thromboprophylaxis.
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1. Introduction

Severe coronavirus disease 2019 (COVID-19) is characterized by immune dysfunction, unbri-
dled production of proinflammatory cytokines, and disordered endothelial homeostasis [1]. Disturbed
endothelial, thrombotic and fibrinolytic balance induced by the acute inflammatory phase of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV?2) infection promotes arterial and venous throm-
bosis. Thrombotic complications contribute to organ dysfunction and to morbidity and mortality in
COVID-19 patients [1-4]. Contrast enhanced ultrasonography in COVID-19 patients with immi-
nent organ failure have demonstrated arterial narrowing and delayed capillary filling with areas of
inflammatory hyperemia, indicating decreased regional perfusion [5, 6].
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Excessive cytokine production induces hepatic synthesis of fibrinogen, the scaffold for clot forma-
tion. Acute phase mediated increases in fibrinogen promote erythrocyte aggregates, increased blood
viscosity and hemostasis. Blood hyperviscosity itself induces endothelial injury and impedes blood
flow further escalating thrombotic risk, as described by Virchow’s triad [1, 7-10].

Estimates of blood hyperviscosity, derived from hematocrit and globulin concentrations, have been
associated with higher organ failure and mortality in patients hospitalized with acute COVID-19
[11-15]. However, estimated blood viscosity (EBV) neither accounts for acute phase changes in leuko-
cytes and platelets and their intercellular interactions nor fibrinogen. This is the first study examining
directly measured whole blood viscosity (WBV) in hospitalized COVID-19 patients during acute and
convalescent phases of the disease.

2. Methods

The aim of this study is to investigate whether patients with acute and recent COVID-19 have altered
WBY profiles. We conducted a cross-sectional study from 58 patients at a large, metropolitan, tertiary
care hospital, recruited between July 2020 and February 2022. We included 15 patients hospitalized in
the intensive care unit (ICU) with acute COVID-19, 32 convalescent patients, and 11 controls from the
outpatient setting without history of COVID-19. Of the 32 convalescent patients, 9 were < 8 weeks (W)
from acute infection, and 23 were >8 W. WBV was measured at high (300s™") and low (5s™") shear
rates using a scanning capillary viscometer (Hemathix™ Blood Analyzer; RheoVector, LLC, King of
Prussia, PA, USA). Baseline patient characteristics were evaluated by one-way analysis of variance
(ANOVA) for continuous variables and exact Fisher’s test for categorical variables. Comparisons of
WBY between groups were analyzed by f-test. For each comparison, the statistical power exceeded
80% when using a mean difference of 0.2 and significance level of either 0.01 or 0.05. ANOVA with
post-hoc test was performed to clarify differences between particular groups. This study was approved
by the institutional review board at the Icahn School of Medicine at Mount Sinai, New York, NY (IRB
Study-20-00937, approved 7/13/2020).

3. Results and discussion

The average age of all COVID-19 patients was 58 years (range 26—86 years; 23 female, 24 male) and
that of controls was 63 years (range 4483 years; 5 female, 6 male) (Table 1). The differences in race
between groups were significant (p <0.001). Body-mass index was statistically homogeneous across
all groups. Among convalescent <8 W patients, 22.2% (2/9) required hospital admission during their
COVID-19 course compared to 30.4% (7/23) of convalescent > 8 W patients. There were no significant
group differences in comorbidities that are risk factors for blood hyperviscosity and thrombosis, such
as history of cancer and coronary artery disease. In the convalescent>8 W group, one person had
amyloidosis and one had Factor V Leiden thrombophilia.

The mean WBYV of acute patients was 5.1 centipoise (cP) at high shear rate (HSR) and 16.0 cP at
low shear rate (LSR). For convalescent patients < 8 W, mean WBYV was 4.7 cP and 15.1 cP at HSR and
LSR respectively. Convalescent patients >8 W had a mean WBYV of 4.1 cP and 12.3 cP at HSR and
LSR. The mean WBYV of control patients was 4.2 cP at HSR and 13.0 cP at LSR (Fig. 1).

Acute patients had significantly higher WBV compared to both controls and convalescent
patients > 8 W (both p < 0.01; Fig. 1). Compared to > 8 W patients, those < 8 W had significantly higher
WBYV at HSR and LSR (both p<0.01). No significant differences in WBV were observed between
acute and convalescent patients <8 W, or between >8 W patients and controls at HSR or LSR. Mean
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Table 1

Characteristics of the patients at baseline

Characteristic Acute Convalescent Convalescent Controls p-value
<8W >8W
(n=15) (n=9) (n=23) (n=11)

Age—year* 60.4+14.7 572+ 189 55.1+15.1 63.1+10.8 0.48
Male sex—no. (%) 10 (66.7) 4 (44.4) 10 (43.5) 6 (54.6) 0.52
Race—no. (%) ok

Asian 1(6.7) 0(0) 2 (8.7) 19.1)

Black 3(20.0) 0(0) 8 (34.8) 2(18.2)

White 9 (60.0) 9 (100.0) 13 (56.5) 8 (72.7)

Hispanic 2(13.3) 0(0) 0(0) 0(0)
Body-mass index*} 27.6£3.5 31.6+£7.0 30.9+6.8 299+7.1 0.83
Hospitalized—no. (%) 15 (100.0) 0(0) 0(0) 0(0) e
Medical History—no. (%)

Prior deep vein thrombosis 4 (30.8) 0(0) 3(13.0) 2(18.2) 0.29

or pulmonary embolism

Coronary artery disease 3(23.1) 2(22.2) 8(34.8) 6 (54.6) 0.37

Stroke 2(15.4) 0(0) 4(17.4) 1(9.1) 0.72

Peripheral vascular disease 1(7.7) 0(0) 7 (30.4) 2(18.2) 0.18

Hypertension 8(57.1) 3(33.3) 17 (73.9) 7 (63.6) 0.21

Diabetes mellitus/Pre-diabetes mellitus 5(35.7 3(33.3) 10 (43.5) 6 (54.6) 0.76

Chronic kidney disease 1(7.7) 0(0) 4(17.4) 2(18.2) 0.60

Chronic obstructive 4 (30.8) 2(22.2) 8 (34.8) 4(36.4) 0.93

pulmonary disease/asthma

History of cancer 2(15.4) 3(33.3) 3(13.0) 1(9.1) 0.53
Smoking History 0.68

Non-smoker 8 (61.5) 5(55.6) 11 (50.0) 4(36.4)

Former smoker 5(38.5) 4 (44.4) 10 (45.5) 5(45.5)

Current smoker 0 (0) 0 (0) 14.5) 2 (18.1)

* Plus—minus values are means =+ standard deviation. 1The body-mass index is the weight in kilograms divided by the square
of the height in meters. Note: Continuous variables (age and BMI) are analyzed by ANOVA and category variables are
analyzed by Fisher’s exact test.

fibrinogen levels were 582.3 mg/dL in acute patients, 346.7 mg/dL in <8 W, 397.1 mg/dL in>8 W, and
382.9 mg/dL in controls.

Further ANOVA testing with post hoc Dunnett’s test demonstrated no significant difference in WBV
when comparing convalescent patients >8 W or patients <8 W with controls. However, results were
significant when comparing either of the convalescent groups with the acute group. When comparing
acute patients and <8 W patients to>8 W patients, the elevated WBYV in the former groups were
significant at both shear rates.

In comparing EBYV, calculated using the Walburn-Schneck model, and WBYV for these patients,
the mean difference between the two at HSR is —0.63 ¢cP £+0.76 and -3.64 cP £+2.25 at LSR [16].
The Spearman correlation coefficient between EBV and WBV at HSR is 0.64 (p <0.0001) and 0.72
(p<0.0001) at LSR. Thus, there is a moderate to high positive correlation between EBV and WBV
at HSR and LSR. EBV consistently underestimates WBY, particularly at LSR. This reinforces the
need to measure WBV to fully understand the effect of COVID-19 on blood viscosity. Of note, the
Walburn-Schneck study used the Wells-Brooksfield viscometer, which has low accuracy with WBYV at
LSR, thus limiting comparisons of EBV to direct measurements with the Hemathix Blood Analyzer.
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Whole Blood Viscosity in COVID-19 Patients
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Acute (n=15) Convalescent <8W (n=9) Convalescent >8W (n=23) Control (n=11)
High Shear Rate Low Shear Rate
Mean diff (95% Cl) Mean diff (95 % Cl)
Acute vs Control 0.88 (0.18:1.58) *** 2.95 (0.33:5.56)***
Convalescent <8W vs Control 0.46 (-0.32:1.25) 2.04 (-0.92:5.01)
Convalescent >8W vs Control -0.15 (-0.79:0.48) -0.66 (-3.07:1.75)
Acute vs Convalescent >8W 1.03 (0.44:1.63)*** 3.61 (1.38:5.83)***
Convalescent <8W vs Convalescent >8W 0.61 (-0.08:1.32) 2.70 (0.07:5.34)***
Control vs Convalescent >8W 0.15 (-0.50:0.80) 0.66 (-1.79:3.12)

Fig. 1. WBYV is significantly higher in patients with acute COVID-19 and in convalescent patients <8 W than in controls
and convalescent patients > 8 W. Data expressed as means = standard deviation. Statistical analysis done with ANOVA with
Dunnett’s test: mean difference in whole blood viscosity (95% Confidence Intervals). cP, centipoise; ***, significant; W,
weeks; WBYV, whole blood viscosity.

Additional evidence supporting the contribution of blood hyperviscosity to thrombotic complications
of COVID-19 derives from several sources [11-15]. An ex vivo study of whole blood from 37 acutely
ill COVID patients demonstrated hyperactivated platelet-erythrocyte interactions with extensive fib-
rinogen deposits. Fibrinogen deposits from platelet-poor plasma were significantly more viscous than
controls (p =0.02) and more hypercoagulable by thromboelastography [11]. Another study used scan-
ning electron microscopy, fluorescence microscopy, and mass spectrometry to demonstrate that the
addition of the SARS-CoV-2 spike protein S1 subunit to platelet-poor plasma from health volunteers
results in structural changes to fibrin, complement 3, and prothrombin, causing impairment of fibrinol-
ysis [12]. In France, a preliminary study of 7 patients with COVID-19 found increased red blood cell
(RBC) aggregation at low shear and decreased RBC deformability, though surprisingly no difference
in blood viscosity (measured by cone/plate viscometer) was observed in comparison to controls [13].
In a series of 15 critically ill COVID-19 patients admitted to the Emory University Hospital ICU and
treated with anticoagulation, fibrinogen levels and plasma viscosity exceeded the 95" percentile in all
subjects. Among four patients with plasma viscosity > 3.5 cP, all had thrombotic complications despite
anticoagulation. Plasma viscosity was highly correlated with Sequential Organ Failure Assessment
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scores (r=0.841, p<0.0001) [14]. Similarly, a retrospective observational study from Thailand of 41
children and adults with COVID-19 reported EBV 1.98 to 4.86-fold higher than controls [15]. These
prior studies either determine plasma viscosity rather than WBYV, which does not consider the critical
role of cellular components of blood, or utilize formulas for EBV, which only account for hemat-
ocrit and protein concentrations. Our study avoids these limitations by directly measuring WBYV in
COVID-19 patients using a sensitive capillary viscometer at LSR and HSR.

The scanning capillary viscometer is more accurate in measuring low-shear blood viscosity than
cone/plate rotational viscometers. This capillary viscometer was validated with comparisons with
cone/plate viscometers at high-shear rate blood viscosity and with couette-type viscometers at low-
shear rate blood viscosity [17]. The emphasis on WBYV vs. plasma or serum viscosity provides a more
physiological assessment of multiple blood components including plasma on blood flow. WBYV is the
only rheological parameter that aggregates the effect of multiple constituents to assess the overall
ability of blood to perfuse organs or, in cases of hyperviscosity, tendency for organ congestion or
hemostasis.

Most recently, a study of 172 hospitalized COVID-19 patients in Lyon, France also demonstrated
increased blood viscosity measured by a Brookfield cone/plate viscometer, fibrinogen levels, RBC
aggregation in these patients. More severely ill patients, requiring supplemental oxygen or with pul-
monary lesions, had RBC hyper-aggregation and hyperviscosity. Increased RBC aggregation correlated
positively with hospitalization duration and negatively with clot formation time [18]. Our study sup-
ports these results as those acutely ill patients in the ICU demonstrated increased viscosity when
compared to convalescent patients and controls. While we did not directly measure parameters such as
RBC aggregation, WBYV is known to provide an accurate physiological assessment of such rheologi-
cal factors. Additionally, the use of a scanning capillary viscometer here compared to the cone/plate
viscometer used by Nader, et. Al supports the accuracy of the hyperviscosity findings and proposes a
method for routine hospital measurement of WBYV as opposed to the cone/plate viscometer.

Acute infectious and inflammatory diseases, like pneumonia, are associated with increased risk of
venous thrombosis [19]. Acute phase reactants, such as fibrinogen, C-reactive protein, haptoglobin,
and immunoglobulins, foster erythrocyte aggregation and increase blood viscosity [20]. This study of
COVID-19 patients demonstrates persistent acute and subacute WBYV elevations. We postulate that
elevated WBYV induces endothelial cell damage and promotes thrombosis in the microcirculation and
venous system, particularly in areas of low shear with slow blood flow [7, 8].

One limitation of our study is that we did not have lipid levels. Increased levels of triglycerides,
a component of acute phase reactions, have a minor contribution to blood viscosity [21]. We also
did not directly measure plasma viscosity, erythrocyte aggregation, erythrocyte deformability, and
the tanl treading motion. However, these factors are accounted for in the physiological aggregate of
whole blood viscosity, marking its superiority to plasma viscosity measurements alone. Future studies
however could include in vitro measurements of erythrocyte aggregation and deformability in order
to assess the contribution of these rheological factors to hyperviscosity in COVID-19. Secondly, the
significant difference in hospitalization rates between groups is expected as we selected patients in the
ICU for the acute group and outpatients for controls. Acute illness in hospitalized patients can cause
hyperviscosity. However, the observed hyperviscosity in unhospitalized convalescent patients indicates
that COVID-19 itself contributes to WBYV elevations. Thirdly, our small sample size poses another
limitation. A larger study with a diverse population is needed to determine the impact of race, if any,
on WBYV in COVID-19 patients. When adjusted for race in our study, there was no significant difference
in WBYV ateither HSR or LSR between groups. Additionally, the lack of significant differences in WBV
in comparisons with the control group with ANOVA is likely due to small sample size. However, the
differences between acute patients and both convalescent groups were significant, reinforcing a strong
impact on WBV with COVID-19. These results would likely be more striking with a greater sample
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size and should be validated in a larger study. Additional research is also needed to identify the impact
of individual SARS-CoV2 variants on WBV.

4. Conclusion

Venous and arterial thrombosis leading to microcirculation and organ dysfunction are being increas-
ingly observed as causes of morbidity in patients recovering from COVID-19 in the 4-6 weeks
following hospital discharge. While less frequent than in-hospital events, there remains a residual
risk of thrombosis after acute illness [22]. Previous studies demonstrated increased EBV in acutely ill
COVID-19 patients. The persistent hyperviscosity 8 W after acute infection noted in our study pro-
vides an explanation for this residual risk. Where EBV was calculated using mathematical formulas in
other studies, we measured WBYV directly using a capillary viscometer, which is a more physiological
aggregate of multiple blood components and their effect on blood flow. The capillary viscometer is
also better suited for everyday hospital use than rotational viscometers.

Prior studies have demonstrated the utility of hemorheological and hemostatic parameters in prog-
nostication for COVID-19 patients [23, 24]. The correlation between hyperviscosity and thrombotic
events in COVID-19 patients, and the ease-of-use of the scanning capillary viscometer support the
utility of WBYV as another potential indicator of outcomes. These results have important therapeutic
implications for acute and post-discharge thromboprophylaxis. A randomized control trial examining
the role of therapeutic plasma exchange in reducing viscosity and its impact on outcomes in patients
with COVID-19 is currently underway (NCT04441996).
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