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Abstract Prior research has identified abnor-
mal platelet procoagulant responses in COVID-19.
Coated-platelets, a form of procoagulant platelets,
support thrombin formation and are elevated in
ischemic stroke patients with increased risk for recur-
rent infarction. Our goal was to examine changes in
coated-platelet levels over the course of COVID-19
infection and determine their association with disease
severity, thrombosis, and death. Coated-platelet lev-
els were assayed after admission and repeated weekly
in COVID-19 patients, and in COVID-19 negative
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controls. Receiver operator characteristic (ROC) anal-
ysis was used to calculate area under the curve (AUC)
values for a model including baseline coated-platelets
to predict death. Kaplan—Meier and Cox proportional
hazards analysis was used to predict risk for death at
90 days. We enrolled 33 patients (22 with moderate
and 11 with severe infection) and 20 controls. Base-
line coated-platelet levels were lower among moder-
ate (mean+SD; 21.3+9.8%) and severe COVID-
19 patients (28.5+11.9%) compared to controls
(38.1+£10.4%, p<0.0001). Coated-platelet levels
increased during follow-up in COVID-19 patients
by 7% (relative) per day from symptom onset (95%
CI 2-12%, p=0.007). A cut-off of 33.9% for coated-
platelet levels yielded 80% sensitivity and 96% speci-
ficity for death at 90 days, with resulting AUC of
0.880 (95% CI 0.680-1.0, p=0.0002). The adjusted
hazard ratio for death in patients with coated-platelet
levels>33.9% was 40.99 when compared to those
with levels <33.9% (p<0.0001). Platelet procoagu-
lant potential is transiently decreased in most patients
during COVID-19; however, increased baseline plate-
let procoagulant levels predict death. Defining the
mechanisms involved and potential links with aging
may yield novel treatment targets.
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Thrombosis - Aging
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Introduction

SARS-CoV-2 infection and its associated clinical
disease, COVID-19, are associated with an aggres-
sive hypercoagulable state, resulting in high rates
of deep vein thrombosis and pulmonary embolism
despite the use of standard anticoagulant prophy-
laxis [1, 2]. While severe forms of COVID-19 tend
to disproportionately affect the elderly [3], elevated
rates of ischemic stroke, myocardial infarction, and
peripheral arterial thromboembolism have also been
reported, even in younger patients without vascular
risk factors [4-9].

Growing evidence supports the role of dysfunc-
tional platelet reactivity in the hypercoagulability
associated with COVID-19. Altered platelet activa-
tion and aggregation due to high levels of inflam-
matory mediators and immune complexes have
been reported [10-12]. Autopsy studies have also
revealed widespread presence of megakaryocytes
and platelet-rich thrombi within small vessels of
the hearts, kidneys, and lungs of patients who died
of COVID-19 [13-15]. Platelets, known to interact
with leukocytes and endothelial cells, are visual-
ized within neutrophil extracellular traps (NETSs)
in COVID-19 lung vessels, implicating platelets as
co-mediators of lung damage in acute respiratory
distress syndrome (ARDS) [16]. Taken together,
these findings support a role for abnormal plate-
let responses contributing to severe pathology in
COVID-19.

Coated-platelets, a subset of platelets produced
after co-activation with collagen and thrombin, dis-
play enhanced retention of procoagulant proteins on
their surface and support thrombin generation [17,
18]. Main characteristics of these activated platelets
include surface expression of phosphatidylserine,
mitochondrial depolarization, and increased reten-
tion of procoagulant proteins, such as fibrinogen,
thrombospondin, factor V, fibronectin, and von
Willebrand factor [17-20].

In healthy controls, approximately 30% of cir-
culating platelets express the coated-platelet phe-
notype upon dual agonist stimulation ex vivo,
although the range of individual coated-platelet
levels produced is broad and stable over time
[21]. Higher levels of coated-platelets are associ-
ated with increased risk of recurrent stroke both
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in large-artery cerebrovascular disease and small-
vessel (lacunar stroke) [22, 23] and lower levels are
associated with bleeding risk [24-28].

Coated-platelet potential is modified by inflam-
mation, with dramatic increases noted after anti-viral
immunization in experimental animals [18]. Similar
associations in human populations include positive
linear correlations between C-reactive protein and
coated-platelet levels among dialysis patients [29],
and associations between IL-17A and coated-platelet
levels in patients with cerebrovascular disease [30].
Together, these findings suggest that the coated-plate-
let procoagulant phenotype participates in immuno-
thrombosis, and may play a role in the hypercoagula-
bility in SARS-CoV-2 infection. We now characterize
changes in coated-platelet potential over the course of
SARS-CoV-2 infection and determine their associa-
tion with the presence and severity of SARS-CoV-2
infection and with the risk of thrombotic events and
death.

Methods and patients

This prospective cohort study was performed at the
Veterans Administration Medical Center (VAMC) in
Oklahoma City, and was approved by the Institutional
Review Board of the University of Oklahoma Health
Sciences Center. In accordance with the ethical
standards laid down in the Declaration of Helsinki,
all subjects or their legally authorized representative
provided signed informed consent if the patient was
unable to provide signed consent.

Hospitalized subjects with COVID-19 as well as
age- and gender-matched hospitalized control sub-
jects without COVID-19 were enrolled. For analysis,
COVID-19 subjects were further classified a priori as
severe if they were admitted to the intensive care unit,
intubated, or died; otherwise, they were classified as
moderate COVID-19.

Inclusion criteria for COVID-19 patients consisted
of the following: (1) PCR-documented SARS-CoV-2
infection, (2) ability to provide informed consent
(from patient or legally authorized representative),
and (3) no contraindication for blood draw as judged
by the primary treating medical team. Inclusion crite-
ria for controls consisted of the following: (1) PCR-
documented negative for SARS-CoV-2 infection and
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(2) ability to provide individual-signed informed
consent.

Blood samples were obtained at the time of enroll-
ment and then repeated weekly during inpatient stay
and subsequent outpatient follow-up, if applicable.
Coated-platelets were assayed as previously reported
[23, 31]. Briefly, platelet-rich plasma was activated
simultaneously with thrombin and convulxin. The
percentage of platelets with bound biotin-fibrinogen
is reported as the coated-platelet level. Laboratory
staff members performing the coated-platelet assay
were blinded to disease status (COVID-19 positive or
negative) and any clinical outcomes.

Outcomes included the following: (1) ST elevation
MI, (2) non-ST elevation MI (NSTEMI), (3) myo-
cardial injury, (4) transient ischemic attack (TIA)/
stroke, (5) pulmonary embolism (PE), (6) deep vein
thrombosis (DVT), and (7) death. MI was defined
as a rise and/or fall in troponin I, with at least one
value >0.04 ng/mL, and any one or more of the fol-
lowing: symptoms of myocardial ischemia, new
ischemic electrocardiographic changes or Q waves,
imaging evidence of new regional wall motion
abnormalities or loss of viable myocardium in a
pattern consistent with ischemia, and/or evidence
of a coronary thrombus via angiography, intrac-
oronary imaging modalities, or by autopsy. Type I
and II were differentiated by the suspected underly-
ing mechanism: primary plaque rupture in type I, a
primary pathologic process unrelated to coronary
thrombosis that results in myocardial oxygen supply
and demand mismatch in type II. Lastly, myocardial
injury was defined as a rise and/or fall in troponin I,
with at least one value >0.04 ng/mL, not meeting any
of the aforementioned criteria [32]. TIA was defined
as any transient neurological deficit without imaging
evidence of infarction [33]. Stroke was defined as a
new, sudden-onset, persistent focal neurological defi-
cit lasting more than 24 h, confirmed by imaging, that
could not be attributed to a mass or hemorrhage [34].
PE and DVT were classified as definite if confirmed
by objective imaging, or suspected based on clinical
presentation when imaging was not possible. Cause
of death for all subjects was determined by review of
medical records, including death certificates.

All outcomes were established at time of occur-
rence by the treating physician, who was not involved
in the study, and retrieved by chart review. Final

adjudication for each outcome was confirmed by a
consulting specialist (C.I.P., S.T., K.R.J, S.M.), who
was blinded to coated-platelet levels, and recorded in
the medical record. Any disagreements were resolved
by a blinded adjudicator (MHK or MR) if required.

Sample size estimates and statistical analysis

Sample size was calculated using MedCalc soft-
ware, Version 19.7 for Windows (MedCalc Software,
Ostend, Belgium). We assumed that 20% of subjects
would be classified as high risk and 80% as low risk
with an overall rate of events of 60% in the high-risk
group and 10% in the low-risk group [1, 2, 5]. Using a
two-tailed test, p value of 0.05, and power of 0.8, our
estimated sample size was 30 [35].

Baseline characteristics were compared between
subjects with moderate and severe COVID-19 and
non-infected controls using ANOVA or Chi-square
tests (or Fisher’s exact tests) as appropriate. Mean
coated-platelet levels were compared across infected
and control groups using one-way ANOVA and rela-
tionships with other clinical variables were assessed
using Spearman correlations. Changes in coated-
platelet levels over time were estimated using lin-
ear mixed models to analyze the change in coated-
platelets levels by time and by outcome groups with
adjustment for covariates. Receiver operator char-
acteristic (ROC) analysis was used to calculate area
under the curve (AUC) values for a model including
coated-platelets to predict severe complications or
death. A binary coated-platelet cut-point was then
identified using Youdon’s index for normally distrib-
uted variables. Freedom from death at 90 days was
determined by Kaplan—Meier and Cox proportional
hazards analysis. Statistical analyses were performed
using SAS software, Version 9.4 of the SAS System
for Windows (SAS Institute Inc., Cary, NC, USA),
R (version 4.0.3) for Windows [36], and GraphPad
Prism version 9.0.2 for Windows (GraphPad Soft-
ware, Sand Diego, CA, USA, www.graphpad.com).

Results
Thirty-three subjects with PCR-positive SARS-

CoV-2 infection (22 with moderate COVID-19 and
11 with severe COVID-19) and 20 hospitalized
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control subjects were enrolled between September Age, gender, and race were similarly distributed
1, 2020, and February 12, 2021. between moderate COVID-19, severe COVID-19,
and hospitalized control groups (Table 1). Vascular

Table 1 Demographics, comorbidities, clinical features, selected medications, and hematological variables for controls and COVID-
19 patients divided into moderate and severe groups

Baseline variables* Controls Moderate COVID-19 Severe COVID-19 P value*
(n=20) (n=22) (n=11)
Age (years, mean (SD)) 66.9 (10.1) 65.7 (13.2) 70.7 (14.1) 0.54
Male, n (%) 18 (90) 19 (90) 11 (92) 0.99
Race/ethnicity, n (%) 0.84
White 15 (75) 14 (63) 7 (64)
African American 2 (10) 523) 2 (18)
Hispanic 0(0) 1(5) 0(0)
Native American 3(15) 209) 2 (18)
Smoking, n (%) 6 (30) 8 (36) 4 (36) 0.93
Hypertension, n (%) 15 (75) 17 (77) 9 (82) 0.84
Hypercholesterolemia, n (%) 9 (45) 12 (55) 8 (73) 0.46
Coronary artery disease, n (%) 8 (40) 9 (41) 7 (64) 0.60
Previous stroke/TIA 2 (10) 2(9) 1(9) 0.99
Body mass index, mean (SD) 314 (74) 34.7 (8.1) 30.1 (6.0) 0.18
Chronic lung disease, n (%) 11 (55) 12 (55) 3(27) 0.16
Diabetes, n (%) 12 (60) 13 (59) 8 (73) 0.93
Hematological parameters, mean (SD)
Baseline coated-platelets (%) 38.1(10.4) 21.3(9.8) 28.5(11.9) <0.0001
Baseline WBC, K/mm’® 8.7 (3.9) 9.8 (4.3) 8.1 (4.0) 0.70
Baseline platelet count, K/mm? 264.9 (159.9) 273.2 (85.9) 253.6 (83.8) 0.90
Baseline MPV, fl 9.9 (1.0) 10.5 (0.7) 10.1 (0.9) 0.07
Selected medications, n (%)
Aspirin 12 (60) 8 (36) 5 (45) 0.34
Clopidogrel 1(5) 1(5) 0(0) 0.99
SSRIs 5(25) 6 (27) 4 (36) 0.92
Statins 8 (40) 10 (45) 7 (64) 0.64
Remdesivir — 15 (68) 11 (100) 0.22
Convalescent plasma — 8 (36) 7 (64) 0.26
Dexamethasone — 18 (82) 11 (100) 0.99
Presentation symptoms, n (%) 0.10
Upper respiratory infection 0(0) 3(13) 1(9)
Pneumonia 1(5) 18 (82) 8 (73)
Cardiovascular disease 4 (20) 1(5) 0 (0)
Bacterial infection 7 (35) 0 (0) 00
Orthopedic surgical 4 (20) 0(0) 2 (18)
Gastrointestinal disease 3(15) 0(0) 0 (0)
Diabetic ketoacidosis 1(5) 00 19

Data summarized using mean and standard deviation (SD) or count (%)
WBC white blood cell count; MPV mean platelet volume

“P values reported reflect comparisons between groups of patients using ANOVA or Chi-squared/Fisher’s exact test
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risk factors and pertinent medications were not
significantly different among the groups (Table 1).
Moderate COVID-19 and severe COVID-19 sub-
jects most often presented with pneumonia (18
(85%) and 8 (66%), respectively) whereas hospital-
ized controls were admitted with bacterial infec-
tions (7), cardiovascular disease (4), orthopedic sur-
gery intervention (4), gastrointestinal disease (3), or
diabetic ketoacidosis (1).

Follow-up was shorter for severe COVID-19
and hospitalized controls as compared to moder-
ate COVID-19 subjects (mean+SD, 19.4+13.7 vs.
96.7+52.9 vs. 134.8 +47.0 days, p<0.0001). Time
between hospital admission and blood sampling was
longer for hospitalized control subjects as compared
to severe COVID-19 and moderate COVID-19 sub-
jects (21.7+29.6 vs. 9.3+12.2 vs. 4.7+4.0 days,
p=0.022). Two (10%) hospitalized controls and 10
(83%) severe COVID-19 subjects required intensive
care unit admission during hospitalization. Five
severe COVID-19 subjects (42%) and 1 hospitalized
control (5%) required mechanical ventilation. Four
severe COVID-19 subjects (33%) developed acute
respiratory distress syndrome compared to none

of the moderate COVID-19 or hospitalized control
subjects.

Two pulmonary embolism events (one confirmed
and one highly suspected but unable to be confirmed)
were noted among the severe COVID-19 and moder-
ate COVID-19 subjects, respectively. A portal vein
thrombus and a chronic lower extremity deep vein
thrombus (DVT) were identified among the hospital-
ized control subjects, whereas one upper-extremity
DVT was diagnosed among the severe COVID-19
subjects. Four moderate COVID-19 (19%) and 5
severe COVID-19 (42%) subjects developed myo-
cardial injury vs. 4 (20%) hospitalized control sub-
jects. One moderate COVID-19 subject developed
a TIA at 96 days after symptom onset and 61 days
after discharge. Four hospitalized controls (20%) and
1 severe COVID-19 subject (8%) developed major
bleeding events. Four hospitalized controls (20%)
and 5 severe COVID-19 subjects (42%) died. Of the
5 fatal COVID-19 cases, 2 resulted from progressive
hypoxia that did not respond to maximal treatment
efforts, 2 were unexpected deaths and occurred sud-
denly after initial recovery and hospital discharge,
and 1 occurred in a moderately severe elderly patient
who elected for hospice care early in the hospital

Table 2 Clinical course of subjects who died of COVID-19 (all confirmed with SARS-CoV-2 by PCR)

Case 1. 86-year-old man with hypertension and hyperlipidemia, admitted with fever and upper respiratory symptoms. He developed
pneumonia and was intubated 13 days after admission. He remained intubated until his demise 14 days later, while developing
bradycardia and severe hypotension requiring use of multiple pressor agents, in conjunction with antibiotic treatment, dexa-
methasone, remdesivir, and convalescent plasma. He had myocardial injury but did not have a myocardial infarction. Chest CT
angiogram and lower extremity venous ultrasound were unrevealing. After continued lack of improvement in his respiratory and

cardiovascular status, he was extubated palliatively

Case 2. 88-year-old man with hypertension and dementia, admitted from a long-term care facility for fever. He had pneumonia
requiring low level supplemental oxygen, with gradual improvement until discharge 15 days after admission, after receiving
dexamethasone, remdesivir, and antibiotics. He remained stable, afebrile, and without oxygen requirements until 2 weeks after
discharge, when he had sudden onset and rapidly worsening dyspnea leading to his demise 24 h later

Case 3. 89-year-old man with hypertension, coronary artery disease, chronic kidney disease, diabetes, and prior stroke presented
with cough and fever. He developed pneumonia and was treated with dexamethasone, remdesivir, and antibiotics with improvement
in physical symptoms but persistent confusional state over 3 weeks. He remained stable, afebrile, and without oxygen requirements

for 1 week prior to his sudden demise

Case 4. 68-year-old man with hypertension, coronary artery disease, diabetes, hyperlipidemia, and chronic lung disease, with hip
fracture after a fall and upper respiratory symptoms. He underwent hip fracture repair, was transferred to the medical floor, and was
treated with dexamethasone, remdesivir, and antibiotics. He developed 3 episodes of fever, tachycardia, and tachypnea associated
with hypoxia with increasing oxygen requirements until the patient was on high volume oxygen. Swallowing evaluation had been
normal. The third episode was fatal despite resuscitation attempts. Chest CT angiogram, lower extremity venous ultrasound, and

serial troponin levels were all unrevealing

Case 5. 73-year-old man with hypertension, coronary artery disease, diabetes, end-stage renal disease, and renal transplant, who
presented with shortness of breath, weakness, and mild cough. He developed pneumonia, deteriorated rapidly, and was intubated
shortly after admission. There was no improvement after treatment with dexamethasone, remdesivir, and antibiotics, and passed

14 days later
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course (see Table 2 for a brief description of subjects
who died).

Baseline coated-platelet levels were signifi-
cantly lower among moderate COVID-19 and severe
COVID-19 patients compared to hospitalized control
subjects (21.3+9.8 vs. 28.5+11.9 vs. 38.1+10.4%,
p<0.0001, Fig. 1). Among COVID-19 subjects,
coated-platelet levels increased during follow-up
by an average of 7% (relative) per day from symp-
tom onset (95% CI, 2-12%, p=0.007) after control-
ling for age, gender, race, and COVID-19 severity
(Fig. 2). Throughout the entire follow-up period,

60

— o
é e®%e
o °
()

4 407
o LI 4
@ e8¢
)

el

8 °
o

'c .

S 207 ¢
i

©

(@)

O

Fig. 1 Distribution of baseline coated-platelet levels in
patients with moderate COVID-19, severe COVID-19, and
COVID-19 negative controls. Scatter plot showing coated-
platelet levels, measured as percentage of the total platelets, in
33 patients with COVID-19, separated into moderate (n=22)
and mild disease (n=11) categories, and hospitalized COVID-
19 negative controls (n=20). Mean (+standard deviation)
coated-platelet levels are lower among moderate COVID-
19 and severe COVID-19 patients compared to hospitalized
control subjects (21.3+9.8 vs. 28.5+11.9 vs. 38.1+10.4%,
p<0.0001)
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Fig. 2 Changes in coated-platelet levels during follow-up
in COVID-19 patients. Coated-platelet levels in COVID-19
patients increased during the entire period of follow-up by
an average of 7% per day from the reported date of symptom
onset (95% CI, 2-12%, p=0.007)

coated-platelet levels were, on average, 13.95%
higher at any day from symptom onset among
COVID-19 subjects who died compared to those who
survived, after adjusting for age, gender, BMI, and
race (p=0.021). No significant difference in coated-
platelet levels was detected between moderate and
severe COVID-19 subjects (p=0.308) who survived.
Coated-platelet levels were not significantly associ-
ated with any pre-specified individual or composite
thrombotic outcome.

ROC analysis was performed to determine the pre-
dictive value of baseline coated-platelet levels among
subjects with COVID-19 for death at 90 days after
restricting the analysis to 30 subjects whose platelet
samples were drawn within 10 days of admission.
The resulting AUC was 0.880 (95% CI 0.680-1.0,
p=0.0002), where a cut-point of>33.9% coated-
platelet levels was 80% sensitive and 96% specific for
death at 90 days. Cox proportional hazard analysis
was performed for predicting risk of death at 90 days
using a coated-platelet cut-point of>33.9% for the
high coated-platelet group. This revealed a 40.99
increased hazard rate of death in the high (n=35) as
opposed to the low (n=25) coated-platelet group
(Log Rank yx*=25.80, p<0.0001, Fig. 3).
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Fig. 3 Probability of survival at 90 days among COVID-
19 patients. Five deaths occurred in COVID-19 patients: 4 in
patients with coated-platelet levels>33.9% (red line) and one
in a patient with coated-platelet levels <33.9% (blue line). The
curves differ, log-rank chi-square =25.80, p<0.0001

Among demographics and clinical factors, we
have found that only increased age was also associ-
ated with an increased risk for death, with an AUC of
0.836 (95% CI 0.636-1, p=0.01). There was no sig-
nificant association between age and coated-platelet
levels (p=0.3).

Discussion

Our results show that coated-platelet levels are sig-
nificantly lower among hospitalized subjects with
moderate to severe COVID-19 compared to hospi-
talized controls without COVID-19. Moreover, the
lower levels noted in COVID-19 subjects increased
steadily over time after symptom onset. We have also
demonstrated that higher coated-platelet levels within
10 days of hospital admission with COVID-19 are
associated with a significant 40.99 increased hazard
of death at 90 days.

Several other groups have also demonstrated
decreased expression of characteristics associated
with the platelet procoagulant phenotype in subjects
with COVID-19. Denorme et al. [37] detected sig-
nificantly lower phosphatidylserine (PS) externaliza-
tion, reflected by annexin V binding, and decreased
mitochondrial depolarization after dual agonist stim-
ulation in COVID-19 subjects compared to healthy
control subjects. A statistically significant increase
in mitochondrial reactive oxygen species (ROS) was
also detected in resting platelets from COVID-19
subjects compared to resting platelets from normal
controls in this study [37]. Unlike the platelets from

normal controls, levels of ROS failed to increase
further after dual agonist stimulation in COVID-19
patients, suggesting that partial activation at baseline
may have prevented further changes after dual agonist
stimulation.

Others have also demonstrated altered plate-
let expression of activated ollb/B3 integrin in sub-
jects with COVID-19. While platelet expression of
the active form of this fibrinogen receptor, based
on PAC-1 binding, did not differ between COVID-
19 patients and controls [38], Taus et al. demon-
strated that stimulating platelets from COVID-19
subjects with collagen results in a 60% decrease in
PAC-1 binding compared to controls [38]. Manne
et al. similarly showed decreased procaspase activat-
ing compound-1 (PAC-1) binding after stimulation
with 2-methylthio-ADP, thrombin receptor activat-
ing peptide, and collagen binding protein at both low
and high levels [39]. As suggested by Taus and col-
leagues [38], it is possible that these findings may be
secondary to inactivation of the olIb/B3 integrin by
fibrinogen or fibrin binding in a negative feedback
mechanism, similar to findings in influenza and strep-
tococcal pneumonia.

Two additional groups have also independently
shown increased PS externalization on resting plate-
lets in COVID-19 patients requiring ICU manage-
ment compared to non-ICU COVID patients or
normal controls [12, 39]. Notably, one of these stud-
ies (Althaus et. al.) linked modest increases in PS
externalization on resting platelets to higher rates
of thrombosis and increased SOFA scores [12].
Increases in PS externalization were not identified by
Denorme et al., most likely due to their inclusion of
mild to moderate COVID-19 subjects not requiring
ICU management [37]. Interestingly, Althaus et al.
were able to demonstrate through a series of addi-
tional experiments evidence of platelet activation in
COVID-19 subjects mediated by platelet FcyRIIA
receptor binding by IgG, although antigen specificity
of these antibodies remains unknown [12]. Neverthe-
less, their results also suggest that partial activation of
circulating platelets may occur via circulating IgG or
IgG immune complexes, which may limit further pro-
coagulant platelet formation upon dual agonist stimu-
lation ex vivo.

Other measures of platelet activation have been
identified in subjects with COVID-19. Specifically,
increased platelet P-selectin expression on resting
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platelets and in response to platelet agonists [38—41],
increased platelet-leukocyte aggregates [38, 39],
increased binding, and platelet spread on collagen
and fibrinogen coated surfaces [39, 40], and increased
aggregation with low levels of platelet agonists
[38—40] have been reported in patients with COVID-
19 as compared to healthy donors. It is possible that
such activation may predispose platelets in COVID-
19 patients for aggregation and adhesion rather than
formation of procoagulant platelets, a property that
has been demonstrated for coated-platelet formation
in other work [42, 43].

In addition to confirming decreased expression
of procoagulant platelets in COVID-19, our results
extend these previous findings by showing that
decreased procoagulant potential in COVID-19 is
transient, and that higher levels, rather than lower
levels, are highly associated with hazard of death.
Because extremes in coated-platelet levels have been
associated with occurrence of both thrombotic (ele-
vated levels) and hemorrhagic complications (lower
levels) in prior studies [22, 26-28, 44], knowledge of
an individual’s platelet procoagulant potential during
COVID-19 may inform clinical decisions for antico-
agulant and antiplatelet prophylaxis and treatment.

While the decrease in platelet procoagulant poten-
tial observed is transient (Fig. 2), the length of time
required for levels to return to baseline appears to be
extend from weeks to months. This may be of inter-
est for COVID-19 patients because prior work has
identified significantly lower levels of coated-plate-
lets in stroke patients with MRI evidence of cerebral
microbleeds compared to those without such findings
[45]. The presence of cerebral microbleeds has been
more recently recognized in COVID-19, with rates as
high as 30% and unusual locations in patients able to
undergo high-resolution imaging [46, 47]. Although
mechanisms responsible for these findings are
unclear, we hypothesize that decreased levels of pro-
coagulant platelets observed here may be part of the
complex mechanisms involved. Given the well-docu-
mented link between cerebral microbleeds and pres-
ence or progression of vascular cognitive impairment
[48], it is very possible that these imaging findings
may be linked to the long-term cognitive and behav-
ioral consequences of COVID-19 infection, with spe-
cific and significant impact on our aging population.

Additionally, previous work has identified a sup-
pressive effect of antiplatelet therapy with clopidogrel,

@ Springer

but not aspirin [31], on coated-platelet levels, suggest-
ing that inhibition of the P2Y12 receptor leads to a sus-
tained decrease in platelet procoagulant potential. Taken
together, these findings suggest that longitudinal assess-
ment of platelet procoagulant potential in COVID-19
patients would help identify patients with optimal risk
and benefit in ongoing and future clinical trials evaluat-
ing antiplatelet therapy [49] in COVID-19.

The potential role for coated-platelet potential
in risk stratification in COVID-19 may be further
expanded for patients with severe disease, when tak-
ing into account recent results reported showing ben-
efits for patients treated with therapeutic enoxaparin
[50], and potentially for those receiving treatment
with sulodexide, a medication impacting the vascu-
lar endothelium, shown to reduce hospital admissions
and oxygen requirements when administered in the
very early stages of COVID-19 [51].

Surprisingly, we did not detect significant associa-
tions between coated-platelet levels and development
of DVT, PE, MI, or stroke, although the overall rate
of thrombosis in our cohort was low, likely a result of
local institutional policies avoiding surveillance vascu-
lar imaging in SARS-CoV-2-infected patients. Tran-
sthoracic echocardiography and coronary angiography
use in SARS-CoV-2-infected patients were also simi-
larly limited, which may lead to an under diagnosis of
type I and type II myocardial infarctions. However, of
the 5 deaths from COVID-19, 2 occurred in patients
with progressive hypoxia, and 2 died abruptly after
discharge, which are all characteristics of either in situ
or embolic pulmonary thrombosis. Given the strong
association in our cohort between elevation of proco-
agulant platelets and death at 90 days, as well as the
clinical picture of the deaths suggestive of fatal throm-
botic events, we suspect that higher rates of throm-
botic events would have been detected if imaging and
autopsy had been more widely available.

We also found that age was a predictor of death in
patients with COVID-19. This was not an entirely unex-
pected finding, since mortality in COVID-19 has been
consistently associated with increased age [3]. Since,
similar to previous work, no association was present
between age and coated-platelet levels, we anticipate that
both age and coated-platelet levels may be independent
predictors of death on multivariate analysis. Unfortu-
nately, we were limited in the current study by our sam-
ple size and were not able to account for multiple vari-
ables in our predictive model. Further larger studies, with
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an adequate representation and range of all age groups,
are required to address this possible new issue of an inter-
action between aging and platelet procoagulant potential.
Additional limitations in our study include lack
of autopsy data confirming cause of death and a
higher percentage of men as compared to women. A
major strength of our study is the serial assessment
of platelet procoagulant potential over the hospital
admission and outpatient follow-up and longitudinal
monitoring of clinical events after discharge.
Nevertheless, the strong association between
increased coated-platelet levels and death at 90 days in
moderate to severe COVID-19 further supports the link
between procoagulant platelet potential and COVID-19.
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