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Abstract

Previous studies that assessed risk factors for venous thromboembolism (VTE) in COVID-19 patients have shown inconsistent
results. Our aim was to investigate VTE predictors by both logistic regression (LR) and machine learning (ML) approaches,
due to their potential complementarity. This cohort study of a large Brazilian COVID-19 Registry included 4120 COVID-19
adult patients from 16 hospitals. Symptomatic VTE was confirmed by objective imaging. LR analysis, tree-based boost-
ing, and bagging were used to investigate the association of variables upon hospital presentation with VTE. Among 4,120
patients (55.5% men, 39.3% critical patients), VTE was confirmed in 6.7%. In multivariate LR analysis, obesity (OR 1.50,
95% CI 1.11-2.02); being an ex-smoker (OR 1.44, 95% CI 1.03-2.01); surgery <90 days (OR 2.20, 95% CI 1.14-4.23);
axillary temperature (OR 1.41, 95% CI 1.22-1.63); D-dimer >4 times above the upper limit of reference value (OR 2.16,
95% CI 1.26-3.67), lactate (OR 1.10, 95% CI 1.02-1.19), C-reactive protein levels (CRP, OR 1.09, 95% CI 1.01-1.18);
and neutrophil count (OR 1.04, 95% CI 1.005-1.075) were independent predictors of VTE. Atrial fibrillation, peripheral
oxygen saturation/inspired oxygen fraction (SF) ratio and prophylactic use of anticoagulants were protective. Temperature
at admission, SF ratio, neutrophil count, D-dimer, CRP and lactate levels were also identified as predictors by ML methods.
By using ML and LR analyses, we showed that D-dimer, axillary temperature, neutrophil count, CRP and lactate levels are
risk factors for VTE in COVID-19 patients.
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Abbreviations

AIC Akaike information criterion
ALT Alanine aminotransferase
aPTT Activated partial thromboplastin time
95% C1 95% Confidence interval
COVID-19 Coronavirus disease 19

CRF Case report form

CRP C-reactive protein

CUS Compression ultrasonography
DDU D-dimer units

DMP Data management plan

DVT Deep venous thrombosis

AF Atrial fibrillation

FEU Fibrinogen equivalent units

ICU Intensive care units

ISTH International Society on Thrombosis and
Haemostasis

IQR Interquartile ranges

LDH Lactate dehydrogenase

LR Logistic regression

ML Machine learning

OR Odds ratio

PaO,/FiO, Ratio of arterial oxygen partial pressure over

inspired oxygen fraction
PE Pulmonary embolism

REDCap Research Electronic Data Capture

SARS Severe acute respiratory syndrome

SHAP Shapley Additive ExPlanation

SF ratio Peripheral oxygen saturation/inspired oxygen
fraction

VTE Venous thromboembolism

Introduction

Venous thromboembolism (VTE) is an underdiagnosed
disease, with an estimated incidence of 10 million cases
per year worldwide, and more than half a million deaths
[1]. However, its incidence varies widely, depending on the
prevalence of genetic and acquired risk factors, such as age,
sex, comorbidities, acute illnesses and immobilization in a
population [2]. As it leads to high morbidity and mortality
[3], early recognition and prompt treatment are essential [4].

Coronavirus disease 19 (COVID-19) can trigger an
intense endotheliitis and hypercoagulability state, which
can lead to an increased thromboembolic risk [5-8]. Sev-
eral reports have described a high incidence of VTE in
patients hospitalized with COVID-19, ranging from 20 to
60% in critically ill patients admitted to intensive care units
(ICU) and 5-20% in those hospitalized in wards [9-11].
The incidence of VTE remained high even when thrombo-
prophylaxis was used [12, 13]. In those patients, pulmonary
embolism (PE) represents a major diagnostic challenge, as
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its symptoms and signs overlap with the ones of the severe
acute respiratory syndrome (SARS). The occurrence of VTE
in patients with COVID-19 has been shown to increase mor-
tality [14—17] and thromboprophylaxis appears to reduce
mortality in those patients [18]. Therefore, there has been
a major worldwide effort to identify predictors of VTE in
hospitalized COVID-19 patients, as a path to promote pre-
vention, early diagnosis and treatment [9, 10, 19-21].

The main available scores for predicting VTE in medi-
cal patients do not seem to perform well in patients with
COVID-19 [22, 23]. Furthermore, the score originally devel-
oped to predict VTE in patients hospitalized for COVID-19
(CHOD) still needs to be validated in larger populations to
confirm its accuracy [23]. In addition, there is still a major
inconsistency among the potential predictors of VTE identi-
fied by previous studies [24]. In this context, machine learn-
ing (ML) techniques, which can identify complex (non-lin-
ear) correlations among potential predictors, may be useful
tools [25]. However, to the best of our knowledge, the use of
ML as an approach to assess VTE predictors in COVID-19
patients has not yet been reported. Thus, this study aims at
identifying predictors of VTE in a large cohort of patients
hospitalized with COVID-19 in Brazil, using traditional sta-
tistical methods as well as ML techniques’ approaches. We
also reported the incidence of thromboembolic complica-
tions in COVID-19 and their prognostic impact.

Methods
Study design and settings

This cohort is a substudy of the Brazilian COVID-19 Regis-
try, conducted in 37 Brazilian hospitals, described in detail
elsewhere [26]. Due to previous evidence of the importance
of D-dimer as a predictor of VTE in COVID-9 patients upon
hospital admission [5, 10, 11, 14, 15, 19, 21, 27, 28], we
restricted the present analysis to the 16 hospitals in which
D-dimer was routinely performed at hospital admission (less
than 35% missing values). The hospitals were located in
three Brazilian states (Minas Gerais, Santa Catarina and Rio
Grande do Sul).

Study subjects

Consecutive adult patients (> 18 years) with laboratory-
confirmed COVID-19 [29], admitted to participating hos-
pitals between March and September 2020 were enrolled.
Patients who were transferred from the participating hospital
to another hospital (not part of the cohort) within 30 days
and did not have VTE within that period were not included.
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Fig. 1 Flowchart of Brazilian
patients included in the study. March to September, 2020

VTE venous thromboembolism 4,474 consecutive patients hospitalized for
Covid-19 infection

Excluded (n=354)
- Patients age < 18 years (n=22)
- Pregnant Women (n= 45)
- Patients admitted for other
—P reasons (n=175)
- Patients transferred to
another hospital in less than
30 days without VTE in this
period (n=112)

4,120 patients
274 (6.7%) 3,846 (93.3%)
patients with VTE patients without VTE

We also excluded patients who were admitted for other rea- Therapeutic anticoagulation, on the other hand, referred
sons and developed COVID-19 symptoms during their stay  to the use of enoxaparin 1 mg/kg, twice a day (or once a day,
(Fig. 1). if estimated glomerular filtration rate < 30 mL/min/1.73 m?),

unfractionated heparin with titrated dose to 1.5-2.5 times
Data collection and quality assessment the baseline of activated partial thromboplastin time (aPTT)

when compared to control or fondaparinux at doses of 5 mg,
Demographic information, clinical characteristics, labora- 7.5 mg or 10 mg once a day, depending on the patient’s
tory and outcome data were collected by trained hospital ~ weight.
staff or undergraduate medical or nurse interns from medi- Some centers used an intermediate dose of heparin for
cal records, using a validated case report form (CRF) on  routine thromboprophylaxis, since this was an available
Research Electronic Data Capture (REDCap) [30, 31]. approach at the beginning of the pandemic. Others have

A detailed data management plan (DMP) was developed  used this dose for patients considered to be at high risk for
and provided to all participating centers, and undergoing  VTE, as defined by the International Society on Thrombosis

online training was mandatory prior to data collection. and Haemostasis (ISTH) guideline [33]. The intensity of

Comprehensive data quality checks were undertaken, to  the intermediate dose varied according to centers, and was

ensure high quality [32]. In case the patient was trans-  either enoxaparin 40 mg twice-daily, enoxaparin 0.5 mg/kg

ferred from one participant hospital to another, informa-  twice-daily or enoxaparin 1 mg/kg once daily (in the absence

tion about the patient was merged and considered as a  of severe renal dysfunction). Some institutions, on the other

single entry. hand, used full-dose anticoagulation for prophylaxis, that
All covariates in the present study were assessed upon  is treatment dose with the intention of prevention, in the

hospital admission, except for in-hospital anticoagulation. ~ absence of suspected or confirmed VTE.

During hospitalization, prophylactic anticoagulation was

considered as the use of low-molecular-weight heparin,  Outcomes

such as enoxaparin 40 mg once a day, unfractionated hepa-
rin 5,000 international units, twice or three times a day, or ~ Symptomatic VTE was diagnosed based on clinical
fondaparinux at a dose of 2.5 mg a day. manifestations confirmed by objective imaging such as
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compression ultrasonography (CUS) with Doppler or
bedside compression ultrasonography for deep venous
thrombosis (DVT) and computed tomography pulmo-
nary angiography or ventilation-perfusion scan, for PE. If
hemodynamic instability made it impossible to perform
the previous tests in patients suspected of PE, the pre-
sumptive diagnosis was performed by abnormalities sug-
gestive of acute right ventricular overload on echocardio-
gram or at the point-of-care multi-organ ultrasonography
[34]. Catheter-associated thrombosis or visceral thrombo-
sis were not considered as outcomes.

We also assessed mortality, need for invasive mechani-
cal ventilation, renal replacement therapy and bleeding in
patients with confirmed VTE. Bleeding was classified as:
(1) severe if: fatal, critical location (intracranial, spinal,
pericardial, articular, retroperitoneal or intramuscular with
compartment syndrome), shock, permanent disability, and/or
fall in hemoglobin level >2 g/dL (1.24 mmol/L) or leading
to transfusion of two or more units of whole blood or red
cells, (2) not severe, but clinically relevant when it did not
meet the criteria for severe bleeding, but required medical
intervention, temporary interruption of treatment or caused
pain. In addition, (3) non-serious if none of the previous
definitions.

D-dimer assessment

Assessment of D-dimer levels was not performed with the
same method among the 16 centers (Table S1). To allow
for a unified analysis, we presented D-dimer levels in rela-
tive values, that is, the number of times the D-dimer was
increased in relation to the upper limit of the reference value
of the test used. Then, we stratified it into five groups, as
shown in Table 1.

Statistical analysis

Statistical analyses were conducted using R software (ver-
sion 4.0.2). Descriptive analyses were used to summarize all
the variables: continuous variables were summarized using
medians and interquartile ranges (IQR) and categorical vari-
ables with counts and percentages.

Logistic regression (LR) was used to investigate the asso-
ciations (odds ratio [OR], 95% confidence interval [95% CI])
of variables at hospital presentation as potential risk factors
for VTE (demographic characteristics, underlying medi-
cal conditions, home medications, clinical characteristics
and laboratory analysis at hospital presentation). Bivariate
analysis considered the use of prophylactic anticoagulants
at any dosage. For the multivariate model, variables with
p <0.15 in bivariate analysis were included and model
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selection was based on Akaike information criterion (AIC).
Before multivariable analysis, missing values were handled
using multiple imputation with chained equations, under the
missing at random assumption (mice R package, 10 sets of
imputations).

Machine learning approaches

We evaluated tree-based boosting (such as extreme gradient
boosting machines and light gradient boosting machines)
and bagging (essentially random forests) ML algorithms,
combined with Shapley Additive ExPlanation (SHAP) val-
ues [35] to obtain feature importance and impact of vari-
ables on predictions over the same imputed data used with
the statistical tools. All algorithms were trained in a tenfold
cross-validation procedure, using a grid search algorithm
for hyperparameter tuning. Our particular choice of these
tree-based algorithms is due to their higher interpretability
[36], especially when compared with neural or deep learn-
ing solutions. In addition, the use of SHAP values allows
us to learn and infer more interesting patterns, such as non-
linear correlations, as well as interpreting individual model
predictions.

Patient and public involvement

Due to the fact that this was an urgent public health research
study in response to a Public Health Emergency of interna-
tional concern, patients or the public were not involved in
the design, conduct, interpretation or presentation of results
of this research.

Results
Patients

Among 4120 consecutive patients included, the median age
was 61 years (IQR 48-72); 55.5% were male; 39.3% criti-
cal patients and 60.1% hospitalized in the ward. The most
common comorbidities were hypertension, diabetes mel-
litus and obesity (Table 1). Most patients (91%) received
thromboprophylaxis, either at the usual prophylactic (low)
dose (78.1%), intermediate (0.7%) or even full dose (12.1%),
during hospitalization (Table 1).

Venous thromboembolism was confirmed in 274 (6.7%)
patients of whom 74.8% had PE, 19.7% DVT and 5.4% had
both conditions.

Among patients with atrial fibrillation (AF), although
home anticoagulant use was higher among patients with
CHA2DS2-VASc >2 when compared to those with
CHA2DS2-VASc <2, the VTE event rate in patients with
AF was too small to show a difference when compared to
the CHA2DS2-VASc <2 group (Table S2).



Internal and Emergency Medicine (2022) 17:1863-1878

1867

Table 1 Demographic and clinical characteristics of cohort of Brazilian patients admitted to hospital with COVID-19

Characteristics Confirmed VTE Non VTE
(n=274") (n=3846")
Frequency (%) or median (IQR) Non-missing cases (%) Frequency (%) or median (IQR) Non-missing cases (%)
Age (years) 63.0 (51.0, 72.0) 274 (100%) 60.0 (48.0, 72.0) 3846 (100%)
Sex at birth 274 (100%) 3845 (100%)
Men 150 (54.7%) 2134 (55.5%)

Comorbidities
Hypertension

Coronary artery disease
Heart failure

Atrial fibrillation/flutter
Stroke

Asthma

COPD

Diabetes mellitus
Obesity*

Cirrhosis

Chronic kidney disease
Rheumatological disease
HIV infection

Cancer

Surgery in previous 90 days
Previous transplant
Medications on admission
NSAIDs

Potassium sparing diuretic
Thiazide diuretic
Hypoglycemic (non-insulin)
Immunosuppressant

ACE or BRA inhibitor
Insulin

Statin

Amiodarone

Oral anticoagulant

Beta blocker

Calcium channel blocker
Inhaled corticosteroid
Oral corticosteroids
Digitalic

Loop diuretic

Clinical characteristics at admission

Temperature (°C)

Systolic blood pressure (mmHg)
>90 mmHg without amine
<90 mmHg without amine
Any value, but with amine

Diastolic blood pressure (mmHg)
> 60 mmHg without amine
<60 mmHg without amine
Any value, but with amine

Heart rate (bpm)

Respiratory rate (bpm)

Glasgow coma score < 15

151 (55.1%)
16 (5.8%)
15 (5.5%)
3(1.1%)

9 (3.3%)
19 (6.9%)
24 (8.8%)
87 (31.8%)
68 (24.8%)
2(0.7%)

8 (2.9%)

0 (0.0%)
4(1.5%)
14 (5.1%)
14 (5.1%)
1 (0.4%)

9 (3.3%)

9 (3.3%)
32 (11.7%)
55 (20.1%)
3(1.1%)
102 (37.2%)
19 (6.9%)
53 (19.3%)
0 (0.0%)
13 (4.7%)
38 (13.9%)
30 (10.9%)
6 (2.2%)

7 (2.6%)

0 (0.0%)
16 (5.8%)

36.6 (36.1,37.4)

227 (87.0%)
9 (3.4%)
25 (9.6%)

207 (79.3%)

29 (11.1%)

25 (9.6%)

90.0 (80.0, 103.0)
21 (18, 25)

44 (16.1%)

274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)

274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)
274 (100%)

169 (62%)
261 (95%)

261 (95%)

264 (96%)
222 (81%)
274 (100%)

2092 (54.4%)
192 (5.0%)
242 (6.3%)
137 (3.6%)
141 (3.7%)
272 (7.1%)
233 (6.1%)
1,084 (28.2%)
698 (18.1%)
21 (0.5%)
204 (5.3%)
3(0.1%)

42 (1.1%)
170 (4.4%)
87 (2.3%)

17 (0.4%)

135 (3.5%)
106 (2.8%)
496 (12.9%)
693 (18.0%)
21 (0.5%)
1313 (34.1%)
270 (7.0%)
714 (18.6%)
48 (1.2%)
290 (7.5%)
694 (18.0%)
469 (12.2%)
127 (3.3%)
78 (2.0%)
20 (0.5%)
278 (7.2%)

36.5(36.0,37.2)

3445 (93.4%)
45 (1.2%)
197 (5.3%)

3,010 (81.7%)
478 (13.0%)

197 (5.3%)

88.0 (78.0, 100.0)
20 (18, 24)

504 (13.1%)

3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3841 (100%)
3846 (100%)

3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)
3846 (100%)

2617 (68%)
3687 (96%)

3685 (96%)

3693 (96%)
3153 (82%)
3846 (100%)
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Table 1 (continued)

Characteristics

Confirmed VTE
(n=274"

Non VTE
(n=3846")

Frequency (%) or median (IQR)

Non-missing cases (%) Frequency (%) or median (IQR) Non-missing cases (%)

Laboratory tests

D-dimer/maximum reference
value

<Ilx

1-19x

2-39x

4-99x

>10x
C-reactive protein (mg/L)
Hemoglobin (g/L)
Leukocytes count (cells/mm?)
Neutrophils count (cells/mm3)
Lymphocytes count (cells/mm?)
Neutrophils-to-lymphocytes ratio
Platelet count (10°/L)
TGP/ALT (U/L)
TGO/AST (U/L)
Arterial pO, (mmHg)
Arterial pCO, mmHg
SF ratio
Creatinine (mg/dL)
Sodium (mmol/L)
Lactate (mmol/L)
Lactate dehydrogenase (U/L)
INR
Lifestyle habits
Ilicit drugs
Alcoholism
Current smoking

Ex-smoker

30 (12.6%)

54 (22.6%)

36 (15.1%)

37 (15.5%)

82 (34.3%)

94.3 (54.2, 183.7)

13.1 (11.8, 14.2)

8.8 (6.0, 11.9)

6928.0 (4,310.0, 9205.0)
1000.0 (684.5, 1355.0)
6.2 (4.0, 10.6)

214.0 (162.0, 282.2)
35.5(23.0, 56.0)

43.0 (32.0, 63.8)

76.0 (63.0, 100.0)
35.7 (32.0, 40.0)
350.0 (120.0, 441.7)
0.9 (0.7, 1.2)

138.0 (135.0, 140.1)

421.0 (336.1, 629.0)
1.1(1.0,1.2)

1 (0.4%)
9 (3.3%)
8 (2.9%)
53 (19.3%)

Anticoagulant during hospitalization®

Prophylactic use of anticoagulant”

Full-dose anticoagulation for
prophylaxis
Therapeutic use of anticoagulant

Admission to intensive care

166 (60.6%)
0 (0.0%)

204 (74.5%)
195 (71.2%)

239 (87%) 3069 (80%)

634 (22.3%)

857 (27.9%)

539 (17.6%)

267 (8.7%)

722 (23.5%)
243 (89%) 72.8 (33.4, 130.1) 3460 (90%)
269 (98%) 13.4 (12.2, 14.5) 3777 (98%)
269 (98%) 6.9(5.1,9.4) 3777 (98%)
269 (98%) 4946.1 (3374.0, 7452.0) 3658 (95%)
267 (97%) 1058.0 (730.0, 1478.5) 3656 (95%)
267 (97%) 4.7 (2.8,8.0) 3654 (95%)
268 (98%) 197.0 (155.0, 256.0) 3742 (97%)
207 (76%) 34.9 (22.0, 56.0) 2791 (73%)
205 (75%) 40.0 (28.9, 59.6) 2806 (73%)
237 (86%) 76.0 (64.0, 97.8) 3186 (83%)
237 (86%) 35.0 (31.9, 39.0) 3196 (83%)
266 (97%) 428.6 (328.6, 452.4) 3755 (98%)
264 (96%) 0.9 (0.8, 1.2) 3683 (96%)
260 (95%) 138.0 (135.0, 140.0) 3507 (91%)
274 (100%) 3842 (100%)
177 (65%) 373.0 (272.0, 511.0) 2443 (64%)
210 (77%) 1.1(1.0,1.2) 2410 (63%)
274 (100%) 32 (0.8%) 3846 (100%)
274 (100%) 155 (4.0%) 3846 (100%)
274 (100%) 144 (3.7%) 3846 (100%)
274 (100%) 591 (15.4%) 3846 (100%)
274 (100%) 3081 (80.1%) 3846 (100%)
274 (100%) 498 (12.9%) 3846 (100%)
274 (100%) 612 (15.9%) 3846 (100%)
274 (100% 1426 (37.1%) 3846 (100%)

ACE;i angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, bpm beats per minute, COPD chronic obstructive pulmonary
disease, FiO, fraction of inspired oxygen, HIV human immunodeficiency virus, /NR international normalized ratio, /QR Interquartile range,
NSAIDs nonsteroidal anti-inflammatory drugs, O, saturation (%) peripheral oxygen saturation, PaO, partial pressure of oxygen, PaCO, partial
pressure of carbon dioxide, SF ratio peripheral O, saturation/FiO,, TGO/AST aspartate aminotransferase, TGP/ALT alanine aminotransferase,

VTE venous thromboembolism

ABMI> 30 kg/m.?

Of these, 29 patients (0.7% in total) used an intermediate dose of anticoagulation

“The rate of anticoagulant use, summing the three strategies (usual prophylactic use, full dose of anticoagulation for prophylaxis and therapeutic
use), exceeds 100%, due to the fact that the same patient transitioned from prophylactic dose to full dose of anticoagulation, and vice versa, in

the same hospitalization

Risk factors associated with venous

thromboembolism

Table S3 shows the results of the bivariate analysis. In
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multivariable logistic regression analysis (Table 2), the fol-
lowing variables were shown to be independent predictors of
VTE: obesity (OR 1.5,95% CI 1.11-2.02, p<0.01), being an
ex-smoker (OR 1.44, 95% CI 1.03-2.01, p=0.03), surgery
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in the past 90 days (OR 2.2, 95% CI 1.14-4.23, p<0.01),
temperature on admission (OR 1.41, 95% CI 1.22-1.63,
p <0.01), D-dimer equal or above four times the reference
value (OR 2.16, 95% CI 1.26-3.67, p<0.01), lactate (OR
1.10, 95% CI 1.02-1.19, p=0.01) and C-reactive protein
values (OR 1.09, 95% CI 1.01-1.18, p=0.01), neutrophil
count (OR 1.04, 95% CI 1.01-1.08, p=0.02). Among the
protective factors, there were atrial fibrillation (AF)/flutter
(OR 0.30, 95% CI1 0.09-0.99, p=0.04), SF ratio (OR 0.997,
95% CI 0.996-0.998), p <0.01) and prophylactic antico-
agulation (OR 0.20, 95% CI 0.15-0.26, p <0.01). Patients
with confirmed VTE had higher mortality (28.4% vs 18.5%,
p<0.001), required mechanical ventilation (58.4% vs 26.4%,
p<0.001) and renal replacement therapy (21.5% vs 9.7%,
p<0.001) more frequently, and bleed more (5.8% vs 1.5%,
p<0.001), when compared to the group without confirmed
VTE (Table 3).

Machine learning

Figure 2 shows the impact of variables on final predic-
tion of VTE by SHAP values. D-dimer value was the most
important feature in predicting VTE, followed by urea, axil-
lary temperature and neutrophils' count. In addition to the

D-dimer, axillary temperature and neutrophils count, three
other variables identified by the ML methods coincided with
those shown by the logistic regression and maintained the

Table 3 Outcomes in patients with and without confirmed venous
thromboembolism

Outcomes Diagnosis of VTE p value?
No' Yes!
(n=3846) (n=274)
Invasive mechanical ventila- 1016 (26.4%) 160 (58.4%) <0.001
tion
Need for renal replacement 373 (9.7%) 59 (21.5%) <0.001
therapy
Death 710 (18.5%) 77 (28.4%)  <0.001
Bleeding 56 (1.5%) 16 (5.8%) <0.001
Severity of bleeding 0.311
Severe 26 (46.4%) 4 (25.0%)
Not severe, but clinically 18 (32.1%) 8 (50.0%)
relevant
Not severe 12 (21.4%) 4 (25.0%)

!Statistics presented: n (%)

ZStatistical tests performed: Chi-square test of independence; Fisher’s
exact test

Table 2 Multivariable analysis

Frequency (%) or median IQR) Confirmed VTE
Odds ratio (95% CI) p value

. . Variable
for prediction of symptomatic
venous thromboembolism,
based on variables available
upon hospital presentation Obesity”

Atrial fibrillation/flutter
Previous use of beta blocker
Ex-smoker

Surgery in previous 90 days
Temperature (°C)"

SF ratio™

D-dimer/maximum reference value®

1-1.9x

2-3.9x

4-9.9x

>10x

Lactate®™

C-reactive protein (mg/L)bd
Neutrophils’ count®
Prophylactic use of anticoagulant

766 (18.6%) 1.50 (1.11-2.02) <0.01
140 (3.4%) 0.30 (0.09-0.99) 0.04
732 (17.8%) 0.73 (0.50-1.07) 0.11
644 (15.6%) 1.44 (1.03-2.01) 0.03
101 (2.5%) 220 (1.14-4.23) <0.01
36.5(36.0,37.2) 1.41 (1.22-1.63) <0.01
428.6 (317.9,452.4) 0.87 (0.83-0.93) <0.01
911 (22.1%) 1.32 (0.83-2.09) 0.239
575 (13.9%) 1.19 (0.72-1.96) 0.486
304 (7.3%) 2.16 (1.26-3.67) <0.01
804 (19.5%) 1.89 (1.18-3.01) <0.01
1.4 (1.1,1.9) 1.10 (1.02-1.19) 0.01
74.4 (34.0, 134.1) 1.09 (1.01-1.18) 0.01

5,045.0 (3,400.0, 7,613.8)
3,247 (78.8%)

1.04 (1.005-1.075) 0.02
0.20 (0.15-0.26) <0.01

Full-dose anticoagulation for prophylaxis 498 (12.1%) NA 0.95

IQR Interquartile range, SF ratio oxygen saturation/inspired oxygen fraction

3BMI (Body mass index) > 30 kg/m>

"Data regarding hospital presentation

“Increment of 1.0 °C
4Increment of 50 units
®Increment of 1 unit

fincrement of 1000 units
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direction of the correlation: high C-reactive protein and lac-
tate values increased the risk of VTE (red tone of the graph
shifted to the right from point 0), while high SF ratio was
associated with lower incidence of the outcome (red tone of
the graph left shifted from point 0).

The figure also shows that for hemoglobin, values either
too high or too low yield higher risk. For urea, creatinine and
lymphocytes count, low values yield higher risk.

Machine learning vs traditional statistics

Figure 3 shows the comparison of predictors from LR and
ML analyses. There is some intersection between the most
important variables identified by the regression analysis
and the boosting + SHAP values’ analysis. This intersection
is, in particular, expected for the important factors, such as
D-dimer, but it is also expected that we find more variables
in the boosting algorithm’s feature importance, seeing as
factors like collinearity do not hinder its performance, mean-
ing that collinear variables are still used, to the degree that
they encode some level of new information. In the analy-
sis by logistic regression, this collinearity can negatively
impact the results, being sometimes necessary to remove
some variables. Furthermore, variables like Hemoglobin, in
which either values too high and too low increase risk, can
only be safely captured as important by the SHAP values’

Fig.2 Impact of variables
on the prediction of venous

thromboembolism by machine
learning. Variables closer to the
top are those with the highest
correlation with the outcome.
Red means probability of the
outcome being predicted while
blue means a smaller prob-
ability. Values to the right
mean higher input values of the
variable, while values to the
left mean otherwise. FiO,: frac-
tion of inspired oxygen; INR:
international normalized ratio;
PCO2: arterial carbon dioxide
partial pressure; PaO2: arterial
oxygen partial pressure; SF
ratio: peripheral oxygen satura-
tion/FiO,, TGO/AST: aspartate
aminotransferase; TGP/ALT:
alanine aminotransferase

@ Springer

D-dimer

Urea (mg/dL)
Temperature ("C)
Neutrophils count
Lactate dehydrogenase (U/L)
Leukocytes count

INR

Sodium (mmol/L)
Lymphocytes count

C reactive protein (mg/L)
Platelet count (10%/L)
Arterial pCO2 (mmHg)
TGO/AST (UL)

SF ratio

TGP/ALT (U/L)
Creatinine (mg/dL)

Lactate (mmol/L)
Arterial pO2 (mmHg)

Respiratory rate (bpm)
Hemoglobin (g/L)

approach, seeing as the regression analysis cannot capture
non-linear approaches without explicit modeling.

Discussion

This multicenter study, one of the largest individual studies
on risk factors of VTE in COVID-19 patients, observed that
among the variables identified by the multivariate logistic
regression analysis as predictive of VTE, six were confirmed
by ML analysis, which include D-dimer levels, axillary tem-
perature, neutrophil count, C-reactive protein and lactate lev-
els and SF ratio. The incidence rate of VTE was 6.7%, con-
firming the increased thrombotic risk in COVID-19 patients.
Mortality, need for mechanical ventilation and renal replace-
ment therapy were higher in patients who developed VTE in
comparison with the patients who did not, highlighting the
severity of this complication in the prognosis of COVID-19.

D-dimer was one of the main predictors identified in both
methods. It has been shown to be an important predictor of
VTE in COVID-19 patients [10, 24, 28]. A recent meta-
analysis suggested that the traditional D-dimer cutoff value
(<500 pg/L) used to exclude VTE in the general popula-
tion seems applicable also to patients with COVID-19 [9].
However, as a VTE risk predictor, there are still uncertain-
ties about which levels would, in fact, predict a VTE. In
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SHAP value (impact on model output)
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A B
Urea
Lactate dehydrogenase
Leukocytes count
Obesity Temperature INR
Atrial fibrillation/flutter SF ratio sodium
Ex-smoker D-dimer Lymphocytes count
| Surgery in previous 90 days Neutrophils Platelet count
Prophylactic use of count PCO2
anticoagulant C reactive protein Pa02
Lactate TGO/AST
TGP/ALT
Creatinine
Respiratory rate
Hemoglobin

Fig.3 Comparison of VTE risk predictors identified by logistic
regression analysis (A) and machine Learning approaches (B). SF
ratio oxygen saturation/inspired oxygen fraction, INR international

addition, the interpretation of D-dimer results is challenging
due to the great diversity of methods, cutoff values, measure-
ment units and whether presented as D-dimer units (DDU)
or fibrinogen equivalent units (FEU), which are approxi-
mately twice those of DDU. The majority of studies which
assessed D-dimer in COVID-19 patients did not make these
points about the test clear, impairing the interpretability
of the results [37]. Therefore, the analysis of D-dimer in
relative values, compared to the reference value, seems to
be more proper. A Chinese study indicated that the most
significant association with VTE occurred when D-dimer
increments > 1.5 fold [38], while in the present analysis this
association was observed when it was four or more times
above the reference value, the same as observed in a North
American retrospective cohort [28]. These data suggest that
this cutoff value may be a predictor of VTE in hospitalized
COVID-19 patients.

Our study showed other independent risk factors as
predictors of VTE in COVID-19 patients, which were not
previously identified in other studies [24]. Although some
authors have questioned the role of traditional risk factors
of venous thromboembolic disease as predictors of VTE
among COVID-19 patients [21, 39], our study reassures
recent surgery and obesity as independent predictors. Sur-
gery has been consistently recognized as a major tran-
sient risk factor for VTE, among the general population
[40]. It was quite unexpected that such association was not

normalized ratio, PCO2 arterial carbon dioxide partial pressure,
PaO2 arterial oxygen partial pressure, TGO/AST aspartate ami-
notransferase, TGP/ALT alanine aminotransferase

observed among COVID-19 patients in previous studies.
We hypothesized that this may be due to the lack of power
or to lack of collection of information on recent surgery in
the previous studies. Obesity has been shown to be associ-
ated with severe disease and increased risk of mortality
among COVID-19 patients [14, 15, 21, 38, 41], its associa-
tion with VTE involves venous stasis, decreased mobility,
and coagulation abnormalities [42-47]. Increased plasma
levels of fibrinogen, plasminogen activator inhibitor-1,
factors VII and VIII, von Willebrand factor, increased
platelet activation and higher circulating procoagulant
microparticles as well as endothelial dysfunction have
been reported [42-47].

Smoking has not been observed to be a predictor among
patients with COVID-19 in the more recent individual stud-
ies [24], as well as does not appear to be a predisposing
factor for hospitalization for COVID-19 [48]. In our study,
previous smoking was an independent predictor of VTE, but
current smoking was not. This may be due to underreporting
of current smoking, as the rate was less than 4%.

Unlike previous reports, our study identified axillary
temperature upon hospital presentation as an independent
predictor of VTE risk, which may be the consequence of
contraction of volume secondary to insensitive losses, con-
tributing to the venous stasis of the Virchow’s triad [7].

The present analysis identified inflammatory mark-
ers such as C-reactive protein and neutrophil count to be
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independently associated with the occurrence of VTE, in
agreement with other reports [21, 24]. However, unlike other
publications, we also found that lactate level was an inde-
pendent predictor of VTE. Lactate level is a marker of dis-
ease severity and corroborates previous evidence that indi-
cates an increased thrombotic risk in patients hospitalized
with severe infections, such as sepsis and septic shock [49].

Hospitalization due to acute infections has shown to be a
strong trigger for VTE, independent of immobilization [50,
51]. In hospitalized patients with COVID-19, the cytokine
storm, excessive inflammation, and the consequent endothe-
lial injury, inflammatory endotheliitis, besides hypoxia and
disseminated intravascular coagulation are believed to play
a key role in this process [6, 7, 52].

We found that atrial fibrillation and flutter, SF ratio
(peripheral oxygen saturation over inspired oxygen frac-
tion) and prophylactic use of anticoagulant were protective
factors for VTE. The highest levels of SF ratio (peripheral
oxygen saturation over inspired oxygen fraction) likely
reflect a diminished severity of the inflammatory response.
In fact, SF ratio was an important predictor of mortality in
the ABC,-SPH score, derived from this same cohort [53].
This variable has been validated as a surrogate for the PaO,/
FiO, ratio to assess the severity of hypoxemia, in patients
with acute respiratory distress syndrome [54].

Our findings confirm those of a previous study which
showed that pre-existing cardiovascular diseases are not
associated with a higher VTE risk, in COVID-19 patients
[21]. However, the presence of atrial fibrillation or flutter
was shown to be a protective factor of VTE. This is likely to
be a proxy of anticoagulant use, since 60% of these patients
in our study were using anticoagulants prior to admission
and the vast majority of these patients had oral medication
changed to therapeutic heparin during hospitalization. It is
unclear why only 60% of patients with AF were reported
to be anticoagulated at home. The medical records did not
make it clear whether the reason was an increased risk of
bleeding. It is possible a problem of underreporting.

Despite this possible reduction in the rate of VTE with
full anticoagulation, it does not mean that full-dose anti-
coagulation should be routinely administered to patients
with COVID-19. A recent meta-analysis has shown that
the indiscriminate use of a full dose of anticoagulant sig-
nificantly increased the incidence of bleeding and mortality
[55]. On the other hand, a randomized multiplatform trial
indicated a potential benefit of routine therapeutic antico-
agulation for patients hospitalized for non-critical COVID-
19, in relation to days free of cardiovascular or respiratory
organ support [56]. Another randomized study not included
in the meta-analysis [55] showed that the empirical use of
anticoagulant at a therapeutic dose reduced the occurrence
of thromboembolic events in patients hospitalized in a ward
with D-dimer >4 times the reference value [57], the same
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cutoff we observed as a predictor of VTE in the present
study. More studies are still needed to better guide when and
for whom to use the full dose of anticoagulant as a prophy-
lactic strategy. However, our study corroborates the most
recent evidence that a possible cutoff value of the D-dimer
four times the upper limit of reference may be a guide for a
more aggressive anticoagulation approach. As expected, in
our study, the use of anticoagulants at a prophylactic dose
reduced the risk of VTE in COVID-19 patients, corroborat-
ing data already available [21].

In the present study, ML approaches detected other four-
teen potential predictors of VTE in addition to the six vari-
ables identified by logistic regression analysis. One of the
main advantages in traditional methods, such as regressions,
lies in how simple they are and in how just analyzing the
model (i.e., looking at the coefficients, for instance) can
properly explain what was learned in the model [35]. Despite
that, many of such techniques fall short in the sort of patterns
they can learn, mostly remaining restricted to linear associa-
tions among variables, manually crafted non-linearities and
other simpler variable associations. In addition, LR’s perfor-
mance usually deteriorates in presence of collinearity, which
may be especially problematic when the variables are not
perfectly collinear and discarding some of them may result
in useful information loss. Furthermore, missing values have
to be replaced with some form of artificial values, which
may also generate problems. Machine-learning approaches
have the ability of dealing with collinearity and redundancy,
which may have occurred among some variables, as well as
the ability to assess non-linear correlations.

Among the chief advantages of using ML models is their
learning capacities, enabling them to capture much more
complex patterns, sometimes even ascending into semantic
and abstract levels, albeit requiring substantially more data
points in exchange. In the particular case of decision trees,
random forests and gradient boosting machines, collinear-
ity is not a problem, which means no potentially predictive
information has to be discarded, and missing values do not
require any form of filling [58, 59]. However, there is also
an increased risk of identifying spurious (non-significant)
associations, mainly due to issues of overfitting [60].

In multivariate logistic regression analysis, we have not
observed an association with some variables which were
significant in the aforementioned meta-analysis [24], includ-
ing white blood cell count, alanine aminotransferase (ALT),
lactate dehydrogenase (LDH), and prolonged prothrombin
time, but these variables were observed as predictors in the
ML model.

The rate of VTE in our study was at the lowest limit of
that usually described in the literature [10]. Several factors
may have influenced this finding. Some of the previous
studies performed routine imaging exams or even excluded
patients who had not performed imaging exams for VTE
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while asymptomatic for the disease, which may have overes-
timated the rate of thromboembolic events [21]. In addition,
the first cases of infection in Brazil only occurred at the end
of February 2020, while the first wave of the disease only
happened between April and May of that same year. At that
time, the thrombogenic potential of the disease was already
known and the routine use of thromboprophylaxis for
patients hospitalized for COVID-19 was already widespread
[61]. The rate of use of thromboprophylaxis, either at high
or low dose, in our study was high, with more than 90% of
the participants having used it. Furthermore, since the pub-
lication of the Recovery trial [62], dexamethasone has been
included in the treatment of patients with COVID-19, when
they require using oxygen therapy or ventilatory support. It
is possible that this has also influenced the decreased inci-
dence of VTE, through reduced inflammation and, therefore,
the thrombotic potential. [63]. We also hypothesize there
could be an underestimation of the occurrence of VTE due
to limited access to objective tests, to avoid spreading out
the disease. Nevertheless, even considering an incidence of
6.7%, it was higher than that described in other viral infec-
tions, supporting the thrombogenic potential of COVID-19
[64].

When compared to the group without VTE, the use of
invasive mechanical ventilation, the need for renal replace-
ment therapy and in-hospital mortality were about twice as
high in patients with VTE, reinforcing the prognostic impor-
tance of thrombotic events in patients with COVID-19 [14,
15, 21, 38, 41]. As expected, the bleeding rate was higher in
groups with VTE, due to the more frequent use of therapeu-
tic doses of anticoagulants. However, most of these bleeding
events were non-serious. Although there was no difference
in the severity of bleeding between the groups, the analy-
sis was underpowered as the number of events was quite
small. The sources of bleeding in each group are described
in Table S4.

This study has some limitations. First, this is a pragmatic
study, with retrospective data collection, which resulted in
missing data on some laboratory tests. Second, all variables
analyzed were collected upon hospital admission, as we
would like to provide evidence to alert clinicians, so they
could be able to identify, as soon as possible, patients at the
highest risk of VTE, allowing for prompt diagnosis and treat-
ment. Therefore, other relevant factors that could increase
the risk of VTE, occurring during hospitalization, were not
evaluated. Third, laboratory tests were not centralized. In
particular, D-dimer was performed using different method-
ologies, according to local hospitals. We strongly believe
that the way we analyzed, in relative values, increases the
applicability of our findings. Fourth, although we consider
the potential of ML to contribute to the identification of
VTE risk factors in patients with COVID-19, its predictive
performance still needs to be prospectively verified. Fifth, to

more properly assess for outcomes, it would be necessary to
build prediction models, which is outside the scope of this
manuscript. Ultimately, in more than 2 years of a pandemic
and, after the surge of variants and people have been vacci-
nated, the presentation of the COVID-19 disease has varied
greatly, both in clinical manifestation and in severity.

Conclusion

We evaluated predictors of VTE in a large cohort of patients
with COVID-19 using both LR analysis and ML approaches.
There was consistency between them, by which we identi-
fied that D-dimer, axillary temperature, neutrophils count,
C-reactive protein and lactate as risk factors for VTE. We
suggest that patients presenting these risk factors at admis-
sion should be more closely monitored for VTE develop-
ment. SF ratio, prophylactic use of anticoagulant and atrial
fibrillation, probably as a proxy of anticoagulant use, are
protective of VTE development in COVID-19 patients.
Finally, we observed that the occurrence of VTE had an
impact on higher mortality, the need for mechanical ventila-
tion and renal replacement therapy, reinforcing the impor-
tance of early diagnosis and treatment.
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