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Purpose: To examine associations between male sex and SARS-CoV-2 test positivity, severe COVID-19 disease, and death in
a single-site cohort, and assess whether male sex impacts risk for severe COVID-19 disease through socioeconomic status (SES),
comorbidities, or inflammation.

Materials and Methods: We conducted a retrospective cohort study with data collected from University of Washington Medicine
EMR from March 1 to September 29, 2020. All persons, regardless of age, were included if they had a conclusive diagnostic COVID-
19 PCR test result. Our exposure was sex assigned at birth. We used Poisson regression to assess associations between sex and
COVID-19 test positivity, disease severity and COVID-19 related death, and linear regression to compare viral cycle threshold at the
first positive test. We conducted mediation analyses to assess interventional indirect effects of male sex on severe COVID-19 risk
through socioeconomic status (SES, based on area deprivation and insurance type), comorbidities, and inflammation status. Models
controlled for age and race/ethnicity.

Results: Of 32,919 males and 34,733 females included, 1469 (4.5%) and 1372 (4.0%) tested positive for SARS-CoV-2, respectively.
Males were 14% more likely to test positive (RR = 1.14; 95% CI: 1.06—1.23), had 80% higher risk for severe COVID-19 disease (RR
=1.80; 95% CI: 1.39-2.33) and had 58% higher risk for death (RR = 1.58; 95% CI: 1.10-2.26) compared to females after adjusting for
age and race/ethnicity. Mediation analyses indicated non-significant interventional indirect effects of male sex on severe COVID-19
disease through elevated inflammatory markers, SES and comorbidities, but the greatest effect was through the inflammation pathway.
Conclusion: Males appear to be at higher risk at all steps of the continuum of COVID-19 illness. The strongest mediating signal,
albeit non-significant, is with inflammatory pathways. Further elucidation of causal pathways linking sex and COVID-19 severity is
needed in larger cohorts.
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Introduction

More than a year into the global COVID-19 pandemic, we have learned much more about the disease, including that
males appear more vulnerable to acquiring the infection, developing severe disease, and death compared to females.'
From the early reports from China” ° to the latest global sex-disaggregated data tracking,” case fatality appears higher in
males than females nearly universally. Yet, exactly why that is the case continues to evade us.

Several hypotheses exist for why males may face greater vulnerability to COVID-19 as compared to females that largely
fall into two major pathways. The first is due to socio-behavioral factors, such as healthcare-seeking behaviors, gendered
behaviors (eg, smoking), or social networks and socialization behaviors.* '® The second is due to biologic factors, such as sex
hormone-regulated expression of angiotensin converting enzyme-2 (ACE-2) receptors, which facilitate viral entry, or immune
responses.”' "2 Furthermore, evaluations of interactions between sex and factors such as race/ethnicity, socioeconomic status
(SES), and existing comorbidities and sex are often lacking, clouding our understanding of any associations observed with sex
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and COVID-19 outcomes. Limited work has been done to explore causal pathways by which male sex affects risk of severe
disease. Identifying these pathways could yield crucial insights into future clinical management and vaccination plans.

To better elucidate underlying associations between sex and COVID-19, and potential causal pathways, we conducted
a retrospective cohort analysis to assess interaction and mediation by sociodemographic, clinical, and biologic factors.
Our hypothesis was that sex differences would not exist in COVID-19 test positivity, but males would be at greater risk
for more severe COVID-19 disease, including death, than females. Furthermore, we hypothesized that certain factors,
namely SES, comorbidities, and inflammation, mediate the relationship between male sex and severe COVID-19 disease.

Materials and Methods
Study Setting, Site, and Population

We conducted a retrospective cohort study of electronic medical record (EMR) data collected from March 1 through
September 29, 2020, from three hospitals within the University of Washington Medicine (UWM) system. These facilities
included an academic medical center, a county hospital and a community hospital affiliated with UWM. The UW Human
Subjects Division approved this study (STUDY00005397). This study met the regulatory criteria for waiver of the
consent process requirement, including evaluation of a public benefit or service program and being of minimal risk to
participants. We conducted this study in accordance with the Declaration of Helsinki.

All persons, regardless of age, were included if they had a conclusive diagnostic COVID-19 polymerase chain
reaction (PCR) test result and had their sex recorded in the EMR.

Variable Definitions

Our exposure was sex assigned at birth as recorded in individuals’ EMR file. We defined COVID-19 test positivity as
a positive SARS-CoV-2 PCR test result; persons with a positive antibody or antigen test result only were not considered
COVID-19 positive. We excluded persons with inconclusive PCR results from analysis. We defined COVID-19 severity,
our primary outcome, using the 11-point World Health Organization clinical progression scale, which categorizes
severity from uninfected with no viral DNA detected (score of 0) to death (score of 10)."* Because we were unable to
collect certain indicators of clinical progression as delineated in the scale, such as COVID-19 symptoms and PaO,/FiO,
ratio and SpO,/FiO, ratio when mechanical ventilation was required, we could not accurately classify individuals on
certain elements of the ordinal scale. Therefore, outcomes were dichotomized. Scores >5, which requires hospitalization
with non-invasive ventilation or higher order of ventilatory or life support, were considered severe COVID-19 infections
as delineated by the scale. We defined death as death by any cause occurring any time after an individual’s COVID-19
diagnosis. We defined hospitalization as having a record of inpatient admission following a COVID-19 diagnosis. We did
not consider an emergency room visit only as a hospitalization. Individuals who were hospitalized may not have
necessarily met the criteria for severe COVID-19 disease. We recorded individuals’ SARS-CoV-2 cycle threshold
measured at the time of the first positive PCR test result by one of the following platforms: Hologic Panther Fusion,
Roche Cobas, and a laboratory-developed test based on primer sets from the Centers for Disease Control and Prevention.
All three assays have been shown to have good sensitivity for detection of SARS-CoV-2."" Where multilocus testing was
performed, we used the lowest cycle threshold value.

Using the EMR, we collected information on covariates/mediators at the time of the first positive SARS-CoV-2 PCR
result for individuals who received any positive result and the last negative result for individuals who never tested
positive. These variables included age, race/ethnicity group, binary SES based on whether individuals had income-based
insurance and/or lived in an area with area deprivation greater than the national median,'*'> Charlson Comorbidity Index
(CCI) score (possible range: 0-33),'¢ and inflammation variable indicating the number of the following inflammatory
markers (possible range: 0-8) above the upper limit of the normal reference range:'’ interleukin (IL)-6, erythrocyte
sedimentation rate (ESR), ferritin, high sensitivity C reactive protein (HSCRP), lactate dehydrogenase (LDH), lympho-
cytes, neutrophils, and white blood cells. Additional information on covariate construction can be found in the
Supplemental Methods.
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Missing Data

We used multiple imputations by chained equations to account for missingness of key analysis variables, including age,
race/ethnicity and SES. Imputation models included variables from our primary models as predictors (sex, severe
COVID-19 status, age, race/ethnicity, SES, comorbidities) and other sociodemographic and clinical characteristics
available within our dataset, including facility, testing calendar month, marital status, and language preference. Twenty
imputed datasets were generated. For inflammatory status, we imputed a zero for individuals who had no laboratory
measurements available within 14 days of their first positive SARS-CoV-2 test with the assumption that individuals who
were missing measurements likely were not ill enough to elicit blood testing and results of these tests would have
indicated no elevated markers.

Statistical Analysis

We used Poisson regression with robust standard errors to assess the relative risk (RR) between sexes for COVID-19 test
positivity, severe disease, hospitalization and death, and linear regression to compare viral cycle threshold at the first
positive test. Results were stratified by sociodemographic, clinical, and biologic characteristics and separate interaction
models were fit to assess for effect modification by these factors. We conducted mediation analyses to quantify the effect
of male sex on severe COVID-19 risk through different causal pathways. The mediators we considered, which we
hypothesized to lie on the causal pathway between male sex (exposure) and COVID-19 disease severity (outcome), were
low SES, CCI score, and inflammation status as defined above; our proposed causal diagram is shown in Figure 1. We
first quantified the total effect of male sex on COVID-19 severity. Then, we decomposed the total effect into interven-
tional indirect and direct effects, which act through and independent of the mediating pathways, respectively. The
interventional indirect effect through each mediator indicates the reduction in severe COVID-19 risk that would be seen
if the distribution of the mediator was shifted from what it would be under male sex to female sex. For inference,
nonparametric, bootstrapped confidence intervals were computed for each effect. To evaluate whether imputation of
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Figure | Basic causal diagram of the relationship between male sex and COVID-19 severity.
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missing values for the inflammation variable biased our estimates, we re-ran the mediation models among the subset of
individuals who had laboratory measurements recorded. All models controlled for age and race/ethnicity. All data
analyses were conducted using R version 3.6.1 (R Core Team, Vienna, Austria).

Results

Individuals’ Characteristics

Of 74,426 individuals who had a clinical encounter involving SARS-CoV-2 testing within the three UWM hospitals
during our study period, 67,693 had a conclusive PCR test result (Figure 2). Forty-one of these individuals did not have
their sex recorded in the EMR and were excluded. In total, we included 67,652 individuals in analyses to assess
differences in risk of test positivity. A positive test was recorded for 2841 individuals (4.2% test positivity).

Among individuals who underwent testing, 49% of males and 44% of females were >50 years of age (Table 1).
Approximately one-third of males and females were married or in a domestic partnership. Most commonly, individuals
identified as non-white (41%) while <10% identified as non-Latinx Black, Latinx, Asian/Asian American or Native
Alaskan/American/Hawaiian. Males and females had comparable SES indicators (insurance type, area deprivation).
Hypertension and other cardiovascular disease, asthma and other respiratory disease and autoimmune diseases were the
most prevalent comorbidities. Among individuals who received a positive SARS-CoV-2 test result, there were notable
differences in certain characteristics. Nearly a quarter of individuals identified as Latinx and over 10% identified as non-
Latinx Black. Additionally, over a quarter of individuals preferred a language other than English.

Association of Male Sex with Test Positivity

Among 32,919 males who had a recorded SARS-CoV-2 test, 1469 (4.5%) received a positive result compared to 1372 of
34,733 (4.0%) females. In multivariable regression adjusting for age and race/ethnicity, males had an estimated 14%
higher risk of testing positive compared to females (RR = 1.14; 95% confidence interval [CI]: 1.06-1.23; p<0.001)
(Supplemental Table 1). Within race/ethnicity groups, positivity was highest among individuals who identified as Latinx
(12.5% of males, 10.6% of females), Native Alaskan/American/Hawaiian (6.6% of males, 7.2% of females) and non-
Latinx Black (5.9% of males and 6.9% of females), and lowest among non-Latinx white (2.6% of males and 2.1% of

females). Among individuals who identified as non-Latinx Black, there was no significant difference in positivity
between males and females; this comparison significantly differed from the RR of positivity between white males and
females in interaction models (p=0.02).

Have one or more encounter with SARS-CoV-2 test
N=74,426

N=6,639 with antibody test only
N=74 with inconclusive PCR result
N=20 with pending PCR result

Have conclusive SARS-CoV-2 PCR result
N=67,693

N=41 with unavailable sex

Patient sex recorded

N=67,652
I
Male Female
N=32,919 N=34,733
l I
Any positive SARS-CoV-2 test Any positive SARS-CoV-2 test
N=1,469 (4.5%) N=1,372 (4.0%)
Figure 2 Flow diagram of participant inclusion.
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Table | Individual Characteristics at Time of SARS-CoV-2 PCR Test

Individuals Who Received a SARS-CoV-2

Individuals Who Received a Positive

PCR Test SARS-CoV-2 PCR Result
Male (N=32,919) Female (N=34,733) Male (N=1469) Female (N=1372)
n (%) or Median n (%) or Median n (%) or Median n (%) or Median
(IQR) (IQR) (IQR) (IQR)
Socio-demographic
Age, years
0-9 504 (1.5%) 464 (1.3%) 25 (1.7%) 25 (1.8%)
10-19 1490 (4.5%) 1564 (4.5%) 84 (5.7%) 103 (7.5%)
20-29 4919 (14.9%) 5966 (17.2%) 253 (17.2%) 295 (21.5%)
30-39 5391 (16.4%) 6534 (18.8%) 252 (17.2%) 225 (16.4%)
40-49 4470 (13.6%) 5080 (14.6%) 231 (15.7%) 198 (14.4%)
50-59 5612 (17.0%) 5456 (15.7%) 257 (17.5%) 202 (14.7%)
60-69 5914 (18.0%) 5247 (15.1%) 186 (12.7%) 160 (11.7%)
70 and older 4612 (14.0%) 4417 (12.7%) 181 (12.3%) 164 (12.0%)
Missing 7 (0.0%) 5 (0.0%) 0 (0.0%) 0 (0.0%)
Marital status
Single 12,278 (37.3%) 11,083 (31.9%) 541 (36.8%) 467 (34.0%)
Married/Domestic Partner 10,860 (33.0%) 11,674 (33.6%) 383 (26.1%) 341 (24.9%)
Significant other 393 (1.2%) 627 (1.8%) 16 (1.1%) 15 (1.1%)
Divorced/Legally Separated/Widowed 2367 (7.2%) 3762 (10.8%) 115 (7.8%) 143 (10.4%)
Other 22 (0.1%) 35 (0.1%) 0 (0.0%) 2 (0.1%)
Missing 6999 (21.3%) 7552 (21.7%) 414 (28.2%) 404 (29.4%)
Race/ethnicity
Non-Latinx White 13,922 (42.3%) 13,754 (39.6%) 367 (25.0%) 283 (20.6%)
Non-Latinx Black 2739 (8.3%) 2216 (6.4%) 161 (11.0%) 152 (11.1%)
Latinx 2718 (8.3%) 2821 (8.1%) 340 (23.1%) 300 (21.9%)
Asian/Asian American 2035 (6.2%) 2471 (7.1%) 84 (5.7%) 97 (7.1%)
Native Alaskan/American/Hawaiian 609 (1.8%) 666 (1.9%) 40 (2.7%) 48 (3.5%)
Multiple races 1 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Missing 10,895 (33.1%) 12,805 (36.9%) 477 (32.5%) 492 (35.9%)
Preferred language other than English 2356 (7.2%) 2481 (7.1%) 368 (25.1%) 311 (22.7%)
Missing 218 (0.7%) 216 (0.6%) 15 (1.0%) 19 (1.4%)
Born outside the United States 3124 (9.5%) 3186 (9.2%) 278 (18.9%) 252 (18.4%)
Missing 16,823 (51.1%) 19,830 (57.1%) 823 (56.0%) 840 (61.2%)
Place of birth
Africa 588 (1.8%) 531 (1.5%) 66 (4.5%) 57 (4.2%)
Asia 1094 (3.3%) 1273 (3.7%) 50 (3.4%) 51 (3.7%)
Canada 116 (0.4%) 147 (0.4%) 3 (0.2%) 3 (0.2%)
Central/Caribbean 221 (0.7%) 188 (0.5%) 40 (2.7%) 37 (2.7%)
Europe 370 (1.1%) 378 (1.1%) 12 (0.8%) 12 (0.9%)
Mexico 574 (1.7%) 510 (1.5%) 97 (6.6%) 80 (5.8%)
Oceania 88 (0.3%) 72 (0.2%) 8 (0.5%) 9 (0.7%)
South America 92 (0.3%) 105 (0.3%) 4 (0.3%) 4 (0.3%)
United States 12,953 (39.3%) 11,699 (33.7%) 366 (24.9%) 279 (20.3%)
Missing 16,823 (51.1%) 19,830 (57.1%) 823 (56.0%) 840 (61.2%)
Insurance type
Income-requiring 7645 (23.2%) 7315 (21.1%) 434 (29.5%) 359 (26.2%)
Non-income-requiring 22,833 (69.4%) 25,338 (73.0%) 791 (53.8%) 824 (60.1%)
Missing 2441 (7.4%) 2080 (6.0%) 244 (16.6%) 189 (13.8%)
(Continued)
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Table | (Continued).

Individuals Who Received a SARS-CoV-2
PCR Test

Individuals Who Received a Positive
SARS-CoV-2 PCR Result

Male (N=32,919)
n (%) or Median

Female (N=34,733)
n (%) or Median

Male (N=1469)
n (%) or Median

Female (N=1372)
n (%) or Median

Body mass index (BMI) (kg/m?)
Missing

Charlson Comorbidity Index score®
0
|
2
3+

Comorbidities
Hypertension
Cardiovascular disease
Diabetes
Chronic kidney disease
Asthma
Other respiratory condition
HIV
Any cancer
Transplant

Autoimmune disease

26.9 (23.9, 30.9)
18,405 (55.9%)

18,787 (57.1%)
3055 (9.3%)
2025 (6.2%)
9052 (27.5%)

8087 (24.6%)
6309 (19.2%)
3398 (10.3%)
2402 (7.3%)
6666 (20.2%)
9739 (29.6%)
1473 (4.5%)
4901 (14.9%)
1016 (3.1%)
6304 (19.2%)

27.3 (23.2, 32.8)
20,448 (58.9%)

20,907 (60.2%)
3523 (10.1%)
1931 (5.6%)
8372 (24.1%)

6232 (17.9%)
4429 (12.8%)
2740 (7.9%)
1500 (4.3%)
7437 (21.4%)
9630 (27.7%)
759 (2.2%)
5043 (14.5%)
656 (1.9%)
6890 (19.8%)

26.3 (23.6, 30.4)
993 (66.4%)

920 (62.6%)
122 (8.3%)
74 (5.0%)

353 (24.0%)

350 (23.8%)
264 (18.0%)
188 (12.8%)
126 (8.6%)
252 (17.2%)
375 (25.5%)
52 (3.5%)
135 (9.2%)
26 (1.8%)
245 (16.7%)

(IQR) (IQR) (IQR) (IQR)
Area deprivation index (ADI) percentile 20.0 (13.0, 34.0) 20.0 (13.0, 32.0) 24.0 (17.0, 36.0) 23.0 (16.0, 36.0)
Missing 77 (0.2%) 67 (0.2%) 2 (0.1%) I (0.1%)
Socioeconomic status (SES)
Higher SES 17,622 (53.5%) 19,513 (56.2%) 619 (42.1%) 654 (47.7%)
Lower SES 12,796 (38.9%) 13,087 (37.7%) 605 (41.2%) 528 (38.5%)
Missing 2501 (7.6%) 2133 (6.1%) 245 (16.7%) 190 (13.8%)
Clinical history
Height (cm) 177.8 (172.0, 182.8) 163.0 (158.0, 168.0) 175.0 (167.0, 180.0) 160.0 (154.9, 166.0)
Missing 18,025 (54.8%) 20,147 (58.0%)) 979 (66.6%) 966 (70.4%)
Weight (kg) 84.0 (73.0, 98.1) 72.3 (60.8, 87.5) 80.5 (69.8, 93.0) 72.5 (60.0, 86.5)
Missing 17,595 (53.4%) 19,729 (56.8%) 950 (64.7%) 939 (68.4%)

28.2 (237, 33.5)
972 (70.8%)

901 (65.7%)
129 (9.4%)
61 (4.4%)
281 (20.5%)

241 (17.6%)
165 (12.0%)
152 (11.1%)
57 (4.2%)
238 (17.3%)
303 (22.1%)
29 (2.1%)
137 (10.0%)
11 (0.8%)
248 (18.1%)

Notes: BMI was only calculated for persons 18 years of age or older, given that persons younger than |18 years of age have different parameters for body mass calculations.
®The Charlson Comorbidity Index (CCI) score has a possible range of 0-33 and considers diagnoses of the following conditions: cardiovascular disease (myocardial
infarction, congestive heart failure, coronary artery disease, cerebrovascular accident), dementia, chronic obstructive pulmonary disease, connective tissue disease, peptic
ulcer disease, liver disease, diabetes, hemiplegia, chronic kidney disease, cancer and HIV/AIDS. As international classification of diseases (ICD) codes are only entered into
electronic medical records upon diagnosis of a condition, we assumed individuals were not diagnosed with a comorbidity if respective ICD codes were not recorded in their
electronic medical record.

Abbreviations: ADI, area deprivation index; BMI, body mass index; HIV, human immunodeficiency virus; IQR, interquartile range; PCR, polymerase chain reaction; SES,
socioeconomic status.

Association of Male Sex with COVID-19 Severity

Our primary outcome of interest was severe COVID-19 disease among individuals who received a positive test result. Of
1469 males who tested positive, 145 (9.9%) developed severe COVID-19, our primary outcome of interest, after their
diagnosis in contrast to 77 of 1372 females (5.6%) (Table 2). Overall, males had 80% higher risk of severe COVID-19
compared to females in multivariable regression models (RR = 1.80, 95% CI: 1.39-2.33; p<0.001). Unlike the test
positivity models, no significant interactions were observed between any of the tested subgroups. Higher male vs female,
albeit insignificant, RRs were estimated for individuals who identified as non-Latinx Black (RR = 6.95, 95% CI: 0.96—
50.13; p=0.05) or Native Alaskan/American/Hawaiian (RR=2.58, 95% CI: 0.59-11.18; p=0.21). Within comorbidity-
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Table 2 Association of Male Sex with Severe COVID-19 Disease Among Individuals Who Received a Positive SARS-CoV-2 PCR

Result
Males Females Unadjusted Adjusted®
Severe Disease | Severe Disease RR (95% CIl); RR (95% Cl); Interaction
cases/ cases/ p-value p-value p-value®
Individuals (%) Individuals (%)
Overall 145/1469 (9.9%) 77/1372 (5.6%) 1.76 (1.35-2.30); <0.001 1.80 (1.39-2.33); <0.001 -
Age
049 years 40/845 (4.7%) 21/846 (2.5%) 1.91 (1.13-3.21); 0.02 1.77 (1.05-2.98); 0.03 Ref
50-69 years 57/443 (12.9%) 261362 (7.2%) 1.79 (1.15-2.79); 0.01 1.90 (1.19-3.05); 0.008 0.90
70+ years 48/181 (26.5%) 30/164 (18.3%) 1.45 (0.92-2.30); 0.11 1.68 (1.04-2.71); 0.03 0.56
Race/ethnicity
Non-Latinx White 40/367 (10.9%) 12/283 (4.2%) 2.03 (1.23-3.36); 0.006 1.94 (1.19-3.17); 0.008 Ref
Non-Latinx Black 14/161 (8.7%) 17152 (0.7%) 7.68 (1.03-57.06); 0.05 6.95 (0.96-50.13); 0.05 0.22
Latinx 36/340 (10.6%) 24/300 (8.0%) 1.38 (0.88-2.14); 0.16 1.36 (0.89-2.09); 0.16 0.31
Asian/Asian 14/84 (16.7%) 11/97 (11.3%) 1.44 (0.69-3.00); 0.33 1.86 (0.96-3.58); 0.07 0.82
American
Native Alaskan/ 6/40 (15.0%) 2/48 (4.2%) 2.68 (0.63—11.34); 0.18 2.58 (0.59—11.18); 0.21 0.72
American/Hawaiian
Socioeconomic status
(SES)
Lower SES 89/605 (14.7%) 43/528 (8.1%) 1.79 (1.26-2.53); 0.001 1.80 (1.29-2.52); <0.001 0.70
Higher SES 54/619 (8.7%) 34/654 (5.2%) 1.64 (1.08-2.49); 0.02 1.66 (1.11-2.47); 0.01 Ref
Preferred language other
than English
Yes 42/368 (11.4%) 25/311 (8.0%) 1.36 (0.85-2.18); 0.20 1.62 (1.02-2.58); 0.04 0.63
No 101/1086 (9.3%) 49/1042 (4.7%) 1.96 (1.41-2.72); <0.001 1.88 (1.37-2.58); <0.001 Ref
Charlson Comorbidity
Index Score
0 32/920 (3.5%) 10/901 (1.1%) 3.15 (1.55-6.39); 0.002 3.14 (1.56-6.33); 0.001 Ref
| 16/122 (13.1%) 14/129 (10.9%) 1.21 (0.61-2.37); 0.59 1.30 (0.66-2.57); 0.44 0.09
2 17/74 (23.0%) I11/61 (18.0%) 1.27 (0.65-2.51); 0.49 1.32 (0.66-2.62); 0.43 0.09
3 or more 80/353 (22.7%) 42/281 (14.9%) 1.52 (1.08-2.13); 0.02 1.54 (1.11-2.15); 0.01 0.07
Inflammatory markers
above reference range
None 58/1299 (4.5%) 36/1259 (2.9%) 1.56 (1.04-2.35); 0.03 1.75 (1.17-2.60); 0.006 Ref
| or more 87/170 (51.2%) 41/113 (36.3%) 1.41 (1.06-1.88); 0.02 1.42 (1.07-1.89); 0.02 0.62

Notes: Severe COVID-19 disease was defined as having a scores greater than 5 on the World Health Organization clinical progression scale, which requires hospitalization
with non-invasive ventilation or higher order of ventilatory or life support. *Adjusted models controlled for age and race/ethnicity. ®The interaction p-value indicates if the
association between male sex and severe COVID-19 disease significantly differs between the given category and the reference category.
Abbreviations: RR, relative risk; SES, socioeconomic status.

based subgroups, the risk of severe COVID-19 was more than three-times higher among males compared to females

among individuals without comorbidities (RR=3.14, 95% CI: 1.56-6.33; p=0.001).

Association of Male Sex with Hospitalization, Death and Cycle Threshold

Other secondary outcomes included COVID-19 related hospitalization, any-cause death and viral cycle threshold. Males
were 30% more likely than females to be hospitalized (RR = 1.30, 95% CI: 1.11-1.51; p=0.001) and 58% more likely to
die following a positive test (RR=1.58, 95% CI: 1.10-2.26; p=0.014) compared to females in adjusted models
(Supplemental Tables 2 and 3). Interaction models showed no significant differences in RR estimates between analysis

subgroups. Additionally, we observed no significant difference in mean cycle threshold between males (mean = 25.2,
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standard deviation [SD]=7.4) and females (mean = 26.1, SD = 7.7) at first COVID-19 positive test result (p = 0.69) after
adjustment for age and race/ethnicity.

Mediators of the Relationship Between Male Sex and COVID-19 Severity

In mediation analyses, the total causal effect of male sex on COVID-19 disease severity indicated an 80% increase in
severe disease risk (RR = 1.80; 95% CI: 0.84-2.77) (Table 3), an estimate similar to our main model but with a wider
confidence interval due to use of the more conservative nonparametric bootstrapping method to estimate standard errors.
Of 432 individuals with inflammatory markers measured, 283 (65.5%) had one or more elevated marker. Individuals with
at least one elevated marker had a median of 3 of elevated markers observed (Interquartile range: 2—4). Estimated
interventional indirect effects suggest that reductions in severe COVID-19 disease risk of —2% (RR = 0.98; 95% CI:
0.80-1.17), 1% (RR = 1.01; 95% CI: 0.85-1.18) and 5% (RR = 1.05; 95% CI: 0.78-1.31), could be achieved if the
distributions of lower SES, comorbidities and elevated inflammatory markers were shifted from what it would be for
males to females, respectively. A null estimate for the interventional indirect effects through dependence between
mediators (RR = 1.00; 95% CI: 0.89-1.10) suggests minimal interaction between mediators in the model. The interven-
tional direct effect, or the proportion of the male sex and severe COVID-19 relationship that does not act through the
examined mediating pathways, accounted for most of the total causal effect (RR = 1.48; 95% CI: 0.61-2.35).
Comparable interventional indirect estimates were estimated when models included an inflammatory markers variable
based on observed (ie, non-imputed) laboratory values (Supplemental Table 4).

Discussion

In a large single-site EMR-based cohort study, we find that male sex is not only associated with higher rates of incident
COVID-19, but also severe COVID-19, hospitalization, and death. Therefore, at all steps of the continuum of COVID-19
illness, males appear to be at higher risk. More importantly, our work goes further to help elucidate potential pathways by
which male sex may be influencing this increased risk of severe COVID-19, and we find that, after adjusting for age and
race/ethnicity, the strongest signal for this association likely is based on inflammatory pathways. SES and comorbidities
themselves do not appear to account for the pathways through which sex may be influencing severe COVID-19
outcomes.

The strongest signal we detected for a mediator in the associations between sex and severe COVID-19, albeit non-
significant, is for the inflammatory pathway. This is consistent with previous reports,'® but our analysis furthers the
evidence through use of causal mediation methods. Higher inflammation, as a reaction to COVID-19 infection and
particularly severe COVID-19 infection, in males versus females has been previously documented.'® ' Higher concen-
trations of IL-10, TNF-alpha, CRP, LDH, ferritin, and IgG were detected among males. Certain interferon and toll-like

Table 3 Evaluation of Factors Mediating the Relationship Between Male Sex and Severe COVID-19

Disease
RR SE® 95% CI
Total causal effect 1.80 0.49 (0.84, 2.77)
Interventional direct effect 1.48 0.45 (0.61, 2.35)
Interventional indirect effects
Through lower SES® 0.98 0.10 (0.80, 1.17)
Through comorbidities® 1.0l 0.08 (0.85, 1.18)
Through elevated inflammatory markers? 1.05 0.13 (0.78, 1.31)
Through dependence between the mediators 1.00 0.06 (0.89, 1.10)

Notes: *Standard errors calculated using nonparametric bootstrapping, which results in different confidence limits relative to main
Poisson models of COVID-19 disease severity. ®Lower SES defined as having income-based insurance or living in an area with area
deprivation index (ADI) percentile >50%. “Comorbidities assessed through calculation of ordinal Charlson Comorbidity Index score
(range 0-33). INumber of inflammatory markers (range 0-8) above the normal reference range were used to assess inflammation
status.

Abbreviations: RR, relative risk; Cl, confidence interval; SE, standard error; SES, socioeconomic status.

122 https: Clinical Epidemiology 2022:14

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=335494.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Stalter et al

receptor signaling genes are encoded on X chromosomes only, leading to potentially differential expression between
males and females of these important players in viral infections and host control of the infections. Since our ascertain-
ment of the inflammatory markers was after the first COVID-19 test, we strongly advise interpreting our results as
exploratory and hypothesis-generating. Alternative explanations for the signal we observe may exist. First, other biologic
processes that are more upstream from the host response to the viral infection could be differential between males and
females. For example, differences exist in expression of ACE-2 (located on X chromosome) and other receptors that
SARS-CoV-2 binds to in humans.** ** Reduced B-cell and NK-cell transcripts and an increase in inhibitors of nuclear
factor kappa-B (NF-kB) signaling have also been observed in males relative to females."' Another element may be
differences in sex hormones and inflammation, such as testosterone concentrations decreasing with age being correlated
with pro-inflammatory states, and estrogen playing a role in potentially down-regulating inflammation.>*** This may
seem contradictory to sex-based disparities observed with some autoimmune disease, like systemic lupus erythematosus,
which is more prevalent among females and has been linked with higher circulating estrogen levels.”® However, the
inflammatory mechanisms by which sex hormones mediate autoimmune disease risk are unclear and may vastly differ
from those that modulate risk of severe COVID-19. Therefore, the overlap of SARS-CoV-2 infection and autoimmune
disease will be an interesting area to investigate epidemiologically and immunologically going forward. Additionally, the
more robust COVID-19 vaccine responses among females than males would also counter these sex hormones-based
argumen‘ts.27’28 Second, some have suggested that males are more likely to present with more symptoms, and, therefore,
have more severe outcomes; this could be confounded by males presenting later than females in the natural progression
of their infection.? Natural language processing studies with EMR data can help better ascertain, for example, if such
a phenomenon exists among the individuals we analyzed in this dataset. Third, though others have postulated that higher

risk of comorbidities among males than females, except for in older age groups, may be driving this association,’'**°

our
findings from the mediation analysis suggest that comorbidities alone are unlikely to account for the associations we
observe between male sex and COVID-19 outcomes.

None of the mediation pathways, SES, comorbidities, or the inflammatory markers, accounted for most of the excess
risk associated with male sex and severe COVID-19. Thus, other pathways or factors that we have not accounted for, or
not well enough, may account for this association. First, our measures of the inflammatory pathway are severely limited,
and studies that can profile these markers in detail prior to and during a COVID-19 infection will shed light on this issue.
Second, behavioral or gendered norms could be playing a role. Our EMR-based dataset was limited in its ability to
ascertain various such norms. Gebhard et al have suggested several patterns in behavioral and gendered norms that vary
between males and females.’ For example, risk factors, such as smoking or drinking rates are generally higher among
males than females worldwide. Others have documented lower rates of handwashing, masking, or healthcare-seeking
behaviors among males. Others have argued that gendered norms around caregiving, such as more females than males
acting as caregivers informally (within their homes, especially for intergenerational family members) and formally (in
healthcare settings) may put females at greater risk for COVID-19; however, signals throughout the world indicate males
are at greater risk for various COVID-19 outcomes. It is possible that greater social connectedness, higher overall quality
of life, or other behavioral factors may be protective for females,’ but this is yet to be documented.

This work has several limitations. First, as an EMR-based analysis, data may be incomplete or susceptible to
misclassification. For example, deaths reported in the EMR are likely to be undercounts of deaths that may occur in
the community, and using de-identified data prevented us from matching individuals with existing death registries.
However, we do not suspect a large amount of misclassification in our primary exposure (sex) and outcomes of interest,
and certainly not any differential misclassification by exposure; thus, any non-differential misclassification would only
bias our results towards the null. Second, again, because we relied on routinely collected EMR data, we are not able to
thoroughly explore the potential signals we detected with inflammatory processes and sex/COVID-19. For instance,
ideally, our inflammatory markers of interest would be recorded well before the COVID-19 diagnosis for all participants;
however, most are only measured after the first COVID-19 test for some participants. We did attempt to mitigate this
tautomeric element of the inflammatory markers being predictive of severe COVID-19 by taking the first value closest to
the first COVID-19 test within a 14-day window. Additionally, there is marked bias in that individuals who are most at-
risk for severe COVID-19 are more likely to have these inflammatory markers checked in the first place. For this reason,
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we did not pursue examining the inflammatory markers for the outcome of COVID-19 test positivity. Third, the single
site analysis limits generalizability, though our overall findings have been demonstrated in most settings around the
world.

Conclusion

This works furthers the growing body of evidence that shows that males are at higher risk of severe COVID-19 disease
outcomes and goes the next step by assessing effect modification and mediation by key sociodemographic, clinical and
biologic factors. While no significant mediating effect was observed through SES, comorbidities, and inflammatory
status, we saw the greatest mediating effect through inflammation. More work, with granular measures, is recommended
to better understand the individual and combined inflammatory factors that may modulate severe disease risk as well as
understand other behavioral and clinical factors that may play a role in this relationship.
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