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ABSTRACT

BACKGROUND Coronavirus disease-2019 (COVID-19) is characterized by a dysfunctional immune response and
abnormal blood rheology that contribute to endothelial dysfunction and thrombotic complications. Whole blood viscosity
(WBV) is a clinically validated measure of blood rheology and an established predictor of cardiovascular risk. We
hypothesize that increased WBV is associated with mortality among patients hospitalized with COVID-19.

OBJECTIVES This study sought to determine the association between estimated BV (eBV) and mortality among
hospitalized COVID-19 patients.

METHODS The study population included 5,621 hospitalized COVID-19 patients at the Mount Sinai Health System from
February 27, 2020, to November 27, 2021. eBV was calculated using the Walburn-Schneck model. Multivariate Cox
proportional hazards models were used to evaluate the association between eBV and mortality. Considered covariates
included age, sex, race, cardiovascular and metabolic comorbidities, in-house pharmacotherapy, and baseline inflam-
matory biomarkers.

RESULTS Estimated high-shear BV (eHSBV) and estimated low-shear BV were associated with increased in-hospital
mortality. One-centipoise increases in eHSBV and estimated low-shear BV were associated with a 36.0% and 7.0%
increase in death, respectively (P < 0.001). Compared with participants in the lowest quartile of eHSBV, those in the
highest quartile of eHSBV had higher mortality (adjusted HR: 1.53; 95% Cl: 1.27-1.84). The association was consistent
among multiple subgroups, notably among patients without any comorbidities (adjusted HR: 1.69; 95% Cl: 1.28-2.22).

CONCLUSIONS Among hospitalized COVID-19 patients, increased eBV is significantly associated with higher mortality.
This suggests that eBV can prognosticate patient outcomes in earlier stages of COVID-19, and that future therapeutics
aimed at reducing WBV should be evaluated. (J Am Coll Cardiol 2022;80:316-328) © 2022 by the American College of
Cardiology Foundation.

oronavirus disease-2019 (COVID-19) 1is hypercoagulability, which is a significant contributor
caused by severe acute respiratory syn- to morbidity and mortality."”> Autopsy studies exam-
drome-coronavirus-2. In contrast with other ining patients with COVID-19-related acute respira-
beta coronaviruses, COVID-19 is accompanied by tory distress syndrome have confirmed the high
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prevalence of thrombi in the arterial and venous
vasculature." The significantly higher rates of
vascular events and complications in COVID-19 sug-
gest the involvement of additional pathological
mechanisms.

To date, laboratory prognostication of disease
severity in COVID-19 has relied on hemostatic and
inflammatory biomarkers.>> However, progressive
advancements in the understanding of COVID-19
etiopathology increasingly support the role of endo-
thelial dysfunction and immune-mediated throm-
bosis as pathogenic mechanisms. In a model proposed
by Bonaventura et al, COVID-19 coagulopathy ex-
tends beyond the activation of the coagulation
cascade and involves a complex set of mediators that
contribute to altered blood rheology that may not be
appropriately reflected in traditional laboratory
measures.

Whole blood viscosity (WBV) is a validated rheo-
logical measure for atherosclerotic cardiovascular
events and mortality in a population-based study of
individuals without known cardiovascular disease.”-®
Studies conducted in COVID-19 patients reported that
WBYV is significantly higher during the acute and
convalescent phases of the disease.’ Furthermore,
several studies in patients with acute COVID-19 have
reported that increased plasma viscosity, a major
component of WBV, has been associated with
thrombotic complications and worsened out-
comes.'®" Given the derangements of inflammatory
proteins and coagulation mediators in COVID-19, we
aimed to investigate the prognostic value of esti-
mated BV (eBV) in predicting all-cause mortality
among patients hospitalized for COVID-19.

SEE PAGE 329

METHODS

DATA COLLECTION. The data were collected from
the electronic health records of patients at 6 hospitals
within the Mount Sinai Health System: Mount Sinai
Beth Israel, Mount Sinai Brooklyn, Mount Sinai Hos-
pital, Mount Sinai Morningside, Mount Sinai Queens,
and Mount Sinai West. The data include demographic
information (ie, age, sex, and race), comorbidities,
dispensed medications during hospitalization, labo-
ratory tests and vital signs during hospitalization,
and outcomes (death or hospital discharge).

STUDY POPULATION. Figure 1 presents the flow dia-
gram of the study population. The inclusion criteria
of the study were patients diagnosed with COVID-19
infection within 48 hours of presentation from
February 27, 2020, to November 20, 2021. Confirma-
tion of the COVID-19 infection was defined as a
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positive reverse-transcriptase polymerase
chain reaction assay of a specimen collected
through nasopharyngeal swab or saliva. The
reliability of the saliva specimens in COVID-
19 infection was noted in a previous study.'?
The exclusion criteria were missing values
for discharge information and covariates
(measurement of hemoglobin, protein, and
albumin levels within 24 hours of presenta-
tion) and those who did not meet the criteria
for the non-Newtonian blood model.”* The
primary outcome of the study was in-hospital
mortality. Estimated high-shear BV (eHSBV)
and estimated low-shear BV (eLSBV) were
calculated using the Walburn-Schneck
model.”>" Use of the Walburn-Schneck
model to estimate WBV in patients with acute
COVID-19 has been validated.” As the ideal non-
Newtonian blood model includes hematocrit depen-

dence, the main analysis included 5,621 patients with
hematocrit range between 37% and 55%."> Additional
analyses including all 4,352 participants with labora-
tory profiles of inflammatory markers of white blood
cell count (WBC), C-reactive protein (CRP), and D-
dimer were performed separately. There were 1,660
participants with measurement of interleukin (IL)-6
level, and Supplemental analysis among this sub-
group was also conducted. Participants were divided
into quartiles based on eHSBV and eLSBV, with the
first quartile comprising those with the lowest eBV.

STATISTICAL ANALYSIS. Categorical variables were
reported as count and percentage, and continuous
variables were reported as mean + SD. Chi-square
tests for categorical variables and analysis of vari-
ance tests for continuous variables were performed to
evaluate the statistical significances between study
groups. Cox proportional hazards regressions were
conducted to evaluate the adjusted HR (aHR) and
95% CI of the in-house mortality according to the
quartile eBV. The proportional hazards assumption
was graphically tested and verified with the Schoen-
feld residual method. Considered covariates were
age (continuous: years); sex (categorical: male or fe-
male); race (categorical: White, Black, Asian, Hispanic,
and other); history of hypertension, diabetes mellitus,
chronic kidney disease, coronary artery disease (all
categorical: yes or no); admission date (categorical:
March 2020 to August 2020, September 2020 to
February 2021, and March 2021 to November 2021);
oxygen support device at the time of presentation
(categorical: none, nasal cannula or nonrebreather
mask or high-flow nasal cannula, bilevel positive
airway pressure or continuous positive airway pres-
sure, and mechanical ventilator); in-hospital statin

ABBREVIATIONS
AND ACRONYMS

aHR = adjusted HR

COVID-19 = coronavirus
disease-2019

CRP = C-reactive protein

eBV = estimated blood
viscosity

IL = interleukin
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eHSBV = estimated high-shear
blood viscosity

eLSBV = estimated low-shear
blood viscosity

WBC = white blood cell count

WBYV = whole blood viscosity
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FIGURE 1 Flow Diagram of the Study Population

Hospitalized patients who were diagnosed with
COVID-19 infection within 48 hours of presentation

(n =9,278)

Excluded

Study population
(n =5,621)

Subgroups with measurement of white blood cell
count, C-reactive protein, d-dimer and interleukin-6

» Missing discharge information (n = 24)

 Missing covariates (n = 731)

« Patients not meeting non-Newtonian
blood model criteria (n = 2,902)

Subgroups with measurement of white blood cell

count, C-reactive protein and d-dimer
(n =4,352)

(n =1,160)

Flow chart presenting study population. COVID-19 = coronavirus disease-2019.

therapy (categorical: none, low- to moderate-intensity
statin, and high-intensity statin); and in-hospital
anticoagulation therapy (categorical: none, prophy-
lactic anticoagulation, and therapeutic anti-
coagulation). Demographic factors were retrieved
from the electronic health records. In hospital, anti-
coagulation therapy and statin therapy were consid-
ered as major covariates based on previous studies on
hospitalized COVID-19 patients.'®'” We also included
the date of admission as a categorical variable, as
treatment options, vaccination status, and variants
have been evolving and might affect mortality. Addi-
tional analysis was performed on subgroup pop-
ulations who had measured of inflammatory markers
of WBC, CRP, D-dimer, and IL-6 within 24 hours of
presentation. Kaplan-Meier curves of survival rate
according to the quartiles of eHSBV and eLSBV were
plotted. Stratified analyses were conducted according
to subgroups of age, sex, race, history of comorbid-
ities, admission date, in-hospital therapies (statin and
anticoagulation), oxygen support device at presenta-
tion, and inflammatory markers (WBC, CRP, and

D-dimer) and plotted as a forest plot. Continuous
linear association between eHSBV and in-hospital
mortality was analyzed, and restricted cubic splines
were fitted with Cox proportional hazards regression
models. A median value for eHSBV (4.30 cP) was used
as a reference value in this analysis, and 4 knots
were placed at the fifth, 35th, 65th, and 95th percen-
tiles of eHSBV in accordance with previous
studies.’®° A histogram was drawn to display the
distribution of eHSBV. Supplemental analysis among
1,660 participants with measurement of all inflam-
matory markers (WBC, CRP, D-dimer, and IL-6) was
performed to compare the aHRs of biomarkers. WBC,
CRP, D-dimer, and IL-6 were all considered as cate-
gorical variables. WBC, CRP, and D-dimer were
divided into higher one-half and lower one-half, and
the median value was used for the cutoff range. For
IL-6, a cutoff value of 86 pg/mL was used to divide into
2 groups, based on a previous study. Analyses
including IL-6 excluded CRP as a covariate, owing to
collinearity.® Last, internal validity was assessed by
bootstrap analysis with 1,000 resampling datasets.
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TABLE 1 Descriptive Characteristics of the Study Population
High-Shear BV High-Shear BV High-Shear BV High-Shear BV
Quartile 1 (Lowest) Quartile 2 Quartile 3 Quartile 4 (Highest)
(n =1,405) (n =1,406) (n =1,405) (n =1,405) P Value
BV range, cP 3.01-4.00 4.00-4.24 4.24-4.53 4.53-9.86
Sex <0.001
Men 663 (46.2) 819 (58.3) 929 (66.1) 1,048 (74.6)
Women 742 (52.8) 587 (41.8) 476 (33.9) 357 (25.4)
Age, y 64.9 +£17.4 63.2 £17.0 62.8 £16.5 62.0 £17.3 <0.001
Race <0.001
White 536 (38.2) 359 (24.9) 314 (22.4) 279 (19.9)
Black 242 (17.2) 312 (22.2) 308 (21.9) 333 (23.7)
Asian 92 (6.6) 95 (6.8) 81(5.8) 69 (4.9)
Hispanic 311 (22.1) 387 (27.5) 429 (30.5) 443 (31.5)
Other 224 (15.9) 262 (18.6) 273 (19.4) 281 (20.0)
Comorbidity
HTN 458 (32.6) 472 (33.6) 484 (33.7) 437 (31.1) 0.424
DM 239 (17.0) 292 (20.8) 285 (20.3) 296 (21.1) 0.025
CKD 76 (5.4) 79 (5.6) 92 (6.6) 85 (6.1) 0.588
CAD 172 (12.2) 175 (12.5) 154 (11.0) 170 (12.1) 0.619
Admission date <0.001
3/1/2020-8/31/2020 622 (44.3) 689 (49.0) 742 (52.8) 771 (54.9)
9/1/2020-2/28/2021 568 (40.4) 523 (37.2) 479 (34.1) 429 (30.5)
3/1/2021-11/20/2021 215 (15.3) 194 (13.8) 184 (13.1) 205 (14.6)
Initial oxygen support device <0.001
Room air 487 (34.7) 401 (28.5) 345 (24.6) 322 (22.9)
NC or NRB or HFNC 827 (58.9) 890 (63.3) 888 (63.2) 888 (63.2)
BiPAP or CPAP 59 (4.2) 84 (6.0) 112 (8.0) 141 (10.0)
Intubated 32 (2.3) 31(2.2) 60 (4.3) 54 (3.8)
Anticoagulation 0.072
No anticoagulation 93 (6.6) 59 (4.2) 81(5.8) 76 (5.4)
Prophylactic dose 578 (41.1) 601 (42.8) 613 (42.6) 569 (40.5)
Therapeutic dose 734 (52.2) 746 (53.1) 711 (50.6) 760 (54.1)
No. of participants with lab data 1,006 1,094 1,116 1,136
WBC, x 103/uL 7.5+ 4.1 8.0+t44 8.5+ 3.9 94 +54 <0.001
CRP, mg/L 94.0 + 84.5 113.1 £ 87.1 124.1 £ 93.6 126.3 £ 96.9 <0.001
D-dimer, pg/mL 1.9 £ 31 25+ 4.0 26 +4.2 42 +6.2 <0.001
Values are n (%) or mean =+ SD, unless otherwise indicated.
BiPAP = bilevel positive airway pressure; BV = blood viscosity; CPAP = continuous positive airway pressure; CAD = coronary artery disease; CKD = chronic kidney disease;
CRP = C-reactive protein; DM = diabetes mellitus; HFNC = high-flow nasal cannula; HTN = hypertension; NC = nasal cannula; NRB = nonrebreather mask; SBP = systolic blood
pressure; WBC = white blood cell count.

Statistical significances were tested in a 2-sided
manner, with a P value of <0.05. Data collection
and statistical analyses were performed using SAS
Enterprise Guideline 8.3 (SAS Institute) and RStudio
version 4.0.5 (RStudio, PBC).

ETHICAL CONSIDERATION. This study was approved
by the Icahn School of Medicine at Mount Sinai
Institutional Review Board (number 20-03558). The
requirement for informed consent was waived, as the
individual data were strictly anonymized and dei-
dentified prior to distribution to researchers.

RESULTS

Table 1 shows the descriptive characteristics of the
study participants. The range of eHSBV was 3.01 to

4.00 cP, 4.00 to 4.24 cP, 4.24 to 4.53 cP, and 4.53 to
9.86 cP for the first, second, third, and fourth quar-
tiles of eHSBV, respectively. Participants in the
highest (fourth) eHSBV quartile were more likely to
be men, be Black or Hispanic, have a history of dia-
betes, and require oxygen support at the time of
presentation. Analysis of 4,352 participants who had
laboratory data for inflammatory markers within 24
hours of presentation noted that participants with
higher eHSBV tended to have higher inflammatory
markers (WBC, CRP, and D-dimer) at baseline.
Supplemental Table 1 shows the descriptive charac-
teristics of the study participants based on eLSBV.
Participants with higher eLSBV had similar charac-
teristics to those with eHSBV, and were more likely to
be men, be Hispanic, and require oxygen support at
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High-Shear BV High-Shear BV

TABLE 2 Association of High-Shear BV and Mortality Among COVID-19 Patients

High-Shear BV High-Shear BV

Quartile 1 (Lowest) Quartile 2 Quartile 3 Quartile 4 (Highest)
(n =1,405) (n =1,406) (n =1,405) (n =1,405) P for Trend

BV range, cP 3.01-4.00 4.00-4.24 4.24-4.53 4.53-9.86
Person-days 12,833 13,769 13,364 14,105
In-hospital deaths 193 238 260 332
aHR (95% CI)* 1.00 (reference) 1.27 (1.04-1.54) 1.23 (1.02-1.49) 1.53 (1.27-1.84) <0.001
aHR (95% CI)° 1.00 (reference) 1.21 (0.97-1.52) 1.16 (0.92-1.45) 1.50 (1.20-1.87) <0.001
aHR (95% CI)" 1.00 (reference) 117 (0.79-1.72) 1.14 (0.77-1.68) 1.60 (1.09-2.35) 0.020

The linear modeling results were an aHR of 1.36 (95% Cl: 1.19-1.55; P < 0.001) per 1-cP increase and an aHR of 1.18 (95% Cl: 1.10-1.26; P < 0.001) per IQR (0.53 cP) increase.
2aHRs calculated by Cox proportional hazards regression after adjustments for age, sex; hospital site; race; history of HTN, DM, CKD, and CAD; in-hospital statin use; anti-
coagulation therapy; date of admission; and measure of initial oxygen support. ®aHRs calculated by Cox proportional hazards regression after adjustments for age; sex; hospital
site; race; history of HTN, DM, CKD, and CAD; in-hospital statin use; anticoagulation therapy; date of admission; measure of initial oxygen support; and initial lab data (WBC,
CRP, and D-dimer). “Additionally adjusted for interleukin-6 and excluded CRP due to collinearity.

aHR = adjusted HR; COVID-19 = coronavirus disease-2019; other abbreviations as in Table 1.

the time of presentation, but there was no significant
difference in comorbidities according to eLSBV.

The association of eHSBV and in-hospital mortality
of COVID-19 patients is depicted in Table 2. Compared
with participants with the lowest eHSBV (quartile 1),
those with the eHSBV had a significantly higher risk
of death (aHR: 1.53; 95% CI: 1.27-1.84). This associa-
tion was consistent (aHR: 1.50; 95% CI: 1.20-1.87) with
additional adjustment for initial laboratory data
including WBC, CRP, and D-dimer. An increase in eBV
quartiles was also associated with higher mortality
(P for trend < 0.001). A 1-cP increase in eHSBV was
associated with a 36.0% (P < 0.001) increase in death.

Table 3 shows the association of eLSBV and death in
hospitalized patients for COVID-19. Similar to the
high-shear BV analysis, COVID-19 patients in the
highest quartile of eLSBV had higher mortality (aHR:
1.36; 95% CI: 1.14-1.64) compared with those in the
lowest quartile of eLSBV, and this association was also
consistent after additional adjustment for inflamma-
tory markers. A 1-cP increase in eLSBV was associated
with a 7.0% (P < 0.001) increase in mortality.

The unadjusted Kaplan-Meier survival curves ac-
cording to the quartiles of eHSBV are shown in the
Central Illustration and Figure 2. Participants with
higher eHSBV and eLSBV both had reduced survival
rates. The linear association between eHSBV and in-
hospital mortality is depicted in Figure 3. An in-
crease in eHSBV was associated with an increased risk
of mortality in hospitalized patients with COVID-19.

Results from the subgroup analyses are depicted in
Figure 4. Participants in the highest quartile of eHSBV
were consistently associated with a higher risk of
death compared with those in the lowest quartile of
eHSBV in multiple subgroups of age, sex, and
comorbidities. This association was more prominent
among participants who were Hispanic (aHR: 2.17;
95% CI: 1.44-3.26), diabetic (aHR: 1.85; 95% CI:
1.22-2.82), or without any comorbidities (aHR: 1.69;
95% ClI: 1.28-2.22). The Asian population (aHR: 0.66;
95% CI: 0.29-1.48) was the only exception and did not
show a significant difference in mortality between
participants within the highest and the lowest quar-
tiles of eBV.

Low-Shear BV Low-Shear BV

TABLE 3 Association of Low-Shear BV and Mortality Among COVID-19 Patients

Low-Shear BV Low-Shear BV

Quartile 1 (Lowest) Quartile 2 Quartile 3 Quartile 4 (Highest)
(n =1,405) (n =1,406) (n =1,405) (n =1,405) P for Trend

Blood viscosity range, cP 6.49-9.05 9.05-10.01 10.01-11.29 11.29-25.50
Person-days 13,016 13,456 13,547 14,052
In-hospital deaths 207 247 257 312
aHR (95% Cl)* 1.00 (reference) 1.24 (1.03-1.50) 1.13 (0.93-1.36) 1.36 (1.14-1.64) 0.004
aHR (95% CI)® 1.00 (reference) 1.24 (0.99-1.54) 1.08 (0.87-1.35) 1.32 (1.06-1.64) 0.045
aHR (95% CI)" 1.00 (reference) 1.39 (0.96-2.01) 1.09 (0.74-1.59) 1.32 (0.91-1.91) 0.349

Abbreviations as in Tables 1 and 2.

The linear modeling results were an aHR of 1.07 (95% Cl: 1.03-1.10; P < 0.001) per 1-cP increase and an aHR of 1.15 (95% Cl: 1.07-1.24; P < 0.001) per IQR (2.24 cP) increase.
2aHRs calculated by Cox proportional hazards regression after adjustments for age; sex; hospital site; race; history of HTN, DM, CKD, and CAD; in-hospital statin use;
anticoagulation therapy; date of admission; and measure of initial oxygen support. baHRs calculated by Cox proportional hazards regression after adjustments for age; sex;
hospital site; race; history of HTN, DM, CKD, and CAD; in-hospital statin use; anticoagulation therapy; date of admission; measure of initial oxygen support; and initial lab data
(WBC, CRP, and D-dimer). “Additionally adjusted for interleukin-6 and excluded CRP due to collinearity.
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Factors Contributing to Blood Hyperviscosity

Cytokines Acute Phase
S o0 Proteins
0% ° o°
« Fibrinogen * Heightened coagulability Micro and
High « Macroglobulins « Impaired fibrinolysis macrovascular
LUETNIEICINA o Immunoglobulins thrombosis

States « Plasminogen

activator inhibitor-1

Decreased Erythrocyte Deformability I"f;ﬁ;iigtirxgh;'::gatfigsd

Hospitalized Patient with COVID-19 According to
Estimated High-Shear Blood Viscosity
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4th Quartile 1405 1242 999 770 598 462 367 277 231 193 156 129 107

Choi D, et al. J Am Coll Cardiol. 2022;80(4):316-328.

Adjusted HRs (aHRs) calculated by Cox proportional hazards regression after adjustments for age; sex; hospital site; race; history of hypertension, diabetes mellitus,
chronic kidney disease, and coronary artery disease; in-hospital statin use; anticoagulation therapy; date of admission; measure of initial oxygen support; and initial lab
data (white blood cell count, C-reactive protein, and D-dimer). COVID-19 = coronavirus disease-2019.
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FIGURE 2 Kaplan-Meier Curves for Hospitalized Patients With COVID-19 According to Estimated BV

High-Shear Whole Blood Viscosity
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1.0 -
z 0.9 -
S 0.8
S
& 0.7
3
£ 0.6 -
& 0.5
0.4 - . : 1 |
(0] 5 10 15 20 25
Follow-Up Duration (Days)
Number at risk
1st Quartile 1,404 940 522 323 213 142 97
—— 2nd Quartile 1,406 943 558 328 207 142 102
—— 3rd Quartile 1,406 935 574 300 21 152 m
—— 4th Quartile 1,405 999 598 367 231 156 107
B Kaplan-Meier Curves for Hospitalized Patients With COVID-19 According to
Low-Shear Whole Blood Viscosity
1.0 -
2 0.9 1
S 0.8-
.g
& 0.7
E
£ 0.6 -
& 0.5
0'4 T T T T 1
0 5 10 15 20 25
Follow-Up Duration (Days)
Number at risk
—— 1st Quartile 1,404 940 522 323 213 142 97
2nd Quartile 1,406 943 558 328 207 142 102
—— 3rd Quartile 1,406 935 574 300 21 152 m
—— 4th Quartile 1,405 999 598 367 231 156 107

high-shear blood viscosity (BV) and (B) estimated low-shear BV.

Kaplan-Meier curves for in-hospital mortality among patients with coronavirus disease-2019 (COVID-19) according to (A) estimated
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FIGURE 3 Restricted Cubic Spline Showing Association Between eHSBV and In-Hospital Mortality
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at the 5th, 35th, 65th, and 95th percentiles of BV.

(A) Restricted cubic spline showing association between estimated high-shear blood viscosity (eHSBV) and in-hospital mortality.

(B) Histogram showing the distribution of eHSBV of the study participants. Models are adjusted for age; sex; hospital site; race; history of
hypertension, diabetes, chronic kidney disease, and coronary artery disease; in-hospital statin use; anticoagulation therapy; date of
admission; and measure of initial oxygen support. The solid line indicates HRs and shaded areas indicate 95% Cls. Four knots were placed

Supplemental Table 2 shows the aHRs for the in-
hospital mortality of major covariates and inflamma-
tory biomarkers. Higher age (aHR: 1.04; 95% CI: 1.04-
1.05), CRP level (aHR: 1.41; 95% CI: 1.19-1.67), and IL-6
level (aHR: 1.50; 95% CI: 1.15-1.96) were associated
with increased mortality. Higher levels of WBC
(P = 0.158) and D-dimer level (P = 0.070) did not
significantly alter the risk of in-hospital death after
adjustment for other inflammatory markers. Last,
bootstrap aHRs and 95% CIs are
Supplemental Table 3. Similar results were observed,
as participants in the highest quartile of eHSBV had

shown in

higher mortality compared with those in the lowest
quartile of eHSBV.

DISCUSSION

In this multihospital retrospective cohort study of
5,621 patients hospitalized for acute COVID-19, we
found that increased eHSBV and eLSBV were both
associated with higher in-hospital mortality. The
mortality associated risk per 1-cP rise in eHSBV was
reflected by a 36.0% increased risk of death

(P < 0.001). Similarly, 1-cP rise in eLSBV
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FIGURE 4 Association of eHSBV Mortality Patients According to Subgroups

AW Association of Estimated High-Shear Blood Viscosity and In-Hospital Mortality in COVID-19 Patients

According to Subgroups
Subgroup HR 95% CI
T

Age -

265 years quartile 1 4 1.00 (reference)
quartile 2 1—— 1.32 1.06-1.64
quartile 3 —— 1.30 1.05-1.61
quartile 4 0 == 1.50 1.22-1.85

<65 years quartile 1 1] 1.00 (reference)
quartile 2 —Ll— 113 0.74-1.74
quartile 3 —_——i 1.06 0.69-1.63
quartile 4 P—_— 1.72 1.15-2.58

Sex 1

Men quartile 1 1 1.00 (reference)
quartile 2 H—— 1.24 0.95-1.62
quartile 3 ——i 133 1.03-1.72
quartile 4 1 —— 1.53 1.20-1.95

Women quartile 1 . 1.00 (reference)
quartile 2 —_— 1.39 1.04-1.87
quartile 3 1 117 0.87-1.58
quartile 4 | —— 1.60 1.19-2.16

Race 0

White quartile 1 0 1.00 (reference)
quartile 2 H—— 1.31 0.92-1.86
quartile 3 = 1.43 1.01-2.02
quartile 4 —— 1.31 0.93-1.83

Black quartile 1 ¢ 1.00 (reference)
quartile 2 ————i 1.60 1.00-2.56
quartile 3 S — 1.63 1.02-2.59
quartile 4 1 ———y 1.76 1.12-2.77

Asian quartile 1 { 1.00 (reference)
quartile 2 . 1.01 0.45-2.25
quartile 3 T 0.93 0.39-2.21
quartile 4 0 0.66 0.29-1.48

Hispanic quartile 1 o 1.00 (reference)
quartile 2 —— 1.45 0.93-2.28
quartile 3 —_ 1.56 1.03-2.38
quartile 4 1 —_—— 217 1.44-3.26

Other races quartile 1 H 1.00 (reference)
quartile 2 ——————i 1.31 0.86-2.02
quartile 3 —_— 0.92 0.59-1.42
quartile 4 H——t— 1.47 0.96-2.25

Comorbidities H

Yes quartile 1 G 1.00 (reference)
quartile 2 1| — 144 1.10-1.88
quartile 3 H—e— 1.19 0.92-1.55
quartile 4 1 ——t 1.43 1.12-1.84

No quartile 1 { 1.00 1.00-1.00
quartile 2 —— 1.12 0.85-1.49
quartile 3 j—— 1.39 1.05-1.85
quartile 4 1 —— 1.69 1.28-2.22

Admission date '

3/2020-8/2020  quartile 1 { 1.00 (reference)
quartile 2 == 1.22 0.95-1.56
quartile 3 H——t 1.22 0.96-1.55
quartile 4 | — 1.46 1.16-1.84

9/2020-2/2021  quartile 1 ) 1.00 (reference)
quartile 2 —_— 1.39 0.93-2.07
quartile 3 e | 1.49 1.01-2.21
quartile 4 l —— 2.07 1.41-3.04

3/2021-11/2021 quartile 1 g 1.00 (reference)
quartile 2 —— 1.06 0.59-1.91
quartile 3 e 0.94 0.50-1.85
quartile 4 .—:—.—c 1.26 0.68-2.31
0.14 0.37 1.00 2.70 7.29
Adjusted HR (Log Scale)

(A,B) Adjusted HRs calculated by Cox proportional hazards regression after adjustments for age; sex; hospital site; race; history of hypertension, diabetes,
chronic kidney disease, and coronary artery disease; in-hospital statin use; anticoagulation therapy; date of admission; and measure of initial oxygen
support. COVID-19 = coronavirus disease-2019; CRP = C-reactive protein; eHSBV = estimated high-shear blood viscosity.

Continued on the next page
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FIGURE 4 Continued

Subgroup HR 95% CI

Statin Therapy i

Yes quartile 1 ! 1.00 (reference)
quartile 2 — 138 1.01-1.88
quartile 3 p—— 140 1.02-1.91
quartile 4 l—— 149 1.09-2.03

No quartile 1 ] 1.00 (reference)
quartile 2 L 118  0.92-1.52
quartile 3 e — 112 0.87-1.43
quartile 4 H T — 150 1.18-1.89

Anticoagulation v

No quartile 1 . 1.00 (reference)
quartile 2 1 0.63 0.11-3.59
quartile 3 + 249 0.84-7.43
quartile 4 : 257  0.86-7.71

Prophylactic quartile 1 4 1.00 (reference)
quartile 2 —_—— 1.35 0.99-1.86
quartile 3 —_— 1.06 0.77-1.45
quartile 4 I—————i 141  1.04-1.92

Therapeutic quartile 1 : 1.00 (reference)
quartile 2 1 —— 141  1.09-1.83
quartile 3 J—— 136 1.05-1.75
quartile 4 V —— 1.68  1.31-2.15

Initial oxygen support 1

None quartile 1 : 1.00 (reference)
quartile 2 —_t— 1.08 0.54-2.16
quartile 3 T 0.75 0.35-1.61
quartile 4 —_—tl 141 0.71-2.80

02 support without intubation quartile 1 ] 1.00 (reference)
quartile 2 V—— 149 1.16-1.90
quartile 3 1 ——i 141 1.10-1.80
quartile 4 V —— 156  1.23-1.98

Intubated quartile 1 : 1.00 (reference)
quartile 2 L ————— 113 0.56-2.25
quartile 3 —_— 1.64 0.85-3.15
quartile 4 L ————— 139 0.74-2.63

White blood cell count ,

High (27.40 x 103/uL) quartile 1 4 1.00 (reference)
quartile 2 —_——— 112 0.82-1.55
quartile 3 L 117  0.96-1.59
quartile 4 | i 145 1.07-1.95

Low (<7.40 x 103/uL) quartile 1 : 1.00 (reference)
quartile 2 H—— 1.25 0.90-1.74
quartile 3 _—— 1.28 0.89-1.83
quartile 4 —_—— 1.50 1.06-2.11

CRP 1

Higher half (292.5 mg/L) quartile 1 : 1.00 (reference)
quartile 2 —Lle— 1.09 0.83-1.44
quartile 3 —o—i 1.08 0.82-1.42
quartile 4 : [ — 1.55 1.17-2.04

Lower half (<92.5 mg/L) quartile 1 ¢ 1.00 (reference)
quartile 2 — 139 0.93-2.09
quartile 3 e 146 0.98-2.18
quartile 4 ———i 143 0.96-2.12

D-dimer !

Higher half (21.21 ug/mL) quartile 1 ] 1.00 (reference)
quartile 2 ————t 114 0.86-1.52
quartile 3 H—— 119 0.90-1.58
quartile 4 | — 147 1.12-1.93

Lower half (<1.21 ug/mL) quartile 1 ! 1.00 (reference)
quartile 2 —_—— 1.28 0.86-1.89
quartile 3 e — 1.01 0.68-1.50
quartile 4 D —— 1.74  1.17-2.59

0.14 0.37 1.00 2.70 7.29

Adjusted Hazard Ratio (Log Scale)
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demonstrated a 7% increased risk of death
(P = 0.045). The associations between elevated eBV
and mortality remained consistent among various
subgroups of age, sex, the presence of cardiovascular
or metabolic comorbidities, values of inflammatory
laboratory markers, and in-house pharmacotherapy.

To date, previous trials investigating the associa-
tion of blood hyperviscosity and COVID-19 have
been limited by small sample size and limited data
on clinical outcomes.’™?° Our study is the first
large-scale, investigation aimed at
determining the prognostic value of WBV in pre-
dicting all-cause mortality among patients hospital-
ized for COVID-19. To our knowledge, there is only
1 previous study that investigated the association
of WBV and mortality, but this was a long-term
prospective population-based study.® In the Scot-
tish Heart Study, a higher WBV predicted a higher
mortality, but this association was not statistically

multicenter

significant after adjustment of multiple covariates.
In contrast, our study was conducted among
hospitalized patients with acute viral illness and
evaluated in-hospital mortality, which has not been
investigated before.

WBYV is a clinically validated measure of blood
rheology’ contributing to endothelial damage,
atherogenesis, plaque growth, and plaque rupture.?
WBV is chiefly determined by hematocrit, plasma
viscosity, erythrocyte aggregation, and erythrocyte
deformability.” As whole blood is a non-Newtonian
fluid, WBV varies as a function of shear rate.”**?3
Low shear rates (5 seconds™) contribute to erythro-
cyte aggregation and microvascular ischemia, while
high shear rates (300 seconds™) induce endothelial
damage to the vessel wall and promote plaque
instability.>* In both circumstances, hyperviscosity is
directly implicated with impaired microcirculatory
perfusion and vascular damage.??:2%2°

In the setting of COVID-19, inflammation contrib-
utes to increases in WBV. High concentrations of
acute-phase proteins increase plasma viscosity
through their large molecular mass, and in the case of
fibrinogen, asymmetry.?”?® Additionally, as inflam-
matory proteins are positively charged, interactions
of erythrocytes are altered, resulting in impaired red
blood cell deformation and increased aggregation.” A
recent study of rheological profiles of 172 hospitalized
COVID-19 patients in Lyon, France, found that shear
rates in excess of 500seconds™ were needed to
disrupt red blood cell aggregates in this cohort.”®
Last, activation and overexpression of tissue factor
activated by proinflammatory cytokines has been
implicated in further coagulopathy and alterations of
blood flow.
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Our study found that BV predicted mortality in
models that adjusted for IL-6, CRP, D-dimer, and
other biomarkers routinely used for risk stratification
of hospitalized patients with COVID-19. While CRP
and IL-6 levels were associated with increased mor-
tality (aHR: 1.41 and 1.50, respectively), participants
in the highest quartiles of high-shear eBV had an aHR
of 1.50 (95% CI: 1.15-1.96) even after adjustment for
these biomarkers (Supplemental Table 2).

Higher eHSBV and eLSBV were both associated
with increased inpatient COVID-19 mortality in our
study (Tables 2 and 3), but the result of eLSBV was not
statistically significant after adjustment for inflam-
matory biomarkers including IL-6 (Table 3). Although
this statistical insignificance can be attributed to the
decrease in the number of study participants, the
result from eHSBV was still significant and showed a
stronger association with mortality compared with
eLSBV. Similarly, high-shear viscosity was more
associated with mortality, with a 1-cP increase
in eHSBYV reflecting a 36.0% increased risk of death
(P < 0.001) when compared with 7.0% for eLSBV
(P = 0.045). Future investigations may be warranted
into the pathological mechanisms and differences of
high- and low-shear blood hyperviscosity in the
setting of COVID-19. Nevertheless, the association of
eBV with mortality remained consistent despite dif-
ferences in age, sex, presence of cardiovascular or
metabolic comorbidities, values of inflammatory lab-
oratory markers, use of statins, and administration of
heparins. Based on these findings, we report that
blood hyperviscosity at both high and low shear
contribute to mortality independently from other
established COVID-19 risk factors. We suggest that BV
may be more physiologically relevant with respect to
immune-mediated thrombosis, which characterizes
acute and subacute COVID-19 infections.

Among variables associated with increased WBV,
our study found that male sex accounted for 74.6% of
the subjects in the top quartile of eBV but only 46.2%
of the subjects in the bottom quartile of eBV, which is
likely due to the increased hematocrit of men as
compared with women.>° As WBV increases logarith-
mically with rising hematocrit, small variations of this
variable can have profound rheological differences.*’
The impact of increased hematocrit on hypervis-
cosity may explain, in part, why men carry a higher risk
of severe disease and death from COVID-19 than
women.>” While men were more likely to have an
elevated eBV, the risk of mortality with rising eBV
remained increased for all genders. Additionally, we
found a strong correlation between eBV and mortality
among patients without cardiovascular or metabolic
comorbidities (aHR: 1.69; 95% CI: 1.28-2.22). This
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finding supports the use of WBV to prognosticate
the outcome, especially among those without comor-
bidities or with traditionally low risk factors for in-
hospital death.

We failed to observe the same association between

WBYV and mortality among the Asian population. The
Asian population accounted for the least number of
COVID-19 patients hospitalized in our study (6.0%),
and we may not have enough events to observe a
statistical difference. Additionally, as the Asian pop-
ulation has the lowest incidence of thromboembolic
disease,>* we hypothesize that the Asian population
may have intrinsic protective mechanisms against the
effect of blood hyperviscosity. Future studies evalu-
ating the impact of racial difference on COVID-19
clinical outcomes are merited.
STUDY LIMITATIONS AND STUDY STRENGTHS. First,
eBV was calculated and not directly measured. In our
analysis, we employed the Walburn-Schneck model to
determine eBV, which has been demonstrated to have
an R? statistic of 91% when validated on a Wells-
Brookfield viscometer.”’> In a separate study con-
ducted on 58 COVID-19 patients, a Hemathix scanning
capillary viscometer (Health Onvector) was utilized to
measure WBV across a complete range of shear rates.
Using these data, investigators found that although
eBV calculated by the Walburn-Schneck model tends
to underestimate WBYV, particularly at a low shear
rate, there was a moderate-to-high correlation be-
tween WBV and eBV.° Despite these validation
studies, the use of eBV, rather than measured BV, in-
troduces variability, reduces accuracy, and may fail to
capture variables that otherwise contribute to
rheology. Future investigations may explore
improved algorithms or may seek to determine the
association of directly measured WBV and COVID-19
mortality. Second, owing to the evolving nature of
the pandemic, our study included patients who
differed with regard to viral variants, vaccination
status, hospital protocol, and disease severity. We
attempted to take this into account by using initial
measure of oxygen support as a major covariate to
represent disease severity and admission date to
reflect changes in viral variants or vaccination status.
Third, as a nature of observational retrospective, there
might be unrecognized confounders that potentially
impact the association. Although we tried to consider
multiple possible covariates, future prospective
studies will be needed to confirm the findings.

Despite the previous limitations, our study has
multiple strengths. This is the first study to investi-
gate the impact of blood hyperviscosity on COVID-19
mortality. We included a large number of hospital-
ized COVID-19 patients and took account of multiple
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comorbidities, demographic factors and in-house
treatment. Laboratory data including major inflam-
matory markers were considered, and the result was
consistent among multiple subgroups.

CONCLUSIONS

While COVID-19 is chiefly recognized as a respiratory
illness, there is a growing body of evidence demon-
strating the burden of endothelial dysfunction and
vasculopathy on disease outcome. Overall, our find-
ings demonstrate a significant association between
inflammation, WBV, and the risk of COVID-19-associ-
ated mortality. As new emerging antiviral agents
suggest benefits in patients at high risk of progressing
to severeillness,>** identifying high-risk populations
in the earlier stage of the disease becomes crucial.
From a translational perspective, the variables to
calculate eBV (hematocrit, albumin, and total protein)
are readily available to practitioners and are easily
obtained from most admission labs, suggesting a
possible use of eBV as an efficient and simple risk
assessment of patients with COVID-19 to offer proper
preventive therapy. Additionally, further studies
investigating the impact of targeted reduction of WBV
are merited given the association between eBV and
mortality.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL
SKILLS: Elevated whole blood viscosity is associated with
increased in-hospital mortality in patients with COVID-19.

WBV.

TRANSLATIONAL OUTLOOK: Additional research is needed to
understand the mechanisms responsible for the association of BV
with clinical outcomes in patients with COVID-19 and evaluate the
efficacy and safety of therapeutic interventions aimed at reducing
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