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By September 2022, more than 600 million cases of SARS-CoV-2 infection have been reported
globally, resulting in over 6.5 million deaths. COVID-19 mortality risk estimators are often, however,
developed with small unrepresentative samples and with methodological limitations. It is highly
important to develop predictive tools for pulmonary embolism (PE) in COVID-19 patients as one of the
most severe preventable complications of COVID-19. Early recognition can help provide life-saving
targeted anti-coagulation therapy right at admission. Using a dataset of more than 800,000 COVID-19
patients from an international cohort, we propose a cost-sensitive gradient-boosted machine learning
model that predicts occurrence of PE and death at admission. Logistic regression, Cox proportional
hazards models, and Shapley values were used to identify key predictors for PE and death. Our
prediction model had a test AUROC of 75.9% and 74.2%, and sensitivities of 67.5% and 72.7% for PE
and all-cause mortality respectively on a highly diverse and held-out test set. The PE prediction model
was also evaluated on patients in UK and Spain separately with test results of 74.5% AUROC, 63.5%
sensitivity and 78.9% AUROC, 95.7% sensitivity. Age, sex, region of admission, comorbidities (chronic
cardiac and pulmonary disease, dementia, diabetes, hypertension, cancer, obesity, smoking), and
symptoms (any, confusion, chest pain, fatigue, headache, fever, muscle or joint pain, shortness of
breath) were the most important clinical predictors at admission. Age, overall presence of symptoms,
shortness of breath, and hypertension were found to be key predictors for PE using our extreme
gradient boosted model. This analysis based on the, until now, largest global dataset for this set of
problems can inform hospital prioritisation policy and guide long term clinical research and decision-
making for COVID-19 patients globally. Our machine learning model developed from an international
cohort can serve to better regulate hospital risk prioritisation of at-risk patients.

Clinical background

On the last day of 2019, the WHO received information about 44 cases of pneumonia-like disease in Wuhan city,
China’. By 5 September 2022, more than 600 million cases of SARS-CoV-2 infection had been reported across
all continents, regions, and most countries, resulting in nearly 6.5 million deaths®
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COVID-19, the disease caused by infection with SARS-CoV-2, has a high mortality rate in hospitalised
patients with deaths predominantly caused by respiratory failure’. It continues to this day to be a challenging
global pandemic with significant morbidity and mortality?. As Knight et al.” indicate, prognostic models that
can predict outcomes among COVID-19 patients can be used to support clinical decision-making regarding
hospital treatment and prioritisation. One such score is the 4C score that includes data about patient comorbidity,
abnormal physiology, and inflammation using routinely measured data, bedside observations, and biochemistry
tests®. While in most cases COVID-19 is a mild illness, those at highest risk of death and severe complications
usually are hospitalised some time after onset’.

Pulmonary embolism (PE) is among the most severe and preventable complications of COVID-19 charac-
terized by increased D-dimer levels and high thrombosis risk that has been repeatedly reported across different
countries®. Studies suggest PE incidence rates above 15% in the ICU for COVID-19 patients and early recogni-
tion of its risk factors can help in identifying urgent treatment with anticoagulation therapy to those most in
clinical need*®. Recent international studies additionally suggest COVID-19 as a key risk factor for pulmonary
embolism both in the short- and long-term®'°. Existing PE prediction models are limited in part because they
were developed for non-COVID-19 patients and traditional risk factors for PE may not be as predictive. If risk
models can be developed for assessing occurrence of PE in COVID-19 patients across different countries, that
can be an important step forward in preventing this serious complication of COVID-19, especially given the
current epidemiological situation’.

As for risk factors that contribute the most to the occurrence of mortality and pulmonary embolism in
COVID-19 patients, age has been established as the dominant predictor of mortality'!. Furthermore, studies
have described other risk factors of COVID mortality such as cardiovascular disease, chronic respiratory disease,
diabetes, hypertension, smoking, and obesity'?.

Technical background

Machine learning has been applied to different COVID-19 related questions. Large amounts of patient data are
being generated during the COVID-19 pandemic which can be useful for predictive modelling. Using machine
learning with large amounts of complex patient data could generate accurate and patient-specific predictions
and assist clinicians.

Previous research includes' exploring in-hospital mortality with logistic regression on just 191 patients and*
have followed with multi-center validation with 299 patients for internal training and 145 patients for external
validaton.'® have looked at regression-based predictions of all-cause mortality with hospital admission time as
a predictor and using hazard models yet their results have also been limited due to a smaller dataset restricting
generalisability. All of these studies have used a combination of demographics, comorbidities, symptoms, labora-
tory tests, and self-reported onset times.

In this study, we investigated how pulmonary embolism and all-cause mortality vary across subgroups of
a large and international cohort. We also show how predictive certain clinical factors gathered from patients
with COVID-19 can be to the respective outcomes. In studies looking at predicting thromboembolism more
broadly, a defining limitation for impactful and generalisable application of machine learning methods has been
a small patient sample and a lack of systematic comparison of algorithms'®. Applying a diverse set of methods
to one of the largest and most diverse datasets on hospitalised patients with COVID-19 can help find the best
mechanism for risk prioritisation of patients in a timely way and may help reduce mortality and risk of PE in
those with COVID-19.

Results
Variable distributions can be seen in Tables 1, 2, 3, and 4. A detailed collection of figures for variable distribution
across age groups can be found in the Supplementary.

Several variables were highly correlated with PE and death (Supplementary Figures 3 and 4, Tables II and III).
Multivariable logistic regression shows high association of country, age, alpha variant, and certain symptoms
with PE and death (Figs. 1 and 2). Tables with p-values are included in Tables 5, 6, and 7.

The Cox proportional hazards model without regularisation yielded a C-index of 0.71 and the forest plot
shows high hazard ratios for age, certain regions of admission, and specific symptoms (Fig. 3 and Tables 8 and 9).

The Kaplan-Meier curves for risk stratification across age, sex, and region groups show clear difference in risk
with older men and those in South Asia and the Middle East with the lowest rates of survival (Fig. 4).

Tables 10, 11, and 12 show superior performance of the XGBoost model across all 3 test sets. Similarly,
XGBoost maintains sensitive and accurate prediction of death compared to other alternative models (Table 13).
The validation scores are for the combined UK and Spain set.

The model also maintains high predictive performance across various subgroups of the patient population
stratified across sex and age (Tables 14 and 15).

To further evaluate our model, we test it on held-out test data with specific patient population subgroups
including men, women, and different age groups as can be seen in Tables 14 and 15. Our model shows reliable
prediction for PE and mortality in both men and women without a significant difference in performance for each
group, whereas for age groups there is greater variation in results as compared to sex differences but it remains
relatively consistent in predictive performance.

Taking the best performing XGBoost model and applying 2 different feature importance methods, average
f1-score gain across splits and Shapley values, we obtain the results seen in Figs. 5, 6, 7, and 8. A feature impor-
tance stratification on a held-out test set of only men and only women separately for either PE or mortality
prediction is also included in Figs. 9, 10, 11, and 12. As further clarification for the SHAP plot, darker colour
indicates that a higher value of that feature contributes to the prediction either positively (if on the right hand
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PE (N =5656) Non-PE
Characteristic Missing (%) | Mean (SD)/count (%) | Missing (%) | Mean (SD)/count (%)
Age 0.8 62.6 (15.6) 4.1 56.4 (20.9)
Sex (male) 0.1 3733 (66.0) 2.1 385,038 (48.4)
Alpha variant (post) - 3,733 (66.0) 2.1 385,038 (48.4)
Ethnicity
White _ 309 (5.5) _ 12,030 (1.5)
South Asian - 32(0.6) - 9224 (1.2)
Malay - 0(0.0) - 3,812 (0.5)
Latin American - 24 (0.4) - 2719 (0.3)
Other - 5171 (91.4) - 757,656 (95.3)
Country
South Africa - 0(0.0) - 432,596 (54.4)
United Kingdom - 4076 (72.1) - 269,073 (33.9)
Spain - 577 (10.2) - 14,764 (1.9)
Norway - 15(0.3) - 7448 (0.9)
Other - 988 (17.4) - 71,853 (9.0)
Country income
High - 5513 (97.5) - 323,889 (40.8)
Upper middle - 72 (1.3) - 449,782 (56.6)
Lower middle - 71(1.2) - 20,210 (2.5)
Low - 0(0.0) - 918 (0.1)
Region
Sub-saharan Africa - 0(0.0) - 433,522 (54.5)
Europe and Central Asia - 5,264 (93.1) - 314,416 (39.6)
South Asia - 49 (0.9) - 17,413 (2.2)
East Asia - 39(0.7) - 10,421 (1.3)
North America - 195 (3.4) - 9,666 (1.2)
Other - 107 (1.9) - 9,498 (1.2)
Comorbidities
AIDS/HIV 15.5 19 (0.3) 283 27,895 (3.5)
Asthma 10.6 644 (11.4) 26.4 51,714 (6.5)
Chronic cardiac disease 8.3 1002 (17.7) 26.2 80,348 (10.1)
Chronic haematological 11.2 171 (3.0) 64.7 10,275 (1.3)
Chronic kidney disease 8.8 516 (9.1) 27.0 46,054 (5.8)
Chronic neurological 9.6 369 (6.5) 63.8 28,648 (3.6)
Chronic pulmonary 7.9 707 (12.5) 26.5 52,006 (6.5)
Dementia 9.8 214 (3.8) 64.5 27,374 (3.4)
Diabetes 10.4 1196 (21.1) 24.5 152,728 (19.2)
Hypertension 10.3 2219 (39.2) 27.1 226,285 (28.5)
Liver disease 7.3 169 (3.0) 62.3 8960 (1.1)
Malignant neoplasm 8.7 508 (9.0) 27.1 27,811 (3.5)
Malnutrition 15.1 59 (1.0) 67.3 5,582 (0.7)
Obesity 162 1,167 (20.6) 57.0 53,227 (6.7)
Rheumatologic 9.9 485 (8.6) 64.9 27,954 (3.5)
Smoking 45.5 1317 (23.3) 71.5 74,205 (9.3)

Table 1. Baseline characteristics stratified by occurrence of PE (median and IQR used for lab measurements).

PE here also includes positive cases of deep vein thrombosis and thromboembolism.

side of the vertical line) or negatively (if on the left hand side of the vertical line). Higher placement of the
feature vertically in the plot means it has a higher mean Shapley value and hence contributes more to correct

predictions in the model.

Discussion

To our knowledge, this multi-center dataset is the largest international cohort of hospitalised COVID-19 patients
available. Our analysis showed that patients with PE are older, more often male, white, from higher income
countries, and are more likely to suffer from: asthma, chronic cardiac disease, chronic kidney disease, chronic
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PE (N =5656) Non-PE
Characteristic Missing (%) | Mean (SD)/count (%) | Missing (%) | Mean (SD)/count (%)
Symptoms
Symptomatic 2.3 5400 (95.5) 63.4 276,645 (34.8)
Abdominal pain 19.1 310 (5.5) 70.6 21,510 (2.7)
Confusion 14.4 624 (11.0) 70.5 45,559 (5.7)
Bleeding 19.0 95 (1.7) 70.8 4307 (0.5)
Chest pain 17.0 1,058 (18.7) 70.4 32,811 (4.1)
Conjunctivitis 23.2 15 (0.3) 72.0 1012 (0.1)
Cough 10.7 3434 (60.7) 67.7 153,548 (19.3)
Diarrhoea 14.1 886 (15.7) 69.9 39,718 (5.0)
Ear pain 43.4 7(0.1) 77.0 765 (0.1)
Fatigue 18.5 2134 (37.7) 70.9 93,637 (11.8)
Headache 20.0 510 (9.0) 71.8 26,815 (3.4)
Fever 10.6 3,029 (53.6) 67.8 146,248 (18.4)
Lost sense of smell 24.7 403 (7.1) 77.4 12,736 (1.6)
Lost sense of taste 28.3 438 (7.7) 77.9 14,767 (1.9)
Lymphadenopathy 23.7 33 (0.6) 72.9 1264 (0.2)
Muscle/joint pain 20.5 903 (16.0) 71.8 40,627 (5.1)
Runny nose 26.0 111 (2.0) 73.0 8,244 (1.0)
Seizures 18.1 19 (0.3) 71.3 2764 (0.3)
Severe dehydration 64.9 245 (4.3) 85.3 13,732 (1.7)
Shortness of breath 6.8 4205 (74.3) 67.5 156,078 (19.6)
Skin rash 215 76 (1.3) 71.5 5,771 (0.7)
Sore throat 25.8 225 (4.0) 72.9 16,500 (2.1)
Vomiting 17.3 736 (13.0) 69.9 43,149 (5.4)
Wheezing 22.7 278 (4.9) 71.7 14,474 (1.8)
Lab measurements
D-dimer (pg/mL) 92.0 1.1 (0.5,2.5) 98.6 0.7 (0.4, 1.3)
ALT (IU/L) 64.1 36.0 (22.0, 60.0) 86.0 27.0 (17.0, 45.0)
Bilirubin (x«mol/L) 70.5 11.0 (8.0, 15.6) 85.7 9.0 (7.0, 14.0)
CRP (mg/L) 35.7 115.0 (59.0, 191.8) 79.7 74.9 (29.0, 143.0)
Lymphocytes (10°uL) 332 0.9 (0.6, 1.3) 78.4 0.9 (0.6, 1.3)
Neutrophils (10°%) 33.2 7.1 (4.8,10.1) 78.4 5.5(3.8,8.2)
Platelets (10°%) 57.7 13.0 (11.5, 14.7) 88.0 12.8 (11.2,14.3)
Blood Urea Nitrogen (mmol/L) 44.1 6.5 (4.7,9.7) 79.8 6.4 (4.5, 10.0)
White Blood Cells (10°%) 30.0 8.8 (6.2, 12.1) 77.0 7.2 (5.3,10.1)
Vital signs
Diastolic BP (mmHg) 6.9 75.5 (14.8) 64.7 74.8 (15.2)
Systolic BP (mmHg) 6.8 130.2 (23.2) 64.7 130.3 (24.5)
Heart rate (bpm) 7.4 96.3 (21.1) 65.4 92.0 (21.5)
Oxygen saturation (%) 6.8 90.7 (11.3) 64.7 93.4 (9.3)
Respiratory rate (brpm) 10.1 25.1(8.0) 65.7 22.8 (7.0)
Temperature (°C) 7.1 37.2(1.1) 64.2 37.2(1.0)
Outcome
Discharge - 3,492 (61.7) - 519,423 (65.4)
Death - 1297 (22.9) - 162,091 (20.4)
Other - 531 (15.4) - 54,930 (14.2)

Table 2. Baseline characteristics stratified by occurrence of PE (continued). PE here also includes positive
cases of deep vein thrombosis and thromboembolism.

neurological disease, chronic pulmonary disease, hypertension, cancer, obesity, rheumatologic conditions, or
smoke.

The occurrence of pulmonary embolism in our study population was 0.7% and our results showed a significant
association between confirmed PE and mortality when compared with patients without PE as has been similarly
found in patients without COVID-19".
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Death (N = 163,388) No death
Characteristic Missing (%) | Mean (SD)/count (%) | Missing (%) | Mean (SD)/count (%)
Age 0.8 67.5 (16.1) 2.8 532 (21.0)
Sex (male) 0.2 87,679 (53.7) 0.5 282,993 (48.0)
Country
South Africa - 96,965 (59.3) - 332,012 (56.3)
United Kingdom - 54,540 (33.4) - 193,780 (32.9)
Spain - 123 (0.1) - 7486 (1.3)
Norway - 41(<0.1) - 7216 (1.2)
Other _ 11,719 (7.2) _ 48,992 (8.3)
Country Income
High - 59,531 (36.4) - 231,101 (39.2)
Upper Middle - 98,064 (60.0) - 345,013 (58.5)
Lower Middle - 5725 (3.5) - 12,654 (2.1)
Low - 68 (<0.1) - 717 (0.1)
Region
Sub-saharan Africa - 97,033 (59.4) - 332,730 (56.4)
Europe and Central Asia - 57,129 (35.0) - 222,268 (37.7)
South Asia - 5232(3.2) - 11,491 (1.9)
East Asia - 678 (0.4) - 8,322 (1.4)
North America - 2099 (1.3) - 6776 (1.1)
Other - 1237 (0.8) - 7999 (1.4)
Comorbidities
AIDS/HIV 27.3 6,203 (3.8) 26.2 20,828 (3.5)
Asthma 25.2 10,425 (6.4) 24.6 40,402 (6.9)
Chronic Cardiac Disease 244 26,400 (16.2) 24.6 52,337 (8.9)
Chronic Haematological 65.1 2,901 (1.8) 65.8 7,095 (1.2)
Chronic Kidney Disease 25.6 16,693 (10.2) 253 28,559 (4.8)
Chronic Neurological 64.1 8,071 (4.9) 64.7 19,981 (3.4)
Chronic Pulmonary 25.0 16,224 (9.9) 24.7 34,869 (5.9)
Dementia 65.1 10,261 (6.3) 65.5 16,740 (2.8)
Diabetes 21.3 45,593 (27.9) 23.1 104,810 (17.8)
Hypertension 24.7 64,098 (39.2) 254 157,991 (26.8)
Immunosuppression 79.6 1364 (0.8) 81.9 3728 (0.6)
Liver Disease 62.4 2262 (1.4) 63.3 6269 (1.1)
Malignant Neoplasm 25.3 9036 (5.5) 25.5 17,719 (3.0)
Malnutrition 67.0 1717 (1.1) 67.1 3692 (0.6)
Obesity 55.1 11,176 (6.8) 56.3 39,153 (6.6)
Rheumatologic 65.2 7333 (4.5) 65.9 20,359 (3.5)
Smoking 72.5 17,655 (10.8) 71.5 53,764 (9.1)
Tuberculosis 55.5 2725 (1.7) 55.6 8688 (1.5)

Table 3. Baseline characteristics stratified by death (median and IQR used for lab measurements).

Accordingly, our logistic regression models for PE and death showed that different age-groups experience
different risks of either outcome. The age group 40-80 was at highest odds of having PE, and those >60 of dying
as can be seen in the Kaplan-Meier curve in Fig. 4a. Symptomatic COVID-19 patients were almost 3 times more
likely to experience PE while also being more likely to die. Within symptoms and comorbidities, shortness of
breath, chest pain, obesity, and bleeding were associated with higher odds of a PE, followed by hypertension and
loss of smell. The regionality of the data must be addressed in the higher odds of death in South Asia, Middle
East and North Africa (MENA), and South Africa compared to Europe and Central Asia as the hospital cent-
ers in those communities have different challenges and circumstances when it comes to fighting the pandemic.
Symptoms like shortness of breath, confusion, severe dehydration, and wheezing were present in COVID-19
patients with higher odds of death, and comorbidities such as malignant neoplasm, diabetes, and chronic kidney
or liver disease also lead to higher risk of death. For both correlation and odds of PE and death, men were more
at risk. This is shown in the Kaplan-Meier curves for survival stratified across sex in Fig. 4b.

The hazard ratios confirmed those over the age of 60 were at highest risk of death, especially those COVID-
19 patients who experienced shortness of breath, severe dehydration, confusion, and had pre-existing chronic
conditions. Regionality of hospital admission was once again an important risk factor for death. Interestingly,
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Death (N = 163,388) No death
Characteristic Missing (%) | Mean (SD)/count (%) | Missing (%) | Mean (SD)/count (%)
Symptoms
Symptomatic 63.9 57,578 (35.2) 61.7 211,379 (35.9)
Abdominal Pain 71.4 3,452 (2.1) 69.1 17,537 (3.0)
Confusion 69.7 16,267 (10.0) 69.3 29,022 (4.9)
Bleeding 71.3 1099 (0.7) 69.3 3202 (0.5)
Chest Pain 71.4 4554 (2.8) 68.7 27,581 (4.7)
Conjunctivitis 72.8 220 (0.1) 70.6 792 (0.1)
Cough 68.2 31,110 (19.0) 66.0 117,745 (20.0)
Diarrhoea 70.5 6860 (4.2) 68.3 31,776 (5.4)
Ear Pain 76.7 100 (0.1) 75.4 629 (0.1)
Fatigue 71.7 19,510 (11.9) 69.4 70,064 (11.9)
Headache 73.4 2469 (1.5) 70.1 22,228 (3.8)
Fever 68.0 29,252 (17.9) 66.3 111,358 (18.9)
Lost Sense of Smell 79.6 1131 (0.7) 75.6 10,998 (1.9)
Lost Sense of Taste 80.2 1671 (1.0) 76.2 12,648 (2.1)
Lymphadenopathy 72.8 311(0.2) 71.8 843 (0.1)
Muscle/Joint Pain 73.5 5706 (3.5) 70.1 33,181 (5.6)
Runny Nose 74.1 865 (0.5) 71.5 6,058 (1.0)
Seizures 71.2 573 (0.4) 70.1 2,109 (0.4)
Severe Dehydration 85.5 4,400 (2.7) 84.2 9,369 (1.6)
Shortness of Breath 67.6 37,074 (22.7) 65.9 116,392 (19.7)
Skin Rash 72.1 1593 (1.0) 70.1 4028 (0.7)
Sore Throat 74.0 2115 (1.3) 71.4 12,826 (2.2)
Vomiting 70.6 6506 (4.0) 68.4 35,578 (6.0)
Wheezing 72.3 4077 (2.5) 70.2 9779 (1.7)
Lab Measurements
D-dimer (ug/mL) 99.1 1.1 (0.5,2.5) 98.6 0.7 (0.4, 1.3)
ALT (IU/L) 85.3 36.0 (22.0, 60.0) 85.2 27.0 (17.0, 45.0)
Bilirubin (x«mol/L) 84.3 11.0 (8.0, 15.6) 85.2 9.0 (7.0, 14.0)
CRP (mg/L) 78.9 115.0 (59.0, 191.8) 78.3 74.9 (29.0, 143.0)
Lymphocytes (10°uL) 78.3 0.9 (0.6, 1.3) 76.7 0.9 (0.6, 1.3)
Neutrophils (10°%) 78.3 7.1 (4.8,10.1) 76.7 5.5(3.8,8.2)
Platelets (10°%) 86.7 13.0 (11.5, 14.7) 87.3 12.8 (11.2,14.3)
Blood Urea Nitrogen (mmol/L) 78.9 6.5 (4.7,9.7) 78.5 6.4 (4.5, 10.0)
White Blood Cells (10°%) 76.6 8.8 (6.2, 12.1) 75.3 7.2 (5.3,10.1)
Vital Signs
Diastolic BP (mmHg) 63.1 72.9 (16.3) 64.3 75.5 (14.8)
Systolic BP (mmHg) 63.0 130.0 (26.3) 64.2 131.0 (24.0)
Heart Rate (bpm) 63.2 92.5(22.3) 65.3 91.8 (21.2)
Oxygen Saturation (%) 63.3 91.3 (10.2) 64.3 93.8(9.2)
Respiratory Rate (brpm) 63.4 24.4(7.7) 64.7 22.3(6.6)
Temperature (°C) 63.1 37.2(1.1) 63.9 37.2(1.0)
PE
Yes 99.2 1365 (0.8) [ 993 4291 (07)

Table 4. Baseline characteristics stratified by death (continued). PE here also includes positive cases of deep

vein thrombosis and thromboembolism.

patients with PE, chest pain, asthma, or fever seemed to have lower risk associated which could be due to earlier

and easier detection of these symptoms and conditions in the progression of the disease.

Seeking to combine this clinically insightful information for outcome prediction, we developed a fast pre-
diction model with XGBoost for both PE and death in COVID-19 hospitalised patients, and tested it in differ-
ent countries separately. We also showed that appropriate class weighting can help with class imbalance and
even outperform ensemble resampling methods without having to sacrifice the interpretability of the model
(Tables 10, 13). The differences between measured performance on UK and Spain test sets as evaluated by
sensitivity and accuracy are due to different class-imbalance ratios and positive case distributions between the
datasets. It is important to note that the metric to focus on for our purposes are the validation and test AUC which
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Figure 1. Adjusted odds ratios for PE with 95% confidence intervals.

remain consistent between the two datasets at around 75% as it is the most robust metric in the face of extreme
class-imbalance. Since the class-imbalance varies between the two datasets as well, other metrics like sensitivity
and accuracy will be significantly impacted despite attempts to dampen it but due to only a few percentages of
positive cases, the potency of our approaches can only be limited. The best-performing model for PE prediction
evaluated across separate held-out UK-only data, Spain-only data, and UK and Spain data combined is XGBoost
without undersampling and without rigid thresholding using robust class weighting. As for death, the XGBoost
again outperformed all other models including the ensemble with XGBoost on some metrics.

Since our XGBoost model outperformed other methods, we also showed that the best method for handling
class imbalance is through robust class weighting and compared it to other methods for imbalance handling like
ensembles and resampling methods. Another advantage of this method is that it avoids introducing bias like in
the case of resampling. Finally, XGBoost provides feature importances which was useful for explaining clinical
risk prediction of the model to healthcare professionals and policy-makers.

Exploring two different interpretability methods for XGBoost, average gain across splits and Shapley values,
showed that the time of dominant presence of the alpha variant, age, fever, shortness of breath, and hypertension
were the key predictors for PE, followed by region of admission, sex, and chest pain. Recent work has alluded
to an association between the alpha variant and occurrence of thromboembolisms in mice but further research
relevant to human samples is missing'®. Age was a complex non-linear predictor with different age groups cor-
responding to varying risks. The clear colour separation for the Shapley values for age in Fig. 8 showed how each
age group has a clearly separable predictive value for mortality with older groups having higher risk but which
is not the case for PE as younger age groups can be more predictive of higher PE risk. Furthermore, Shapley
values analysis identified obesity, smoking, and the presence of cough as important predictors for PE whereas
the default XGBoost method does not. The most predictive features for all-cause mortality were age, region of
hospital admission, sex, diabetes, and shortness of breath whereas the default method highlights hypertension
and obesity in addition. For mortality, higher values of region corresponded to samples from South Asia and
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Figure 2. Adjusted odds ratios for death with 95% confidence intervals.

South Africa. Comparing all of the top identified predictors across these models for all outcomes can be seen in
Tables 16 and 17 where certain symptoms and comorbidities have been identified to be universally predictive
risk factors right at-admission without any additional measurements having to be taken for PE and mortality
risk assessment.

The pulmonary embolism and mortality prediction model can help with management of COVID-19 as it uses
standard demographics, comorbidity, and symptom data collected at admission for identifying patients most
at risk of developing PE which may enable an earlier start of targeted anticoagulation therapy. Our mortality
risk prediction model can also help with patient population risk assessment and prioritisation across different
regions of the world.

A strength of the current study is that a combination of machine learning and traditional statistical modeling
can offer a more reliable system for predictive risk forecasting. XGBoost provides at-admission prediction of both
events, while odds and hazards ratios obtained from logistic regression and the Cox proportional hazards model
give us an insight into stratified risk and global feature importance. We systematically compare our XGBoost
model with different risk prediction algorithms. Our model also outperforms recently published results across a
variety of metrics like AUROC and sensitivity despite being developed on a much larger and more heterogene-
ous and diverse dataset while being robust to class imbalance'®. With existing scores built on non-COVID-19
data like The National Early Warning Score 2, there is insufficient information available on their reliability in
the COVID-19 setting, and some have been found to underestimate mortality?®. Our model is able to deploy at
admission for both PE and death risk prediction and can help supplant these needs rapidly.

The study, however, has several limitations. First, almost 60% of patients who died did so in South Africa,
and over 70% of PE cases were located in the UK. This may be due to limited access to p-dimer tests or CT
scans. There were no mandatory diagnostic criteria in the ISARIC CRF for PE. The absence of a control group
of patients without COVID-19 in this dataset prevented estimation of specificity. The patient cohort comprised
of hospitalised patients with confirmed COVID-19 who had a mortality rate of 21.7%. These models are not for
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PE Death
Feature OR (95% CI) | Pvalue | OR (95% CI) Pvalue
Age <0.005 <0.005
<20 1.0 <0.005 |1.0 <0.005
20-40 5.5(3.3,10.1) | <0.005 |2.4(2.3,2.6) <0.005
40-60 8.0 (4.8,14.6) | <0.005 |6.8(6.4,7.3) <0.005
60-80 82(5.0,15.1) |<0.005 |16.1(15.1,17.2) |<0.005
>80 5.7 (3.4,10.5) | <0.005 |27.8(26.0,29.7) |<0.005
Sex (male) 1.3(1.3,1.4) <0.005 |1.2(1.2,1.3) <0.005
Region <0.005
Sub-saharan Africa - - 3.3(3.0,3.6) <0.005
Europe and Central Asia - - 0.9 (0.8, 1.0) 0.052
South Asia - - 4.0 (3.7,44) <0.005
East Asia - - 1.0 -
North America - - 1.2(1.1,1.3) <0.005
MENA - - 2.8(24,3.3) <0.005
Alpha variant 2.6(24,2.8) <0.005
Comorbidities
AIDS/HIV 0.9 (0.5, 1.5) 0.553 1.5(1.4, 1.5) <0.005
Asthma 0.9(0.9,1.0) |0.055 |0.8(0.8,0.9) <0.005
Chronic cardiac disease 0.7 (0.6, 0.8) <0.005 |1.2(1.2,1.2) <0.005
Chronic haematological 0.9(0.8,1.1) 0.320 1.1 (1.0, 1.1) 0.016
Chronic kidney disease 0.9 (0.8, 1.0) <0.005 |1.4(1.3,1.4) <0.005
Chronic neurological 0.9 (0.8, 1.0) 0.087 1.1(1.1,1.1) <0.005
Chronic pulmonary 0.9 (0.8,0.9) <0.005 [1.2(1.2,1.2) <0.005
Dementia 0.7 (0.6, 0.8) <0.005 |1.3(1.2,1.3) <0.005

Table 5. Adjusted odds ratios of features with 95% confidence intervals (only Spain and UK patients included
for PE).

use in the community and could still perform differently in populations at lower risk of death and across differ-
ent regions of the world. As part of future work, dependent on sufficient data, PE and death could be modelled
with a comprehensive multi-state statistical framework, which incorporates the interrelations among survival,
PE, and death states.

In conclusion, the set of decisions taken must include different stakeholders like patients, clinicians, hospital
administrators, researchers, and data procurers so that trade-offs can be identified and context-informed deci-
sions can be taken to address them, especially if our models could have missed harms or benefits to different
groups and communities.

Methods
Data
In this work, we use data of COVID-19 patients from The International Severe Acute Respiratory and Emerging
Infection Consortium (ISARIC), a repository that standardises and secures data on COVID-19 assembled from
a global cohort over 2 years of the pandemic as of January 2022. It includes so far data on over 800,000 patients
from 53 countries. These data capture the global experience of the first 2 years of the pandemic?'. The clinical
characterisation protocol underwent ethical review by the World Health Organization Ethics Review Commit-
tee and ethics approval was obtained for each participating country and site according to local requirements.
Ethics Committee approval was given by the WHO Ethics Review Committee (RPC571 and RPC572, 25 April
2013). Institutional approval was additionally obtained by participating sites including the South Central-Oxford
C Research Ethics Committee in England (Ref. 13/SC/0149), the Scotland A Research Ethics Committee (Ref.
20/85/0028) for the UK and the Human Research Ethics Committee (Medical) at the University of the Witwa-
tersrand in South Africa as part of a national surveillance programme (M160667), which collectively represent
the majority of the data. Other institutional and national approvals are in place as per local requirements. This is
a secondary analysis of data collected, with appropriate local permissions, and each institution signed a Terms of
Submission in which committed that they had the appropriate permissions in place. All methods were performed
in accordance with the relevant guidelines and regulations.

The study population consisted of all patients with either clinically diagnosed or laboratory confirmed
COVID-19 admitted to the participating hospitals. The aim of the recruiting sites was to use a consecutive sample.

The dataset contains 800,459 patients and 182 variables. The mean age of patients was 56.4 (20.9), 48.6% were
male, and the majority of cases were from South Africa (54.0%) and the United Kingdom (34.1%). 65.3% of
patients were discharged alive and 20.4% died. We grouped countries with fewer than 60 individuals into a single
category. Out of all patients, 5450 (0.7%) experienced a pulmonary embolism, 73 experienced thromboembolism,
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PE Death
Feature OR (95% CI) | P Value | OR (95% CI) | P Value
Diabetes 0.8(0.8,0.9) |<0.005 |13(1.3,1.3) |<0.005
Hypertension 1.3(1.2,1.4) <0.005 |1.0(1.0,1.0) <0.005
Liver disease 0.9 (0.7, 1.1) 0.200 1.3(1.2,1.4) <0.005
Malignant neoplasm 1.3(1.2,14) <0.005 |1.4(1.4,1.5) < 0.005
Malnutrition 0.8 (0.6, 1.1) 0.200 1.2(1.1,1.2) <0.005
Obesity 1.4 (1.3, 1.6) <0.005 1.2(1.1,1.2) <0.005
Rheumatologic 1.1(0.9,1.2) 0.137 0.9 (0.9, 1.0) <0.005
Smoking 1.1(1.0,1.2) <0.005 1.0 (1.0, 1.0) 0.126
Symptoms
Symptomatic 1.6 (1.4,1.9) <0.005 1.1(1.1,1.1) <0.005
Abdominal pain 0.8(0.7,0.9) |<0.005 |0.9(0.9,1.0) |<0.005
Confusion 0.9 (0.8, 1.0) 0.009 1.5(14,1.5) <0.005
Bleeding 1.3 (1.0, 1.6) 0.011 1.1(1.0,1.2) 0.025
Chest pain 1.8 (1.6, 1.9) <0.005 0.7 (0.7, 0.8) <0.005
Conjunctivitis 1.6(0.8,29) |0260 |0.8(0.6 1.0) |0.050
Cough 0.9 (0.9, 1.0) 0.391 0.9 (0.9, 1.0) <0.005
Diarrhoea 0.9 (0.9, 1.1) 0.568 0.9 (0.9, 0.9) <0.005
Ear pain 0.7(0.3,1.5) | 0.245 1.1(0.9,1.4) |0.495
Fatigue 1.1(1.1,1.2) <0.005 1.0 (0.9, 1.0) <0.005
Headache 0.7 (0.7, 0.8) <0.005 |0.7(0.6,0.7) <0.005
Fever 0.8 (0.7, 0.9) <0.005 1.1(1.0,1.1) <0.005
Lost sense of smell 1.2 (1.0, 1.4) 0.012 0.7 (0.6, 0.7) <0.005
Lost sense of taste 1.0 (0.9, 1.2) 0.490 0.9 (0.8,0.9) <0.005
Lymphadenopathy 1.7 (1.1, 2.6) <0.005 14(1.2,1.7) <0.005
Muscle/joint pain 0.9 (0.6, 1.0) <0.005 |0.8(0.8,0.8) <0.005
Runny nose 0.9 (0.6, 1.3) 0.832 0.9 (0.8, 1.0) 0.042
Seizures 0.5(0.3,0.8) <0.005 1.0 (0.9, 1.1) 0.784
Severe dehydration 1.2(1.0,1.4) <0.005 |1.3(1.2,1.3) <0.005

Table 6. Adjusted odds ratios of features with 95% confidence intervals (only Spain and UK patients included

for PE).
PE Death
Feature OR (95% CI) | PValue | OR (95% CI) | P Value
Shortness of breath 2.4(2.2,2.6) <0.005 1.8(1.7,1.8) <0.005
Skin rash 1.1 (0.9, 1.4) 0.842 1.3(1.2,1.4) <0.005
Sore throat 0.7 (0.6,0.8) |<0.005 |1.0(0.9,1.0) |0.181
Vomiting 0.9 (0.8, 1.0) < 0.005 0.9 (0.8,0.9) < 0.005
Wheezing 0.8 (0.7, 1.0) <0.005 1.3(1.2,1.3) <0.005
PE - - 1.3(1.2,1.4) <0.005

Table 7. Adjusted odds ratios of features with 95% confidence intervals (only Spain and UK patients included
for PE).

and 143 experienced deep vein thrombosis. We define our outcome of interest as the main pulmonary embolism
(PE) diagnosis for subsequent analysis. 4653 (82.1%) of the PE cases were recorded in the United Kingdom (UK)
and Spain which based on our knowledge makes our study the largest study of its kind for PE to date. Due to
similar data collection patterns and recording, we used data from these two countries only for PE modelling as
they contain the vast majority of reported PE cases.

Data preprocessing

Since treatment information does not have reliable timestamps for most patients, the following variables were
used in the analysis for PE: demographics (including age, sex, country), comorbidities (hypertension, diabetes,
smoking etc.), and symptoms (coughing, fever, fatigue etc.). The presence of diagnosis during domination by
the alpha variant was also included (after December 2020) due to its possible association with incidence of PE.
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Figure 3. Adjusted hazard ratios for mortality with 95% confidence intervals.

In our modelling of PE, we used data from patients from the UK and Spain only and did not use laboratory
measurements or imputation methods. 269,373 patients and 45 variables remained for PE, and 734,282 patients
and 55 variables for death. Age was grouped into 5 categories (0-20, 20-40, 40-60, 60-80, 80-120) with the
distributions seen in Figs. 13 and 14 below. The symptomatic variable represents any symptoms reported for a
patient. For number of days from admission to event (death), we removed outliers of more than 200 days and
those in the negatives, thereby removing 1342 patients.

Prior to processing the data, for PE prediction, we held out 3 test sets of 20% of the total dataset for independ-
ent testing, one of which would only include patients from Spain, one only including patients from the UK, and
another including both. For mortality prediction testing, we held out 20% of the total dataset sample. A workflow
diagram for data processing and system design is shown in Fig. 15.

Stratified Kaplan-Meier curves by age, sex, and region of admission were plotted using Cox proportional
hazards models while machine learning methods were applied for prediction of PE or death.

Baseline and machine learning methods

The reference groups for statistical analysis for age were those under 20 years old, for region it was East Asia,
and for country variable it was Norway. For Cox proportional hazards model, proportionality assumption was
verified through visualisation of the survival curves and observing parallel behaviour as seen in Fig. 4. We
investigated several prediction methods for PE occurrence and death, including logistic regression, Linear
Discriminant Analysis (LDA), naive Bayes classifier, random forests, ADABoosting algorithms, and the high-
performing extreme gradient boost machine (XGBoost)**?*. Previous studies looking at tree-based algorithms
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Feature ‘ HR ‘ 95% CI P value
Age

20-40 2.5 23,27 < 0.005
40-60 6.5 6.1,7.0 <0.005
60-80 14.2 | 13.3,15.1 | <0.005
>80 21.3 | 20.0,22.8 | <0.005
Sex (male) 1.2 1.2,1.2 < 0.005
Region

Sub-saharan Africa 26 24,28 <0.005
Europe and Central Asia 0.9 0.8, 0.9 < 0.005
South Asia 2.9 2.6,3.1 <0.005
North America 1.0 09, 1.1 0.557
MENA 1.8 1.6,2.0 < 0.005
Comorbidities

AIDS/HIV 14 14,15 <0.005
Asthma 0.9 0.8,0.9 <0.005

Chronic cardiac disease 1.2 1.1,1.2 <0.005
Chronic haematological 1.1 1.0, 1.1 0.006
Chronic kidney disease 1.3 13,13 <0.005

Chronic neurological 1.1 1.0, 1.1 < 0.005
Chronic pulmonary 1.1 1.1,1.2 <0.005
Dementia 1.2 12,12 <0.005
Diabetes 1.2 1.2,1.2 <0.005
Hypertension 1.0 1.0, 1.0 0.853

Immunosuppression 1.2 1.2,1.3 <0.005
Liver disease 1.2 1.2,1.3 <0.005
Malignant neoplasm 1.3 1.2,1.3 <0.005
Malnutrition 1.1 1.0,1.2 <0.005
Obesity 1.2 1.1,1.2 <0.005
Rheumatologic 0.9 0.9, 1.0 < 0.005
Smoking 1.0 1.0,1.0 0.082

Tuberculosis 1.1 1.1,1.2 <0.005

Table 8. Adjusted hazard ratios for mortality.

such as XGBoost have highlighted its capacity to learn the correlations between covariates well when it comes
to mortality prediction in COVID-19 patients while also being somewhat interpretable**. We applied all of these
methods for the purposes of a systematic comparison using 5-fold cross-validation, several hold-out test sets
stratified across countries and regions, and evaluated with multiple metrics. A list of methods applied can be
seen in Table 18 with details in Supplementary.

As is often the case in disease prediction, there is class imbalance with about 1.7% of UK and Spain patients
having been diagnosed with PE and around 20.4% having died in the case population. To address this, we use
other metrics mentioned above in the evaluation of our models besides accuracy as it does not capture the true
predictive performance of our models and we rely more on sensitivity and the F1 score. We also use a different
threshold for prediction after probability estimation instead of the default 0.5 to achieve cost-sensitivity, and
we apply random undersampling at a minority:majority ratio of 1:4 as has been highlighted in other work?>*¢.
We evaluate these methods both separately and in combination to investigate the best approach for this set of
prediction problems.

To address imbalance in predictions, we applied either undersampling, thresholding, or both. As for death,
due to a much softer imbalance, undersampling was not necessary. We also added class-weighting to our XGBoost
model using inverse proportions and compared it with the other methods to address class imbalance. All confu-
sion matrices and parameter details for each model can be found in the Supplementary.

Furthermore, we build an ensemble that combines AdaBoosted decision trees with robust undersampling
using different subsets for resampled training so as to address the imbalance and compare this cost-sensitive
model with our best performing model and add further confidence in its ability to generalise in an imbalanced
scenario”. We extend the ensemble learning methods by using our own XGBoost model in the ensemble struc-
ture instead of the standard AdaBoosted decision trees. The number of trees was a tunable hyperparameter listed
in the Supplementary (Tables IV-VI). We compare our cost-sensitive class-weighted XGBoost machine learning
model with these resampling ensembles to show improved performance without the need of introducing bias
like in the case of resampling while maintainting interpretability.

Scientific Reports |

(2024) 14:16387 |

https://doi.org/10.1038/s41598-024-63212-7 nature portfolio



www.nature.com/scientificreports/

Feature ‘ HR ‘ 95% CI ‘ P value
Symptoms

Symptomatic 1.1 1.1,1.2 <0.005
Abdominal pain 0.9 0.9,1.0 |<0.005
Confusion 1.3 | 1.3,1.3 |<0.005
Bleeding 1.1 1.0, 1.1 0.146
Chest pain 0.8 |0.7,0.8 |<0.005
Conjunctivitis 08 |0.7,1.0 |0.028
Cough 1.0 |0.9,1.0 |<0.005
Diarrhoea 0.9 |0.9,09 |<0.005
Ear pain 1.1 09,13 |0.655
Fatigue 1.0 [09,1.0 |<0.005
Headache 0.7 0.7,0.7 <0.005
Fever 1.1 1.1, 1.1 <0.005

Lost sense of smell 0.7 ]0.7,0.8 |<0.005
Lost sense of taste 0.9 08,09 |<0.005
Lymphadenopathy 1.2 |1.1,14 |<0.005
Muscle/joint pain 09 108,09 |<0.005
Runny nose 1.0 |09,1.0 |0.121

Seizures 1.0 09,1.1 0.764

Severe dehydration 1.2 1.2,1.2 |<0.005
Shortness of breath 1.6 |1.6,1.7 |<0.005

Skin rash 1.2 | 11,12 |<0.005
Sore throat 1.0 |09,1.0 |0.223

Vomiting 09 108,09 |<0.005
Wheezing 1.2 1.2,1.2 <0.005
PE 1.2 12,13 <0.005

Table 9. Adjusted hazard ratios for mortality (continued).

Model validation and evaluation

We proceed to tune our machine learning models and validate them using stratified 5-fold cross-validation
with Bayesian optimisation. We repeated the optimisation procedure for 50 iterations after which we evaluated
the model on the independent test set with the following metrics: AUROC, Accuracy, Weighted F1 Score, and
Sensitivity. The details can be found in the Supplementary.

While existing studies referenced in the Introduction mention some approaches to feature importance estima-
tion for COVID-19 mortality and outcome prediction as well as for other problems, rarely does one find several
interpretability methods compared and contrasted in one scenario. We implemented both tree-based F-score
interpretability methods as well as Shapley values analysis, logistic regression and Cox regression, and hope to
draw interesting conclusions from each and their comparisons**?. A full explanation for the Shapley values
method and its details can be found in the Supplementary materials.

Role of the funding source
The funder had no role in study design, data collection, data analysis, data interpretation, writing of the report,
and decision to submit the paper for publication.
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Figure 4. Kaplan-Meier survival curve for COVID-19 patients stratified by a) age, b) sex, and ¢) region.
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Models ‘ Validation AUC ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
No undersampling

No threshold

Logistic regression 72.5 71.0 | 64.0 76.5 69.3
LDA 72.2 70.6 98.3 97.4 0.0
Naive Bayes 70.4 69.1 98.1 97.4 0.9
Random forest 73.6 735 | 65.4 775 | 69.7
Stacking Ensemble 63.0 67.3 | 655 77.6 | 69.1
Ensemble 73.0 71.8 63.7 76.2 70.8
Ensemble (XGBoost) 73.6 73.8 | 64.5 76.9 70.0
XGBoost 75.6 759 |72.3 82.3 |67.5
No undersampling

With threshold

Logistic Regression 72.5 66.7 |63.0 75.7 70.5
LDA 72.2 66.5 66.7 78.5 66.3
Naive Bayes 70.4 653 |61.8 749 | 68.9
Random forest 73.6 66.6 |71.4 818 | 615
XGBoost 73.8 67.3 67.9 79.3 66.7
With undersampling

No threshold

Logistic Regression 72.4 71.0 |63.9 76.5 69.1
LDA 72.2 70.6 95.9 96.4 9.8
Naive Bayes 70.4 69.0 |82.7 89.0 |34.2
Random forest 74.3 739 |68.3 79.6 | 66.6
Stacking Ensemble 64.5 67.6 |66.8 786 | 684
XGBoost 73.8 73.7 66.1 78.1 69.0
With undersampling

With threshold

Logistic Regression 72.4 66.3 | 64.7 77.1 67.9
LDA 72.2 66.7 63.2 75.9 70.3
Naive Bayes 70.4 652 | 615 74.6 68.9
Random forest 74.3 73.9 68.3 79.6 66.6
XGBoost 73.8 67.3 62.4 75.3 72.5

Table 10. Prediction model results for PE on test set with UK and Spain (F1-w is the weighted F1 score). Best
performing model performance values are in bold.
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Models ‘ Validation AUC ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
No undersampling

No threshold

Logistic Regression 72.5 69.4 | 64.9 77.3 65.5
LDA 72.2 69.2 98.4 97.6 0.0
Naive Bayes 70.4 67.2 98.3 97.6 0.5
Random forest 73.6 712 | 65.6 778 | 66.0
Stacking ensemble 63.0 65.7 | 66.1 782 | 652
Ensemble 73.0 70.3 64.7 77.1 67.0
Ensemble (XGBoost) 73.6 71.6 | 64.9 77.3 66.1
XGBoost 75.6 74.5 734 83.2 |63.5
No undersampling

With threshold

Logistic regression 72.5 653 |63.9 76.5 66.8
LDA 72.2 65.3 68.7 80.0 61.9
Naive Bayes 70.4 63.6 |619 75.0 | 655
Random forest 73.6 645 | 719 822 |569
XGBoost 73.8 65.5 68.5 79.9 62.5
With undersampling

No threshold

Logistic Regression 72.4 69.3 | 64.8 77.2 65.2
LDA 72.2 69.2 97.0 97.0 4.8
Naive Bayes 70.4 672 |83.3 89.5 |29.7
Random forest 74.3 717 | 68.8 80.1 |624
Stacking Ensemble 64.5 659 |67.5 792 | 643
XGBoost 73.8 71.7 66.8 78.6 65.1
With undersampling

With threshold

Logistic Regression 72.4 64.8 | 656 77.8 | 64.0
LDA 72.2 65.5 64.5 77.0 66.6
Naive Bayes 70.4 63.5 61.6 74.8 65.5
Random forest 74.3 65.5 69.3 80.5 61.6
XGBoost 73.8 65.9 62.8 75.7 69.1

Table 11. Prediction model results for PE on UK test set (F1-w is the weighted F1 score). Best performing
model performance values are in bold.
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Models ‘ Validation AUC ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
No undersampling

No threshold

Logistic Regression 72.5 745 | 485 61.6 96.5
LDA 72.2 73.6 96.2 94.4 0.0
Naive Bayes 70.4 77.6 95.7 94.3 3.5
Random forest 73.6 787 | 62.1 733 | 957
Stacking ensemble 63.0 75.7 | 56.4 68.6 | 96.5
Ensemble 73.0 744 | 46.5 60.0 95.4
Ensemble (XGBoost) 73.6 79.8 57.8 69.8 95.4
XGBoost 75.6 789 |59.6 67.2 |95.7
No undersampling

With threshold

Logistic regression 72.5 71.3 | 48.1 61.2 96.5
LDA 72.2 64.2 33.5 45.8 97.4
Naive Bayes 70.4 76.3 | 60.9 724 |93.0
Random forest 73.6 784 | 64.1 749 939
XGBoost 73.8 76.0 57.1 69.2 96.5
With undersampling

No threshold

Logistic regression 72.4 74.6 | 49.5 62.6 96.5
LDA 72.2 73.9 78.7 85.0 44.3
Naive Bayes 70.4 776 | 71.8 80.5 | 66.1
Random forest 74.3 80.2 |58.7 70.6 | 96.5
Stacking ensemble 64.5 75.0 | 55.1 675 |96.5
XGBoost 73.8 79.3 54.9 67.4 96.5
With undersampling

With threshold

Logistic Regression 72.4 71.8 | 49.7 62.7 957
LDA 72.2 68.2 |42.0 55.2 96.5
Naive Bayes 70.4 764 |61.1 72.5 93.0
Random forest 74.3 76.9 58.7 70.6 96.5
XGBoost 73.8 74.7 54.4 66.9 96.5

Table 12. Prediction model results for PE on Spain test set (F1-w is the weighted F1 score). Best performing
model performance values are in bold.
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Models ‘ Validation AUC ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
No undersampling

No threshold

Logistic regression 73.2 729 |66.2 68.9 68.4
LDA 73.1 72.9 78.0 71.1 7.8
Naive Bayes 71.3 71.1 74.9 72.5 23.7
Random forest 74.1 739 |65.5 684 |715
Stacking ensemble 74.1 739 |65.5 684 |715
Ensemble 73.3 73.1 65.8 68.6 69.4
Ensemble (XGBoost) 74.4 743 | 65.1 68.1 73.0
XGBoost 74.4 74.2 | 65.3 68.2 72.7
No undersampling

With threshold

Logistic regression 73.2 67.0 |63.7 66.8 72.9
LDA 73.1 67.1 63.8 66.9 72.8
Naive Bayes 71.3 66.9 |62.6 65.8 | 74.7
Random forest 74.1 67.6 | 659 688 | 70.6
Ensemble 73.3 67.1 62.8 66.0 74.8
Ensemble (XGBoost) 74.4 67.9 66.3 69.1 70.7
XGBoost 74.4 67.9 66.1 69.0 71.1

Table 13. Death prediction model results for test set (F1-w is the weighted F1 score). Best performing model
performance values are in bold.

Models ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
Sex

Male

Logistic regression 71.1 55.9 69.9 77.7
XGBoost 76.0 | 68.0 79.1 73.0
Female

Logistic regression 69.3 73.7 83.7 53.4
XGBoost 743 773 86.0 |57.2
Age

20-40

Logistic regression 79.0 |65.8 78.0 81.0
XGBoost 782 | 741 835 | 688
40-60

Logistic Regression 65.7 | 48.7 63.2 75.9
XGBoost 74.0 |59.0 719 | 782
60-80

Logistic regression 69.6 | 58.6 72.0 71.5
XGBoost 723 | 66.1 776 | 67.7

Table 14. Prediction model results stratified across sex and age groups for PE (F1-w is the weighted F1 score).
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Models ‘ AUC ‘ Accuracy ‘ Fl-w ‘ Sensitivity
Sex

Male

Logistic regression 724 | 64.4 67.0 71.2
XGBoost 740 | 64.2 66.8 | 74.6
Female

Logistic regression 729 | 67.9 70.8 65.1
XGBoost 740 |66.3 69.6 | 70.4
Age

20-40

Logistic regression 67.8 |93.4 90.2 0.0
XGBoost 702 | 93.1 90.5 |42
40-60

Logistic regression 62.9 77.8 76.2 18.1
XGBoost 650 | 743 752 | 321
60-80

Logistic regression 61.7 | 47.6 464 | 858
XGBoost 63.6 | 469 449 |89.2

Table 15. Prediction model results stratified across sex and age groups for death (F1-w is the weighted F1
score).

Features

Feature importance

Age 41.0
Shortness of breath 34.0
Symptomatic 30.0
Fever 23.0
Rheumatologic disorder 23.0
Country 21.0
Hypertension 20.0
Cough 19.0
Chronic neurological disorder 19.0
Chest pain 18.0
0 10 20 30 40
F score

Figure 5. Feature importance from XGBoost PE prediction model using F1-score gain method (average
contribution of each feature to predictive performance).
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Figure 6. XGBoost feature importance with SHAP for PE. The values in the legend being higher or darker
colour in the plot correspond to higher values of that feature contributing to the prediction either for stronger
positive prediction (more colour points for the feature on the right side of the vertical line) or stronger negative
prediction of outcome otherwise.
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Figure 7. Feature importance from XGBoost mortality prediction model using F1-score gain method (average
contribution of each feature to predictive performance).

Scientific Reports |  (2024) 14:16387 | https://doi.org/10.1038/s41598-024-63212-7 nature portfolio



www.nature.com/scientificreports/

Age
Region

Shortness of breath

Sex

Country . .

Diabetes L cnemmme o

Symptomatic

Chronic kidney disease —
Confusion ——e 4
Chronic cardiac disease :_- )
Malignant neoplasm —_—-—
AIDS R S—— .
Chronic pulmonary disease . l—
Obesity « ‘l_. o
Headache —_— ‘
Hypertension -ﬁ- -
Vomiting or nausea —‘ —
Fever «c ._
Chest pain —e
Muscle aches or joint pain —I
. ; ; ; .
-3 -2 -1 0 1

SHAP value (impact on model output)

Figure 8. XGBoost feature importance with SHAP for mortality. The values in the legend being higher or
darker colour in the plot correspond to higher values of that feature contributing to the prediction either for
stronger positive prediction (more colour points for the feature on the right side of the vertical line) or stronger
negative prediction of outcome otherwise.
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Figure 9. XGBoost feature importance with SHAP for PE (only men). The values in the legend being higher

or darker colour in the plot correspond to higher values of that feature contributing to the prediction either for
stronger positive prediction (more colour points for the feature on the right side of the vertical line) or stronger
negative prediction of outcome otherwise.
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Figure 10. XGBoost feature importance with SHAP for PE (only women). The values in the legend being
higher or darker colour in the plot correspond to higher values of that feature contributing to the prediction
either for stronger positive prediction (more colour points for the feature on the right side of the vertical line) or

stronger negative prediction of outcome otherwise.
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Figure 11. XGBoost feature importance with SHAP for mortality (only men). The values in the legend being
higher or darker colour in the plot correspond to higher values of that feature contributing to the prediction
either for stronger positive prediction (more colour points for the feature on the right side of the vertical line) or
stronger negative prediction of outcome otherwise.
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Figure 12. XGBoost feature importance with SHAP for mortality (only women). The values in the legend being
higher or darker colour in the plot correspond to higher values of that feature contributing to the prediction
either for stronger positive prediction (more colour points for the feature on the right side of the vertical line) or
stronger negative prediction of outcome otherwise.
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PE Death
Feature LR | XGBoost | LR Cox | XGBoost
Age v v v v '
Sex v v v v v
Region v v v v v
Alpha variant v v
Comorbidities
AIDS/HIV X X v v v
Asthma X X v v X
Chronic Cardiac Disease | v/ |V ' v v
Chronic Haematological X |X v X X
Chronic Kidney Disease v v v v v
Chronic Neurological X X v v X
Chronic Pulmonary v Vv v v v
Dementia v v v v X
Diabetes v v ' v v
Hypertension v v v X v
Liver Disease X |X v v X
Malignant Neoplasm v v v v v
Malnutrition v X v v X
Obesity v v v v v
Rheumatologic X X v v X
Smoking v v X X X

Table 16. Features of Significant Importance for PE and Mortality Prediction According to Different Models
(For XGBoost Top 20 SHAP Value Features Were Taken as Important, and for Logistic Regression and Cox
model significance was taken as p <0.005). Ticks correspond to significance of feature for that model and for
that outcome and X corresponds to lack of significance. Features in bold are those found to be significant for
both mortality and PE prediction.
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Symptoms
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Table 17. Features of Significant Importance for PE and Mortality Prediction According to Different Models
(For XGBoost Top 20 SHAP Value Features Were Taken as Important, and for Logistic Regression and Cox
model significance was taken as p < 0.005). Ticks correspond to significance of feature for that model and for
that outcome and X corresponds to lack of significance. Features in bold are those found to be significant for
both mortality and PE prediction. (continued).

200 +

w
o
§ 150 =
-3
g 17.2% Death
£
>
g 100 =
[}
-
(=
o
w
50 4
47%
04 -
T v v v v
[0.20) [20,40) [40,60) [60,80) [80,120)

Age at Admission (Years)

Figure 13. Age distribution for all patients stratified by death outcome.
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Figure 14. Age distribution for UK and Spain patients.
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Figure 15. Flowchart of framework with machine learning model to predict the risk of PE and mortality at
admission.
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Models Brief description

Logistic regression Generalised linear model

Linear Discriminant Analysis Normal distribution, linear

Naive Bayes Independence, probabilistic
Random Forest Decision tree ensemble
XGBoost Gradient-boosted decision trees
Ensemble AdaBoost models ensemble
Ensemble with XGBoost XGBoost models ensemble

Table 18. Machine learning methods investigated.

Data availability

The ISARIC-WHO CCP, case report form and consent forms are openly available on the ISARIC website at
https://isaric.org/re search/covid-19-clinical-research-resources/clinical-characterisation-protocol-ccp/.
Informed consent for data collection, sharing and/or analysis was obtained from individual participants or their
representatives when required by local ethics committees. Some committees approved a waiver of consent due to
the public benefit of the research and the minimal risk to participants. The data that underpin this analysis are
highly detailed clinical data on individuals hospitalised with COVID-19. Due to the sensitive nature of these data
and the associated privacy concerns, they are available via a governed data access mechanism following review
of a data access committee. Data can be requested via the IDDO COVID-19 Data Sharing Platform (http://www.
iddo.org/covid-19). The Data Access Application, Terms of Access and details of the Data Access Committee are
available on the website. Briefly, the requirements for access are a request from a qualified researcher working
with a legal entity who have a health and/or research remit; a scientifically valid reason for data access which
adheres to appropriate ethical principles. The full terms are at https://www.iddo.org/document/covid-19-data-
access-guidelines. A small subset of sites who contributed data to this analysis have not agreed to pooled data
sharing as above. In the case of requiring access to these data, please contact the corresponding author in the
first instance who will look to facilitate access.
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