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Abstract

IMPORTANCE A substantial number of individuals worldwide experience long COVID, or post-
COVID condition. Other postviral and autoimmune conditions have a female predominance, but
whether the same is true for long COVID, especially within different subgroups, is uncertain.
OBJECTIVE To evaluate sex differences in the risk of developing long COVID among adults with
SARS-CoV-2 infection.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used data from the National Institutes of
Health (NIH) Researching COVID to Enhance Recovery (RECOVER)-Adult cohort, which consists of
individuals enrolled in and prospectively followed up at 83 sites in 33 US states plus Washington, DC,
and Puerto Rico. Data were examined from all participants enrolled between October 29, 2021, and
July 5, 2024, who had a qualifying study visit 6 months or more after their initial SARS-CoV-2
infection.

EXPOSURE Self-reported sex (male, female) assigned at birth.

MAIN OUTCOMES AND MEASURES Development of long COVID, measured using a self-reported
symptom-based questionnaire and scoring guideline at the first study visit that occurred at least 6
months after infection. Propensity score matching was used to estimate risk ratios (RRs) and risk
differences (95% Cls). The full model included demographic and clinical characteristics and social
determinants of health, and the reduced model included only age, race, and ethnicity.

RESULTS Among 12 276 participants who had experienced SARS-CoV-2 infection (8969 [73%]
female; mean [SD] age at infection, 46 [15] years), female sex was associated with higher risk of long
COVID in the primary full (RR, 1.31; 95% Cl, 1.06-1.62) and reduced (RR, 1.44; 95% Cl, 1.17-1.77)
models. This finding was observed across all age groups except 18 to 39 years (RR, 1.04; 95% Cl, 0.72-
1.49). Female sex was associated with significantly higher overall long COVID risk when the analysis
was restricted to nonpregnant participants (RR, 1.50; 95%: Cl, 1.27-1.77). Among participants aged 40
to 54 years, the risk ratio was 1.42 (95% Cl, 0.99-2.03) in menopausal female participants and 1.45
(95% Cl, 1.15-1.83) in nonmenopausal female participants compared with male participants.
CONCLUSIONS AND RELEVANCE In this prospective cohort study of the NIH RECOVER-Adult
cohort, female sex was associated with an increased risk of long COVID compared with male sex, and
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Abstract (continued)

this association was age, pregnancy, and menopausal status dependent. These findings highlight the
need to identify biological mechanisms contributing to sex specificity to facilitate risk stratification,
targeted drug development, and improved management of long COVID.

JAMA Network Open. 2025;8(1):e2455430.
Corrected on March 13, 2025. doi:10.1001/jamanetworkopen.2024.55430

Introduction

Worldwide, SARS-CoV-2 has infected more than 700 million individuals, with an estimated 7 million
deaths.! Although many individuals recover from acute COVID-19, a substantial proportion
experience long-term effects,?* termed long COVID, or post-COVID condition or postacute sequelae
of SARS-CoV-2 infection. However, like the variation in acute COVID-19 severity, the risk of long
COVID may differ among individuals.

Biological sex appears to be a source of variability in the development, presentation, and
longitudinal trajectories of long COVID. Numerous studies have shown that males have more severe
acute COVID-19 cases and higher mortality than females.>® However, emerging literature suggests
that females may be at greater risk for new and persisting symptoms following SARS-CoV-2 infection.
Two systematic reviews and meta-analyses found odds ratios of 1.52 (95% Cl, 1.27-1.82) to 1.56 (95%
Cl, 1.41-1.73) for the development of long COVID among females compared with males.”®

Studies have yet to fully account for factors that may distort the true estimate of biological
sex-related risk of long COVID (eg, age, menstrual status, comorbidities, vaccination status, variants
of concern, severity of acute illness, and differential engagement in health care). Some studies also
relied on relatively small sample sizes or samples lacking ethnic or racial diversity. Thus, significant
knowledge gaps still exist in the literature concerning the sex-related risk of long COVID. We analyzed
data from the National Institutes of Health (NIH)-funded Researching COVID to Enhance Recovery
(RECOVER)-Adult cohort, the largest cohort to date followed up in a natural history study of long
COVID; it includes representation across the US and records systematically collected robust
symptom and clinical data from all participants. Understanding differences in the development of
long COVID across female subgroups is an important first step in identifying biological mechanisms
and sexual dimorphism. Such an understanding can help advance the development of effective
interventions, clinical practice guidelines, and public health policies to alleviate the burden of long
COVID. We aimed to evaluate differences in the risk of long COVID between male and female
RECOVER-Adult participants with a history of SARS-CoV-2 infection, adjusting for other baseline
sociodemographic and clinicopathologic risk factors, including the severity of the initial SARS-CoV-2
infection and variant era.

Methods

Study Design

The RECOVER-Adult cohort has been previously described.® Participants were enrolled at 83 sites in
33 states plus Washington, DC, and Puerto Rico and then prospectively followed up. Participants at
least 18 years of age were eligible to enroll regardless of previous infection with SARS-CoV-2.
Participants completed symptom survey questionnaires every 3 months and had an in-person
physical examination and laboratory studies at least once annually. The current study was approved
by the NYU Langone Health institutional review board (IRB), which served as a single IRB for most
sites, while others required local IRB approval; all participants provided written informed consent
prior to enrollment. The study followed the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline for cohort studies.
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Study Population

Adult participants with a history of SARS-CoV-2 infection who enrolled in RECOVER-Adult were
eligible for analysis (Figure). Participants enrolled in RECOVER-Adult between October 29, 2021, and
July 5, 2024. Enrollment has concluded, but follow-up is ongoing; data were locked as of September
6. 2024. The index infection was defined as the first reported SARS-CoV-2 infection.'® The included
cohorts were categorized based on acute (participants enrolled within 30 days after the index
infection) or postacute (participants enrolled more than 30 days after the index infection) period.
Participants who were uninfected at enrollment and had a positive antibody result (nucleocapsid for
any participant or spike protein for those who were unvaccinated) at enrollment were reclassified

as infected and assigned an index infection date 90 days prior to the positive antibody test result.
Participants enrolled as uninfected who had an infection while enrolled were classified as crossover
participants and were included in the acute enrollment subcohort for analyses.’®

Participants were excluded from the analysis if they lacked a history of SARS-CoV-2 infection or
did not respond to surveys 4.5 months or more beyond their index infection. Visits were not included
in the analysis if reinfection occurred up to 30 days before or 7 days after the visit. Participants were
also excluded if they reported being assigned as intersex at birth or were missing data regarding sex
assigned at birth.

Participant race and ethnicity were ascertained by self-report via a standardized instrument and
were included in the study because race and ethnicity are important factors in development of long
COVID. Categories included Hispanic, non-Hispanic Asian (hereafter, Asian), non-Hispanic Black
(hereafter, Black), non-Hispanic White (hereafter, White), multiracial and other (American Indian or

Figure. Application of Inclusion and Exclusion Criteria to Define the Study Cohort

15161 Adults enrolled in RECOVER as of September 6, 2024

1478 Excluded (enrolled without
SARS-CoV-2 infection and
did not have an infection
during the study)

4411 Enrolled in the acute period
(met WHO criterion for
SARS-CoV-2 infection within 30 d)

8291 Enrolled in the postacute period
(met WHO criterion for
SARS-CoV-2 infection >30 d prior)

981 Enrolled in crossover cohort
(without SARS-CoV-2 infection at
enrollment but became infected

during the study)?
134 Ineligible 127 Ineligible _
> 57 Ineligible (did not start protocol) ‘ 111 Did not start protocol 123 g:(rjantolte;iiclhv?gi? g;vr\ggdow
23 All visits at 26 mo were after infection during study
within reinfection window? .
4 All visits at 26 mo were
within reinfection window?
4354 With eligible visit at 26 moP ‘ ‘ 8157 With eligible visit at 26 moP 854 With eligible visit at 26 moP
540 Not included 466 Not included 83 Not included
517 Did not start a symptom 444 Did not start a symptom 76 Did not start a symptom
survey at a visit 26 mo survey at a visit 26 mo survey at a visit 26 mo
after infection after infection after infection
20 Missing sex 21 Missing sex 6 Missing sex
3 Intersex 1 Intersex 1 Intersex

7691 Included in analysis 771 Included in analysis
3694 After Omicron 771 After Omicron
3997 Before Omicron

3814 Included in analysis
3796 After Omicron
18 Before Omicron

RECOVER indicates Researching COVID to Enhance Recovery; WHO, World Health b Participants who completed the visit without reaching the end of the visit window are
Organization. included in this count.

2 The reinfection window for exclusion was 30 days prior to and 7 days after the visit.
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Alaska Native, Native Hawaiian or Other Pacific Islander). Full details are given in the eMethods in
Supplement 1.

Exposure and Outcomes

The exposure was self-reported sex assigned at birth. All participants completed comprehensive
symptom surveys with associated severity questions at each study visit. The outcome was the
presence of long COVID at the first visit 6 months or more after the index infection ascertained using
a previously reported symptom-based scoring algorithm (ie, research index)' that was updated in
2024." The symptoms contributing to the long COVID definition included postexertional malaise,
fatigue, brain fog, dizziness, palpitations, loss of or change in smell or taste, thirst, chronic cough,
chest pain, shortness of breath, and snoring or sleep apnea. Participants with a research index of 11
or greater were considered long COVID positive; the rest were classified as long COVID indeterminate
(not meeting classification criteria for long COVID but not necessarily asymptomatic).’®" Participants
positive for long COVID were assigned to long COVID subphenotypes based on Euclidean distance
to the cluster centroid of each subphenotype.'®"

Statistical Analysis

In sex-stratified analyses, we summarized (1) demographic and clinical characteristics, (2) individual
symptom frequencies, and (3) the proportion of participants meeting long COVID criteria. We
calculated mean and median long COVID research indices and the distribution of long COVID
subphenotypes among participants meeting long COVID criteria.

We used propensity score matching to perform a controlled comparison of the risk of long
COVID between participants assigned female or male sex at birth. All factors contributing to a
propensity score do not need to be confounders. Propensity score matching balances the 2
populations being compared on all adjustment factors even when the analysis is noncausal.™
Variables contributing to the propensity score model included demographic and enrollment factors,
social determinants of health, hospitalization status during the first infection, and vaccination status
at the first infection. Demographic and enrollment factors included age (modeled using cubic
splines), race and ethnicity, era of infection, method of referral to RECOVER, and time between
enrollment and infection (eMethods in Supplement 1). We also fit a primary reduced propensity score
model that included only age at infection and race and ethnicity, thus excluding all variables that
could be considered potentially downstream of sex assigned at birth. We handled missing covariate
data for estimating and calculating propensity scores using multiple imputation (M = 10). Data were
assumed to be missing at random. We used full matching within each imputed dataset, which used
all participants and assigned weights to each subclass created by matching.™®'* Using these weights,
we estimated risk ratios (RRs) using Poisson regression with robust SEs and absolute risk differences
(RDs) using binomial regression with an identity link." We combined model estimates and averaged
results across multiply imputed datasets. For data visualization, we generated Love plots to evaluate
balance in covariates before and after propensity score matching.'®

Two secondary analyses are presented. First, the propensity score matching procedure was
performed within age strata (18-39, 40-54, and =55 years). Second, the propensity score matching
procedure was repeated within strata defined by age and menopausal status. Menopause was
defined based on participant reports (eMethods in Supplement 1). Participants who were pregnant
at the time of the follow-up visit from which data were used in the analysis or who reported having
had a hysterectomy were excluded from menopause-stratified analyses. Three strata among female
participants were defined: nonmenopausal, aged 18 to 39 years; nonmenopausal, aged 40 to 54
years; and menopausal, aged 40 to 54 years. Females meeting each specified age and menopausal
criterion were compared with males meeting the same age criterion.

Five sensitivity analyses were performed. First, the propensity score analysis was repeated in
the subcohort enrolled in the acute period; these participants were followed up prospectively from
the time of infection and were the least subject to selection bias based on having enrolled prior to any
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presence of long COVID. Second, participants who were pregnant at any time between their index
date and their follow-up study visit were excluded. Third, comorbidities were added to the
propensity score model to impose additional balance on these factors (Table 1). The rationale for not
including comorbidities in the primary model is that they may be in the causal pathway (eg, they are
mechanistically related to biological sex and may be risk factors for long COVID'"'®). Fourth, the
analysis was repeated after stratifying by pandemic wave (before Omicron, defined as index infection
before December 1, 2021, and Omicron, defined as index infection on December 1, 2021, or later)
because the Omicron variant had been reported to be less severe clinically.'2° Finally, the analysis
was repeated after stratifying for hospitalization during the index infection because the severity of
acute infection may be associated both with the risk of long COVID and with sex. For stratified
analyses, stratification factors were removed from their respective propensity score models.

We constructed 95% Cls for all comparisons; statistical significance was determined by whether
the interval included the null value (1 for RR, O for RD). All analyses were performed in R, version
4.4.0 (R Project for Statistical Computing).?'
package in R, version 3.16.0.22 Propensity score matching was performed using the matchthem

Multiple imputation was performed using the mice

package in R, version 1.2.1.23 The RRs and RDs were estimated using the survey package in R,
version 4.4-2.24

Results

Patient Characteristics

The analysis cohort included 12 276 participants (8969 [73%] female and 3307 [27%] male; mean
[SD] age at infection, 46 [15] years). Of these, 3814 (31%) were enrolled in the acute period, 7691
(63%) in the postacute period, and 771 (6%) were crossover participants (Figure). A total of 706
(6%) were Asian; 1717 (14%), Black; 2173 (18%), Hispanic; 7048 (57%), White; and 632 (5%).
multiracial, other, or missing data. Male participants were older than female participants (median age
atindex infection, 52 years [IQR, 38-63 years] vs 42 years [IQR, (32-56 years]); had lower rates of
obesity (697 [21%] vs 2662 [30%]), asthma (447 [14%] vs 1838 [21%]), and mental health conditions
(852 [26%] vs 3544 [40%]); and had higher rates of hospitalization during acute infection (306 of
3074 [10%] vs 556 of 8413 [7%]) (Table 1). Rates of missing data were not different by sex (Table 1).
eTable 2 in Supplement 1reports the social determinants of health of participants included in the
primary analysis.

Symptoms and Long COVID by Sex

Symptom frequencies stratified by sex are provided in Table 2. A significantly higher proportion of
females (1845 [21%]) compared with males (532 [16%]) had long COVID at the analysis visit (Table 3).
The mean and median long COVID indices among long COVID-positive participants were slightly
higher among females (mean [SD], 16.5 [4.7]; median, 15 [IQR, 13-20]) than among males (mean [SD],
15.9 [4.3]; median, 15 [IQR, 12-18]). The distribution of long COVID subphenotypes by sex is shown in
Table 3. Symptom frequency by sex and long COVID subphenotype is shown in eFigure 4 in
Supplement 1.

Propensity Score Matching Results

The propensity score distributions had high overlap (eFigure 1in Supplement 1). The cohort was well
balanced on the covariates used to fit the propensity scores after full matching (eFigure 2 in
Supplement 1). Estimated RRs and RDs following propensity score matching are shown in Table 4.
Overall, female compared with male sex was associated with higher risk of long COVID in the primary
full model (RR, 1.31; 95% Cl, 1.06-1.62) and in the primary reduced model (RR, 1.44; 95% Cl, 1.17-1.77).
Female sex was associated with an increase in absolute risk of long COVID in the primary full (RD,
0.05; 95% Cl, 0.01-0.08) and reduced (RD, 0.06; 95% Cl, 0.03-0.09) models.
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Table 1. Study Participant Characteristics

Participants®

Female Male Overall
Characteristic (n = 8969) (n=3307) (N=12276)
Age at infection, y
Mean (SD) 45 (15) 51(16) 46 (15)
Median (IQR) 42 (32-56) 52 (38-63) 45 (33-59)
Missing data, No. 3 1 4
Race and ethnicity®
Hispanic 1614 (18) 559 (17) 2173 (18)
Non-Hispanic Asian 481 (5) 225(7) 706 (6)
Non-Hispanic Black 1296 (14) 421 (13) 1717 (14)
Non-Hispanic White 5115 (57) 1933 (58) 7048 (57)
Multiracial, other, or missing 463 (5) 169 (5) 632 (5)
Infection cohort
Enrolled in the acute period 2621 (29) 1193 (36) 3814 (31)
Crossover 583 (7) 188 (6) 771 (6)
Enrolled in the postacute period 5765 (64) 1926 (58) 7691 (63)
Enrollment subcohort and era
Before Omicron 2991 (33) 1024 (31) 4015 (33)
Acute Omicron® 3192 (36) 1375 (42) 4567 (37)
Postacute Omicron 2786 (31) 908 (27) 3694 (30)
Referral type
Community outreach 2310 (26) 752 (23) 3062 (25)
Public health department list 297 (3) 120 (4) 417 (3)
Community health center 160 (2) 64 (2) 224 (2)
Participant tested and treated in the health system 3194 (36) 1123 (34) 4317 (35)
Existing, prospectively followed-up COVID-19 cohort 545 (6) 246 (7) 791 (6)
Existing non-COVID-19 research or clinical cohort 122 (1) 81 (2) 203 (2)
Long COVID clinic 195 (2) 72 (2) 267 (2)
Self-referral from RECOVER website or other unsolicited 2141 (24) 844 (26) 2985 (24)
self-referral
Missing data, No. 5 5 10
Hospitalization
Hospitalized during acute phase of first infection 556 (7) 306 (10) 862 (8)
Missing data, No. 556 233 789
Vaccination status at first infection
Unvaccinated 2777 (31) 929 (29) 3706 (31)
Partially vaccinated or date of last dose unknown 359 (4) 136 (4) 495 (4)
Fully vaccinated 5702 (65) 2180 (67) 7882 (65)
Missing data, No. 131 62 193
Visit month
6-9 5551 (62) 2244 (68) 7795 (63)
12-21 2108 (24) 716 (22) 2824 (23)
224 1310 (15) 347 (10) 1657 (13)
Comorbidities®
Immunocompromised condition 392 (4) 374 (11) 766 (6)
Rheumatologic, autoimmune, or connective 1079 (12) 225(7) 1304 (11)
tissue disease
Current cancer or ongoing cancer treatment 187 (2) 136 (4) 323 (3)
Chronic liver disease 116 (1) 85 (3) 201 (2)
(continued)
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Table 1. Study Participant Characteristics (continued)

Participants®

Female Male Overall
Characteristic (n =8969) (n=3307) (N =12276)

Obesity 2662 (30) 697 (21) 3359 (28)
Diabetes 728 (8) 414 (13) 1142 (9)
Kidney disease 196 (2) 160 (5) 356 (3)
Cardiovascular disease 1582 (18) 1027 (32) 2609 (22)
Stroke 140 (2) 91 (3) 231(2)
Asthma 1838 (21) 447 (14) 2285 (19)
Lung disease 329 (4) 175 (5) 504 (4)
Dementia 156 (2) 53 (2) 209 (2)
Mental health disorder 3544 (40) 852 (26) 4396 (36)
Chronic pain syndrome or fibromyalgia 632 (7) 124 (4) 756 (6)
ME/CFS 150 (2) 32(1) 182 (2)
POTS 138 (2) 13 (0) 151 (1)
Neurological condition 513 (6) 275 (8) 788 (6)

Secondary Analyses
The unadjusted proportion of female participants with long COVID was higher across all age groups:
633 of 4097 females (15%) compared with 133 of 959 males (14%) aged 18 to 39 years, 688 of 2439
females (28%) compared with 161 of 900 males (18%) aged 40 to 54 years, and 524 of 2430 females
(22%) compared with 238 of 1447 males (16%) aged 55 years or older. After propensity score
matching in analyses that were stratified by age, female sex was associated with a higher risk of long
COVID in the subcohorts aged 40 to 54 years (RR, 1.48; 95% Cl, 1.19-1.84) and 55 years or older (RR,
1.34; 95% Cl, 1.11-1.61) but not in the group aged 18 to 39 years (RR, 1.04; 95% Cl, 0.72-1.49) (Table 4).
Age-stratified, propensity score-matched results that accounted for menopause were similar
to results in the original age-stratified analyses for the groups aged 18 to 39 years and 40 to 54 years
(Table 4). The number of participants in these analyses is summarized in eFigure 3 in Supplement 1.
Among participants aged 40 to 54 years, female sex was associated with higher risk of long COVID
when comparing nonmenopausal females with males, with an estimated RR of 1.45 (95% Cl,
1.15-1.83). When comparing menopausal females aged 40 to 54 years with males in the same age
group, the risk ratio was 1.42 (95% Cl, 0.99-2.03). Among participants aged 18 to 39 years, female sex
was not associated with risk of long COVID among nonmenopausal female participants compared
with male participants (RR, 1.10; 95% Cl, 0.83-1.46).

Sensitivity Analyses

Sensitivity analysis results are presented in eTable 1in Supplement 1. Female sex was associated with
significantly higher risk of long COVID compared with male sex when the analysis was restricted to
only participants enrolled in the acute period and crossover participants (RR, 1.58; 95%, Cl, 1.14-2.18).
When 1755 participants (20%) who reported being pregnant between the index date and the study
visit were excluded, female sex was associated with significantly higher risk of long COVID (RR, 1.50;
95%, Cl, 1.27-1.77). When comorbidities were added to the propensity score model, propensity score
matching still remained balanced between males and females on all covariates (eFigure 2 in
Supplement 1). However, there was no longer an association between sex and long COVID (RR, 1.07;
95% Cl, 0.89-1.30). After stratifying by variant era, female sex was associated with a significantly
higher risk of long COVID for both Omicron and pre-Omicron cohorts (eTable 1in Supplement 1).
Female sex was still associated with higher risk of long COVID after stratifying by COVID-19
hospitalization status (eTable 1in Supplement 1).

Abbreviations: ME/CFS, myalgic encephalomyelitis/
chronic fatigue syndrome; POTS, postural orthostatic
tachycardia syndrome; RECOVER, Researching COVID
to Enhance Recovery.

2 Data are presented as number (percentage)
excluding those with missing data unless otherwise
indicated.

® Race and ethnicity categories were based on self-
report via a standardized instrument. Other includes
those who identified as American Indian or Alaska
Native or as Native Hawaiian or Other Pacific
Islander. See the eMethods in Supplement 1for
full details.

¢ Includes crossover participants, as all were infected
during the Omicron era.

d Proportions exclude participants with missing data,
which ranged from 1.2% to 1.4% among male
participants and 0.9% to 1.3% among female
participants.
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Table 2. Symptom Frequencies Stratified by Sex and Long COVID Status

Difference in

frequency
Frequency, %* between long
Females (n = 8969) Males (n = 3307) fC:);{;{;p;:(ijtive
Long COVID Long COVID Long COVID Long COVID males,
indeterminate postive indeterminate positive percentage
Symptom (n=7124) (n =1845) (n=2775) (n=532) points
Symptoms contributing to the long COVID research index
Loss of smell or taste 3.8 41.4 2.8 36.3 5.0
Postexertional malaise 10.3 88.6 9.9 88.3 0.3
Chronic cough 4.7 32.6 6.0 38.2 -5.6
Brain fog 7.4 64.2 5.6 59.5 4.7
Shortness of breath 3.0 39.3 2.4 335 5.8
Palpitation 10.9 62.8 6.9 46.7 16.2
Dizziness 11.4 66.2 9.1 66.5 -0.2
Chest pain 2.5 27.0 2.7 26.1 0.9
Fatigue 25.8 86.7 19.3 83.2 3.5
Thirst 7.4 38.1 5.0 36.2 1.9
Sleep apnea 9.8 36.8 15.8 455 -8.7
Abnormal movements 1.3 13.8 1.5 15.7 -1.9
Sleep disturbance 5.4 324 4.8 31.6 0.8
Symptoms not contributing to the long COVID research index
Sick from triggers 6.9 45.5 2.8 23.2 22.3
Gl symptoms 18.8 64.0 12.3 45.9 18.0
Hair loss 15.6 38.6 9.6 22.4 16.2
Dry eyes 11.0 383 6.0 24.6 13.7
Itching 8.9 35.4 9.0 21.7 13.6
Fever, sweats, or chills 6.4 38.8 3.2 25.8 13.0
Postexertional soreness 133 77.6 12.0 64.7 12.9
Feeling hot or cold 13.1 55.6 6.2 46.4 9.2
Abdominal pain 2.6 21.2 1.5 12.4 8.8
Headaches 7.6 41.8 3.1 333 8.5
Swelling of legs 7.2 30.0 6.8 21.8 8.2
Bladder symptoms 9.1 32.2 6.9 24.0 8.2
Skin color changes 2.9 22.9 2.7 16.9 6.0
Back pain 9.5 40.4 7.5 35.4 5.0
Dry mouth 7.8 37.7 6.6 32.8 4.9
Joint pain 9.7 44.6 8.1 40.0 4.6
Muscle pain 7.2 41.0 5.3 36.6 45
Mouth pain 0.6 8.6 0.4 4.2 4.4
Fertility 2.5 5.6 0.8 1.9 3.7
Throat pain 0.7 11.9 0.4 8.8 3.1
Problems with teeth 7.6 27.5 8.6 24.7 2.8
Foot pain 3.8 24.3 4.6 21.7 2.5
Vision problems 3.9 32.1 3.6 29.7 2.4
Skin pain 1.0 11.4 0.6 9.5 1.9
Paralysis 0.5 53 0.8 3.6 1.7
Pelvic or genital pain 1.3 8.0 0.8 6.3 1.7
Numbness or tingling 0.3 59 0.8 4.4 1.6
Skin rash 5.5 20.2 5.1 18.8 1.4
Anxiety 7.2 27.5 4.5 26.5 1.0
Nerve problems, 0.2 1.0 0.3 0.4 0.6
unspecified
Pain, unspecified 0.4 0.6 0.3 0.6 0.0
(continued)
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Table 2. Symptom Frequencies Stratified by Sex and Long COVID Status (continued)

Difference in

frequency
Frequency, %* between long
Females (n = 8969) Males (n = 3307) fC:)r:l/;E;p;::jtlve
Long COVID Long COVID Long COVID Long COVID males,
indeterminate postive indeterminate positive percentage
Symptom (n=17124) (n = 1845) (n =2775) (n=532) points
Cold limbs 11.3 39.1 7.8 39.1 -0.1
Tremor 2.5 19.6 33 19.9 -0.3
Seizures 0.1 1.1 0.1 1.9 -0.8
Weakness 4.2 42.6 5.2 43.5 -0.9
Anxiety and/or depression 7.5 34.2 4.7 35.4 -1.2
Hearing problems 12.5 449 18.7 46.8 =i
Anaphylaxis 11 43 0.7 79 9 Abbreviations: Gl, gastrointestinal; NA, not applicable.
Depression 55 28.2 50 327 45 2 The frequency is the proportion of participants who
ted h t t the study visit, stratified
Change in sexual desire  13.4 388 10.4 452 -6.4 reportec each symptom at the study vIstt, stratitie
or capacity by long COVID status. Symptoms are ordered by
Menstrual cycle changes 17.7 41.5 NA NA NA contribution to the long COVID research index and
then the difference in female long COVID frequency
Menopause 12.9 34.9 NA NA NA

and male long COVID frequency.

Table 3. Long COVID Positivity and Distribution of Long COVID Research Index and Long COVID
Subphenotypes Among Long COVID-Positive Participants Stratified by Sex Assigned at Birth

Participants

Female (n = 8969) Male (n = 3307)

Long COVID positive, No. (%) 1845 (21) 532 (16)

Long COVID research index among long COVID-positive

participants®
Mean (SD) 16.5 (4.7) 15.9 (4.3)
Median (IQR) 15 (13-20) 15(12-18)

Subphenotype cluster among long COVID-positive

participants, No./total No. (%)
1 397/1845 (22) 112/532 (21) 2 Long COVID research indices range from O to 30; the
2 202/1845 (11) 80/532 (15) higher the score, the more likely that long COVID
3 325/1845 (18) 148/532 (28) Is present.
4 527/1845 (29) 105/532 (20) b The 5 long COVID subphenotypes have been defined
5 394/1845 21) 87/532 (16) and characterized by Thaweethai et al'® and refined

by Gengetal."
Discussion

In this cohort study of the NIH RECOVER-Adult cohort, female sex was associated with a significantly
higher risk of developing long COVID. Although males have more severe acute COVID-19 and higher
mortality than females,? in this study, females were more likely to develop long-term sequelae. The
differential risk of long COVID was age, pregnancy, and menopausal status dependent.

Overall, female sex was associated with a 1.31-times higher risk of long COVID in our primary
analysis full model with matching on demographic and enrollment factors, social determinants of
health, and hospitalization and vaccination status during first infection. In the primary analysis
reduced model (including only age, race, and ethnicity), female sex was associated with an even
higher risk ratio of long COVID (1.44). This suggests that controlling for the factors that may be
downstream of sex attenuated the estimated risk ratio of long COVID associated with sex. Most, but
not all, published data evaluating the role of sex in long COVID have also found an elevated risk for 1
or more long COVID endotypes in female patients.'>?22326-37 \When restricting the analysis to
patients who were either (1) enrolled within the first 30 days of infection (subcohort with acute
enrollment) or (2) enrolled initially as uninfected and were newly infected during RECOVER
(crossover subcohort), thus mitigating selection bias, female sex was associated with higher risk of
long COVID (RR, 1.58; 95% Cl, 1.14-2.18). In age-stratified analyses, female sex was associated with
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the highest risk of long COVID among adults aged 40 to 54 years followed by those aged 55 years or
older. A reduced RR among both females and males aged 55 years or older compared with 40 to 54
years was also found in a UK cohort, in which a sharp decline in long COVID risk was seen after the age
of 70 years.3°

In our analyses stratified by menopause status, menopausal females aged 40 to 54 years did not
have significantly elevated risk of long COVID compared with males in the same age group. Several
explanations are possible: there is immune activation with menopausal transition, as is seen in
individuals with HIV infection®®; female sex hormone levels decrease with age; and both higher levels
of estrogen and relatively lower levels of testosterone have been associated with high risk of long
COVID in nonpregnant females.3°**' Menopause and long COVID may also share some overlapping
symptoms. For example, vasomotor symptoms are present in approximately 60% of newly
menopausal patients.*? However, some symptoms of long COVID, such as palpitations, are not
routinely surveyed in relation to menopause and, when described, may not be precise.** Hair loss,
dysomnia, sicca, and arthralgia may be present in early menopause but often are attenuated once the
menopausal state is beyond the first few years. A review of the literature' 2444’ combined with our
data suggests that differences in hormonal levels may partially explain the higher prevalence of long
COVID in females younger than 55 years. An attenuation in the risk ratio of long COVID for females
aged 18 to 39 years may be explained by most pregnant individuals belonging to this age category. In
the sensitivity analysis excluding participants who were pregnant at any time between the index and
study visit, female sex was still associated with an increased risk of long COVID. Sex hormones have
been known to modulate immune responses through specific receptors expressed on innate immune
cells and bind to promoters containing specific hormonal response elements.?"**4> For example,
low estradiol concentrations favor Thi-type responses (eg, interferon y and tumor necrosis factor a)
and cell-mediated immunity, whereas high estradiol concentrations, as in pregnancy, induce
Th2-type responses (eg, interleukin 4 [IL-4], IL-10, and IL-13) and appear to exert effects primarily on
humoral immunity.*” The association of immune-sensing receptors with sex-based differential
susceptibility has been reported for acute COVID-19 but not for long COVID.3" Thus, sex hormones
may have the potential to modulate susceptibility to and recovery from COVID-19.

Additionally, in our sensitivity analyses balanced on comorbidities, the RR for long COVID was
attenuated. Many of these comorbidities (including myalgic encephalomyelitis/chronic fatigue
syndrome [ME/CFS] and postural orthostatic tachycardia syndrome) are known to be associated
both with female sex and with long COVID."'® Therefore, some of these comorbidities likely are

Table 4. Estimated RRs and RDs Comparing Participants Assigned Female Compared With Male at Birth Using Propensity Score Matching®

Estimated proportion with long COVID after matching,

Sample size, No. (95% Cl)
Analysis Females Males RR (95% Cl) RD (95% ClI) Females Males
Primary
Full model 8969 3307 1.31(1.06-1.62) 0.05 (0.01 to 0.08) 0.20(0.19-0.21) 0.16 (0.12-0.19)
Reduced model 8969 3307 1.44 (1.17-1.77) 0.06 (0.03 to 0.09) 0.20(0.19-0.21) 0.14(0.11-0.17)
Secondary
Age, y
18-39 4097 959 1.04 (0.72-1.49) 0.00 (-0.05 to 0.06) 0.16 (0.14-0.17) 0.15(0.10-0.21)
40-54 2439 900 1.48 (1.19-1.84) 0.09 (0.05t0 0.13) 0.28 (0.26-0.30) 0.19(0.15-0.23)
255 2430 1447 1.34(1.11-1.61) 0.05 (0.02 to 0.09) 0.21(0.19-0.23) 0.16 (0.13-0.19)
Menopause status by age®
Nonmenopausal, 18-39 y 3640 959 1.10(0.83-1.46) 0.01 (-0.03 to 0.06) 0.16 (0.15-0.17) 0.14(0.11-0.18)
40-54y
Nonmenopausal 1483 900 1.45(1.15-1.83) 0.08 (0.03t0 0.13) 0.26 (0.23-0.29) 0.18 (0.15-0.22)
Menopausal 472 900 1.42(0.99-2.03) 0.08 (-0.01t00.17) 0.26 (0.18-0.34) 0.18(0.15-0.22)

Abbreviations: RD, risk difference; RR, risk ratio.

2 Male was the reference category.

b Excluded individuals who were pregnant at the follow-up study visit.
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mediators in the causal pathway and may partially explain the observed sex differences in the risk of
long COVID."™ Our data align with published data on postviral ME/CFS and fibromyalgia, which are
disorders that are female predominant and have known alterations in the hypothalamus-pituitary-
adrenal axis.228294> Multiple studies have demonstrated that chronic conditions, such as
autoimmune diseases, osteoporosis, ME/CFS, and Alzheimer disease, are more prevalent in females
compared with males.*®4° A meta-analysis focused on the long-term health problems of individuals
with infection in prior coronavirus outbreaks (severe acute respiratory syndrome and Middle East
respiratory syndrome) showed that females were more likely to experience a reduction in lung
function, new or worsened mental health problems (eg, stress, anxiety, and depression), and
low-quality life compared with males.>°

The clinical and public health implications in terms of sex-based differences in risk of long
COVID, especially based on age, pregnancy, and menopausal status, are substantial. It is important to
disentangle the role of aging, hormones, inflammatory response, and comorbidities underlying these
differential long COVID risk profiles and to identify which groups may benefit from specific
treatments. Sex steroid-based therapies might be suggested to mitigate long COVID symptoms in
females, as has already been suggested for acute COVID-19 in men.®' Based on this study's findings,
we believe that the sex-based disparity in long-termillness burden due to long COVID may increase in
addition to existing postviral sequelae (eg, Epstein-Barr virus, ME/CFS, chronic Lyme disease, post-
Ebola syndrome) that show female preponderance.

Strengths and Limitations

Our study has several strengths. It included participants at various time points before and after SARS-
CoV-2 infection, suggesting that sex differences are detectable at various time points after infection.
The RECOVER cohort is larger and more socioeconomically diverse than other cohorts described in
prior publications.>”#3"37 Our estimate of RDs was balanced for demographics, variant era,
vaccination status, hospitalization during acute infection, and social determinants of health.
Compared with regression adjustment, propensity score-based methods permit balance on more
variables without compromising statistical power*® and are more likely to achieve balance comparing
exposed and unexposed groups.>° Other advantages of the RECOVER cohort include prospective
data collection through a standardized questionnaire as opposed to data generated in routine clinical
care, the latter of which may be subject to reporting bias and differential access. Both the RECOVER
protocol and the current analysis were developed in collaboration with patient representatives.

The data used were also subject to some limitations. Bias may exist if females were more likely to
report symptoms (reporting bias) or were more likely than males to enroll due to persistent long COVID
symptoms (selection bias). We mitigated the latter by restricting to participants enrolled during the
acute period and crossover participants only, albeit with a smaller sample size than the original cohort.
We lacked direct data about sex hormone levels, timing of infection in relation to menstrual cycle,
hormone-related medication use, number of pregnancies, and pregnancy-related complications. Differ-
ential dropout by sex due to symptoms may have occurred. The study lacked control data, such as long
COVID-similar symptoms in patients prior to the development of COVID-19 (except for the crossover
cohort), an uninfected control group, or a control group with patients infected with another virus.
There is also ongoing debate regarding the utility of propensity scores; we acknowledge that the find-
ings are sensitive to the modeling choices made when building the propensity score models.”' In addi-
tion, we had insufficient enrollment of participants assigned intersex at birth or who had undergone
gender-affirming medical care to assess risk in those populations.

Conclusions

This prospective NIH RECOVER-Adult cohort study found that female found that female sex was
associated with an increased risk of long COVID compared with male sex and that the association was
age, pregnancy, and menopausal status dependent. Understanding the mechanisms of sex
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differences can provide preventive and management strategies for not only long COVID but also
other postviral illnesses.
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