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IMPORTANCE Post-COVID-19 condition (PCC) is a complex heterogeneous disorder that has
affected the lives of millions of people globally. Identification of potential risk factors to better
understand who is at risk of developing PCC is important because it would allow for early and
appropriate clinical support.

OBJECTIVE To evaluate the demographic characteristics and comorbidities that have been
found to be associated with an increased risk of developing PCC.

DATA SOURCES Medline and Embase databases were systematically searched from inception
to December 5, 2022.

STUDY SELECTION The meta-analysis included all published studies that investigated the risk
factors and/or predictors of PCCin adult (=18 years) patients.

DATA EXTRACTION AND SYNTHESIS Odds ratios (ORs) for each risk factor were pooled from
the selected studies. For each potential risk factor, the random-effects model was used to
compare the risk of developing PCC between individuals with and without the risk factor.
Data analyses were performed from December 5, 2022, to February 10, 2023.

MAIN OUTCOMES AND MEASURES The risk factors for PCCincluded patient age; sex; body
mass index, calculated as weight in kilograms divided by height in meters squared; smoking
status; comorbidities, including anxiety and/or depression, asthma, chronic kidney disease,
chronic obstructive pulmonary disease, diabetes, immunosuppression, and ischemic heart
disease; previous hospitalization or ICU (intensive care unit) admission with COVID-19; and
previous vaccination against COVID-19.

RESULTS The initial search yielded 5334 records of which 255 articles underwent full-text
evaluation, which identified 41 articles and a total of 860 783 patients that were included.
The findings of the meta-analysis showed that female sex (OR, 1.56; 95% Cl, 1.41-1.73), age
(OR., 1.21; 95% Cl, 1.11-1.33), high BMI (OR, 1.15; 95% Cl, 1.08-1.23), and smoking (OR, 1.10; 95%
Cl, 1.07-1.13) were associated with an increased risk of developing PCC. In addition, the
presence of comorbidities and previous hospitalization or ICU admission were found to be
associated with high risk of PCC (OR, 2.48; 95% Cl, 1.97-3.13 and OR, 2.37; 95% Cl, 2.18-2.56,
respectively). Patients who had been vaccinated against COVID-19 with 2 doses had a
significantly lower risk of developing PCC compared with patients who were not vaccinated
(OR, 0.57; 95% Cl, 0.43-0.76).

CONCLUSIONS AND RELEVANCE This systematic review and meta-analysis demonstrated that
certain demographic characteristics (eg, age and sex), comorbidities, and severe COVID-19
were associated with an increased risk of PCC, whereas vaccination had a protective role
against developing PCC sequelae. These findings may enable a better understanding of who
may develop PCC and provide additional evidence for the benefits of vaccination.

TRIAL REGISTRATION PROSPERO Identifier: CRD42022381002

JAMA Intern Med. doi:10.1001/jamainternmed.2023.0750
Published online March 23, 2023.

© 2023 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ on 04/03/2023

Editor’'s Note

Supplemental content

Author Affiliations: Department of
Cardiology. Norfolk and Norwich
University Hospital, Norwich, UK
(Tsampasian, Chattopadhyay, Debski,
Naing, Garg, Vassiliou); Norwich
Medical School, University of East
Anglia, Norwich, UK (Tsampasian,
Debski, Naing, Garg, Clark, Vassiliou);
Imperial College London and Imperial
College National Health Service Trust,
London, UK (Elghazaly); Department
of Cardiology, Cambridge University
Hospitals, Cambridge, UK
(Chattopadhyay); Department of
Rheumatology, Ipswich Hospital, East
Suffolk and North Essex National
Health Service Foundation Trust,
Ipswich, UK (Ntatsaki); Department
of Medicine, University College
London, London, UK (Ntatsaki).

Corresponding Author: Vassilios S.
Vassiliou, MBBS, PhD, Bob Champion
Research and Education, Norwich
Medical School, University of East
Anglia, Rosalind Franklin Road,
Norwich NR4 7UQ, UK (v.vassiliou@
uea.ac.uk).


https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=381002
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.0750?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.0750
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamainternmed.2023.0760?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.0750
https://jamanetwork.com/journals/imd/fullarticle/10.1001/jamainternmed.2023.0750?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.0750
mailto:v.vassiliou@uea.ac.uk
mailto:v.vassiliou@uea.ac.uk

E2

Research Original Investigation

ince the first SARS-CoV-2 infections were identified in

December 2019, the COVID-19 pandemic has signifi-

cantly increased morbidity and mortality around the
world.! Previous epidemics of viruses from the coronavirus
family, such as SARS-CoV and the Middle East Respiratory Syn-
drome coronavirus (MERS-CoV), have developed into persis-
tent symptoms in infected individuals, including severe fa-
tigue, decreased quality of life (QOL), and shortness of breath,
as well as behavioral and psychological problems.! These per-
sistent postviral symptoms have been associated with a sub-
stantial burden to health care systems.

Similarly, a constellation of various clinical symptoms has
been described in a subset of patients who have survived the
acute phase of SARS-CoV-2-induced COVID-19.! This constel-
lation of symptoms has received many labels, including post-
acute COVID-19 syndrome, persistent post-COVID-19 syn-
drome, and Long COVID-19. These terms have been used
interchangeably for several years. The UK National Institute
for Health and Care Excellence proposed Long COVID to de-
scribe the presence of symptoms that persist for 4 or more
weeks after acute COVID-19 infection.? The World Health Or-
ganization (WHO) defined post-COVID-19 condition (PCC) as
having symptoms usually 3 months from the onset of COVID-19
with a duration of at least 2 months.? Typical clinical symp-
toms include dyspnea, fatigue, autonomic dysfunction, head-
ache, and persistent loss of smell and/or taste—although a wide
range of symptoms has been described."* Given that individu-
als with PCC may need long-term clinical support,* the eco-
nomic consequences have been estimated to be substantial.®

Not onlyisitimportant to recognize which individuals may
be at high risk of developing PCC and to offer follow-up care;
it is imperative to plan population-level public health mea-
sures. Several studies have been published investigating clini-
cal and epidemiologic risk factors and/or predictors of PCC.>8
However, these studies often had relatively few patients. Fur-
thermore, wide discrepancy exists among published data,
yielding uncertainty on the clinical utility of their findings.
Therefore, the aim of this study was to search the available lit-
erature for published studies that found clinical and epide-
miologic risk factors associated with the development of PCC
and to pool their results.

Methods

This study was exempt from ethics review because it used only
previously published data; informed consent was also waived
for this reason. The study followed the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA)
reporting guideline.®

Search Strategy and Selection Criteria

MEDLINE and Embase databases were systematically searched
for studies investigating the risk factors or clinical predictors
for PCC in patients diagnosed with COVID-19, from inception
to December 5, 2022. Search terms included “long-COVID-
19,” “post-COVID-19,” and “chronic COVID-19,” as well as the
corresponding MeSH (Medical Subjects Heading) terms. Only
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Key Points

Question Which individuals are at risk of developing
post-COVID-19 condition (PCC)?

Findings This systematic review and meta-analysis of 41 studies
including 860 783 patients found that female sex, older age,
higher body mass index, smoking, preexisting comorbidities, and
previous hospitalization or ICU admission were risk factors
significantly associated with developing PCC, and that SARS-CoV-2
vaccination with 2 doses was associated with lower risk of PCC.

Meanings The findings of this systematic review and
meta-analysis provide a profile of the characteristics associated
with increased risk of developing PCC and suggest that vaccination
may be protective against PCC.

peer-reviewed articles were included; preprints were ex-
cluded. The full search strategy is available in the eMethods
in Supplement 1.

Data Extraction
Search results were imported for abstract screening; dupli-
cates and irrelevant studies were removed based on predeter-
mined inclusion and exclusion criteria. All studies that inves-
tigated the risk factors or predictors of PCC, as defined by the
WHO definition (=1 symptom for >3 months), in a cohort of
adult (=18 years) patients were included. The risk factors evalu-
ated for this meta-analysis were: age; biological sex; body mass
index (BMI), calculated as weight in kilograms divided by
height in meters squared; smoking status; comorbidities in-
cluding anxiety and/or depression, asthma, chronic kidney dis-
ease (CKD), chronic obstructive pulmonary disease (COPD), dia-
betes, immunosuppression, and ischemic heart disease (IHD);
and COVID-19 vaccination status. Studies were excluded if they
investigated persistent COVID-19 symptoms of less than 3
months duration; did not provide data for any of the risk fac-
tors listed; or used only univariate regression because we
wanted to identify independent risk factor association.
Subsequently, full texts of studies were retrieved and scru-
tinized against the criteria. The relevant data from the in-
cluded studies were independently extracted by 2 authors
(H.E., V.T.) who were blinded to the authors and institutions
involved. Any disagreements were resolved by discussion with
the senior author (V.V.). Some cohorts were studied and/or pub-
lished more than once, for example, neurological PCC and re-
spiratory PCC were evaluated in the same cohort in some
studies.'°2 To avoid double-counting patients of these co-
horts, we initially meta-analyzed all the PCC symptoms and
produced a single odds ratio (OR) for the specific cohort; this
OR was then used in the meta-analysis. The Newcastle-
Ottawa Scale,'® a 9-point measure assessing the quality of co-
hort studies and case-control studies or case series, was used
to evaluate the observational studies included.

Statistical Analysis

Quantitative synthesis of included studies was performed using
RStudio 2022.07.1 + 554 and R, version 4.0.5 (The R Founda-
tion for Statistical Computing). The ORs for each risk factor
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were pooled with the random-effects model. This was deemed
more appropriate than the fixed-effects model because the
studies included in this meta-analysis represented samples
from different populations. For studies reporting rate ratios,
those were converted to ORs using the methods defined in the
Cochrane Handbook for Systematic Reviews of Interventions.'*
Summary statistics were expressed as ORs and 95% ClIs. Pre-
diction intervals were also reported. Statistical heterogeneity
was assessed using the I°statistic. Publication bias was as-
sessed qualitatively by visual inspection of inverted funnel plot
asymmetry and Egger test was performed to assess small study
effects. Statistical tests were 2-tailed, and the statistical sig-
nificance threshold was P < .05. Data analyses were per-
formed from December 5, 2022, to February 10, 2023.

. |
Results

The search of MEDLINE and Embase databases yielded a total
of 5334 records. After removal of duplicates, 3363 were
screened at title and abstract level, and 255 studies under-
went full-text evaluation. Of those, 41 records with a total of
860 783 patients met the inclusion criteria and were included
in the meta-analysis. The PRISMA flowchart for study selec-
tion is available in eFigure 1in Supplement 1. The Table sum-
marizes the population cohorts and the study design charac-
teristics of all the included studies.!©12:15-61 Of the 41
observational studies, 30 were ranked as high quality and 11
moderate quality on the Newcastle-Ottawa Scale (eTable 1in
Supplement 1).

All previously identified risk factors for PCC were evalu-
ated, including patient age, sex, BMI, smoking status, comor-
bidities (ie, anxiety/depression, asthma, CKD, COPD, diabe-
tes, immunosuppression, IHD), and hospitalization or ICU
admission for COVID-19. In addition, the role of vaccination
as arisk factor for PCC was evaluated. Funnel plots for all the
meta-analyses are shown in eFigure 2 in Supplement 1. Race
and ethnicity were not evaluated as this information was not
provided consistently across the included studies.

Patient Sex

Of the 41 studies, 38 studies including a total of 727 630 pa-
tients investigated sex as a risk factor for PCC. Overall, the
pooled ORs showed that female sex was significantly associ-
ated with PCC (OR, 1.56; 95% CI, 1.41t0 1.73; I = 94%; Figure 1).
However, the 95% prediction interval (95% PI, 0.94 to 2.61) sug-
gested that this may not be demonstrated in all future stud-
ies. To investigate this further, we undertook subgroup analy-
sis separating the studies that included only hospitalized
patients from those that included only nonhospitalized and
those that included a mixture of hospitalized and nonhospi-
talized patients (eFigure 3in Supplement 1). This showed that
heterogeneity was lower in studies that included only hospi-
talized or only nonhospitalized patients compared with those
that included patients from both settings (58%, 24%, and 97%,
respectively), with the correlation remaining significant and
the prediction intervals showing evidence supporting this sig-
nificance for future studies. Subgroup analysis was also per-
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formed by study quality (high vs moderate) per the Newcastle-
Ottawa Scale, with no significant between-group differences
demonstrated (eFigure 4 in Supplement 1). Meta-regression
analysis by study size showed no significance (effect
size = 0.0001; 95% CI, -0.0001 to 0.0001; P = .26). Egger test
for small study effects was not significant (intercept = 0.36,
95% CI, 0.21 to 0.50; P = .15).

Patient Age

Of the 41 studies, 9 studies including a total of 324 950 pa-
tients investigated age as a risk factor for PCC. For the meta-
analysis, the risk of PCC among 3 age groups (40-69 years and
>70 years vs 18-40 years) was analyzed. We found that pa-
tients in both of the older groups had a significantly higher risk
of PCC when compared with adult patients younger than 40
years, with no significant between-group differences (OR, 1.21;
95% CI, 1.11t0 1.33; I? = 95%; Figure 2). However, this may not
be demonstrated in all future studies (95% PI, 0.84-1.76). Sub-
group analysis by study size demonstrated a high rate of hetero-
geneity in the group of large studies (eFigure 5 in Supple-
ment 1). Meta-regression analysis by study size was significant
(effect size = -0.0001; 95% CI, -0.0002 to —0.0001; P = .02)
indicating that study size may have influenced the results (eFig-
ure 6 in Supplement 1). Egger test for small study effects was
not significant (intercept = 0.20; 95% CI, 0.06 t0 0.50; P = .34).
Subgroup analysis by study population (not hospitalized pa-
tients vs combined settings) showed no significant between-
group differences (eFigure 7 in Supplement 1), whereas sen-
sitivity analysis by study quality demonstrated that high quality
studies have higher heterogeneity (eFigure 8 in Supple-
ment 1).

Body Mass Index

Of 41 studies, 16 studies including a total of 701 807 patients
investigated obesity (high BMI, defined as >30) as a risk fac-
tor for PCC. Obesity was found to be significantly associated
with PCC (OR, 1.15; 95% CI, 1.08 to 1.23; I? = 91%; eFigure 9 in
Supplement 1). However, this significant correlation may not
be shown in all future studies (95% PI, 0.94 to 1.42). Sub-
group analysis by study population (hospitalized vs nonhos-
pitalized vs combined) showed that the correlation remained
significant in all 3 subgroups; however, the studies of nonhos-
pitalized patients had the lowest heterogeneity (eFigure 10 in
Supplement 1). Subgroup analysis by study quality showed that
the significant correlation between obesity and PCC was evi-
dent only in high quality studies (eFigure 11 in Supplement 1).
Egger test was found to be significant (intercept = .06; 95% CI,
-0.02to0 0.15; P < .001), suggesting publication bias as shown
in the funnel plot (eFigure 2C in Supplement 1). Meta-
regression analysis by study size was not significant (effect size
=-0.0001; 95% CI -0.00001 to 0.0001; P = .86).

Smoking Status

Of the 41 studies, 20 studies including a total of 455204 pa-
tients investigated whether current smokers had higher risk
of developing PCC compared with nonsmokers. Overall, the
pooled ORs showed that smoking was significantly associ-
ated with PCC (OR, 1.10; 95% CI, 1.07 to 1.13; I? = 0%; Figure 3).
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Figure 1. Association of Sex With Post-COVID-19 Condition (PCC), 2021to 2022

Favors : Favors
Source OR (95% CI) malesex ; female sex
Abdelrahman et al10 1.72(0.78-3.79) e
ALSPAC G050 1.44 (0.80-2.60) -
Aranda et al!5 3.50(1.21-10.13) ;
Asadi-Pooya et al16 1.42 (1.05-1.91) -
Augustin et al? 1.69 (1.02-2.79) -
Baruch et al19 2.50(2.21-2.83) [ |
BCS7053 1.67 (0.56-4.98)
Bellan et al20 1.22 (0.61-2.44) =
Blomberg et al2! 2.02(1.12-3.66) —
Chudzik et al?2 1.48 (1.19-1.84) L2
Daitch et al23 1.87 (1.52-2.31) -
Debski et al24 1.99(1.47-2.70) J:—F
Dias et al25 1.49 (1.09-2.03) 4.:7
Emecen et al26 1.74 (1.57-1.93) -
Estrada-Codecido et al27 1.46 (0.94-2.27) —l:—
Fernandez-de-Las-Pefias et al32 2.54(1.67-3.86) —
G556 1.73(0.91-3.29) | :. Female sex was shown to have a
Joannou et al3¢ 1.03 (0.99-1.08) m st.atisti.call){ significant agsociation
Jones et a(35 1.47 (1.06-2.03) +' with hlgh risk of developing PlCC. The
! dotted line represents the point
Kisiel et al3® 1.61(0.70-3.73) R where there is no difference between
Kostev et al37 1.23(1.15-1.32) | the 2 groups; the dashed line
MCS*9 1.55(0.36-6.75) represents the average effect of all
Munblit et al39 1.88(1.49-2.37) i = studies when pooled together. Note
NS52 1.37(0.32-5.85) . that when >1 study by the same
Pazukhina et al40 2.04 (1.57-2.65) - author(s) was identified, only Twas
Peghin et al41 1.55 (1.05-2.28) —— i”f'“detd i”tt,he mEta'at"a'ySiT (in ;he
i relevant subgroup meta-analysis).
Peters et al42 1.60(1.18-2.17) f Data for 10 Ifngitzdinal studizzls‘“"57
Petersen et al43 1.00 (0.98-1.02) [ ] i of patients 18-96 years old were
Righi et al*4 0.97(0.59-1.59) — obtained solely from a single study by
Silverberg et al4> 1.99 (1.09-3.63) —r— Thompson et al, 8 including ALSPAC
Stépanek et al46 1.48 (1.06-2.07) - GO, which refers to the Avon
Subramanian et al47 1.61(1.35-1.92) o Longitudinal Study of Parents and
Tleyjeh et al58 1.96 (0.92-4.17) ,‘g_.i Children-Generation O; GS, the
TwinsUK57 1.75 (0.73-4.20) i' Generation Scotland-the Scottish
usocss 1.89 (1.03-3.48) - Family Health Study; MCS,
; i Millennium Cohort Study; NS, Next
Whitaker et al>9 1.38(1.32-1.45) -. Steps (formerly the Longitudinal
Wu et al®0 1.08 (0.53-2.21) e Study of Young People in England);
Zhang et al®! 1.27 (1.06-1.52) L BCS70, the British Cohort Study
Total (random effects) 1.56 (1.41-1.73) 3 1970; NCDS, the National Child
Prediction interval (0.94-2.61)  — Development Study; TwinsUK, the
Heterogeneity: X £ =613.22 (P<.001); 12=94% ‘ : : ‘ UK Adult Twin Registry; and USOC,
0.1 05 1.0 20 10.0 Understanding Society-the UK

OR of PCC in female individuals Household Longitudinal Survey. OR

indicates odds ratio.

Subgroup analysis by study quality showed no significant dif-
ferences (eFigure 12 in Supplement 1). Egger test suggested no
significant publication bias (intercept = .08; 95% CI, 0.05 to
0.11; P = .07), and meta-regression analysis by study size also
showed no significance (effect size = -0.0001; 95% CI, -0.0001
to 0.001; P = .14).

Comorbidities

Meta-analysis was performed for 34 studies that investigated
the presence of comorbidities potentially associated with the
risk of PCC syndrome. Specifics for each comorbidity follow.

Anxiety and/or Depression
Four studies including 634 734 patients investigated the risk
of PCC in patients with anxiety and/or depression. Pooled

jamainternalmedicine.com

analysis of these studies showed a significant association with
PCC (OR, 1.19; 95% CI, 1.02 to 1.40; I? = 96%,; eFigure 24 in
Supplement 1). Egger test for small study effects was not sig-
nificant (intercept = 0.22; 95% CI, 0.03 t0 0.41; P = .47). Meta-
regression analysis for study size was not performed owing to
the small number of studies in each group. Subgroup analysis
by study quality is shown in eFigure 25 in Supplement 1.

Asthma

Meta-analysis of 13 studies including 639 397 patients showed
that patients with asthma had significantly higher risk of de-
veloping PCC (OR, 1.24; 95% CI, 1.15 to 1.35; I? = 53%; eFig-
ure 13 in Supplement 1). All of these studies were of high qual-
ity; therefore, subgroup analysis for this factor was not
conducted. Meta-regression analysis for study size showed sig-
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Figure 2. Association of Age With Post-COVID-19 Condition (PCC), 2021to0 2022

Source OR (95% Cl)
Age 40-69y
Emecen et al,26 45-54 y 1.41(1.16-1.71)
55-64y 1.34(1.07-1.68)
GS,5645-69y 1.10 (0.50-2.43)

loannou et al,34 50-69 y
Kostev et al,37 46-60 y
Silverberg et al, 4> 50-60 y 0.95(0.50-1.81)
Subramanian et al,47 40-49 y 0.98 (0.95-1.01)
50-59y 0.94(0.91-0.97)
60-69y 0.91(0.87-0.95)

1.25(1.19-1.31)
2.10(1.81-2.44)

TwinsUK,57 45-69 y
USOC,5545-69y
Wu,60 45-64 y

Total (random effects)

Prediction interval

Heterogeneity: X 4 =233.71 (P<.001); I2=95%

Age 270y
Emecenetal,2 75y
GS,%670y

loannou et al,34 70-74 y

75-79y
80-84y
85-89y
>90y
Kostev et al,37 >70 y

Silverberg etal, 45 >70y
Subramanian et al,4’ >70y

TwinsUK,57 >70 y
UsoC,%5 >70y
Wu et al,0 >65 y

Total (random effects)

Prediction interval

Heterogeneity: x=122.86 (P<.001); 12=90%

Total (random effects)

1.76 (0.98-3.16)
1.10(0.56-2.16)
0.76 (0.27-2.14)
1.19(1.06-1.34)
(0.81-1.74)

0.90 (0.61-1.33)
0.74 (0.19-2.92)
1.28(1.22-1.34)
1.32(1.24-1.41)
1.38(1.28-1.49)
1.26(1.15-1.38)
1.21(1.09-1.34)
1.54(1.23-1.93)
0.69 (0.13-3.66)
0.94 (0.89-0.99)
1.05(0.47-2.36)
2.62 (1.25-5.51)
0.94 (0.26-3.40)
1.23(1.10-1.38)
(0.85-1.79)

1.21(1.11-1.33)

Favors : Favors
adults age | adults age
<40y : 240y

-
.
' Older individuals (40-69 and =70y)
_ had a significantly higher risk of
“ ongoing persistent PCC symptoms
i compared with adults <40 years old.
= The dotted line represents the point

m of no difference between the 2
groups, and the dashed line
represents the average effect of all
studies when pooled together. Data

Prediction interval
Heterogeneity: )(224:477.64 (P<.001); 12=95%

(0.84-1.76)

for 10 longitudinal studies*®->” of

patients 18-96 years old were

—_ obtained solely from a single study by
Thompson et al,*® including GS,
which refers to the Generation
Scotland-the Scottish Family Health
Study; TwinsUK, the UK adult Twin

‘ Registry; and USOC, the

0.2

T T
0.5 1.0 2.0 5.0 Understanding Society-the UK
OR of PCC by age (95% Cl) Household Longitudinal Survey. OR
indicates odds ratio.

nificance (effect size = -0.0001; 95% CI, -0.0003 to -0.0001;
P < .001), which was confirmed by subgroup analysis of stud-
ies by their sample size (eFigure 14 in Supplement 1). In this
analysis, larger studies demonstrated a significant associa-
tion between asthma and PCC, whereas smaller studies (<1000
patients) failed to reach significance. Egger test showed no sig-
nificant publication bias (intercept = 0.23; 95% CI, 0.13 t0 0.34;
P =51).

Chronic Kidney Disease

A pooled analysis of 8 studies with a total of 255 791 patients
showed that CKD was not a significant risk factor for PCC (OR,
1.12; 95% CI, 0.98 to 1.28; I? = 22%; eFigure 19 in Supple-
ment 1). Subgroup analysis by study quality is shown in eFig-
ure 20 in Supplement 1. Meta-regression analysis for study size
showed no significance (effect size = 0.10; 95% CI, -0.05 to
0.25; P = .20), and Egger test showed no publication bias (in-
tercept = 0.04; 95% CI, -0.21to 0.29; P = .56).

JAMA Internal Medicine Published online March 23,2023

Chronic Obstructive Pulmonary Disease

Analysis of 10 studies including 257 340 patients showed that
COPD was a risk factor associated with persistent symptoms
after COVID-19 infection (OR, 1.38; 95% CI, 1.08 to 1.78;
I? = 77%; eFigure 15 in Supplement 1). Nevertheless, this sig-
nificance may not be shown in all future studies (95% PI, 0.70
to 2.74). Subgroup analyses by study quality is shown in eFig-
ure 16 in Supplement 1. Meta-regression analysis for study size
and Egger test were both nonsignificant (effect size = -0.0002;
95% CI, -0.0003 t0 0.0001; P = .66; and intercept = 0.23; 95%
CI, 0.14 to 0.33; P = .69, respectively).

Diabetes

Meta-analysis of 18 studies including 259 978 patients showed
that patients with diabetes (OR, 1.06; 95% CI, 1.03 to 1.09;
I? = 0%) had a significant risk of PCC (eFigure 17 in Supple-
ment 1). Subgroup analysis by study quality is shown in eFig-
ure 18 in Supplement 1. Meta-regression analysis showed that

jamainternalmedicine.com
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Figure 3. Association of Smoking Status With Post-COVID-19 Condition (PCC), 2021to 2022

Favors : Favors
Source OR (95% CI) nonsmoking : smoking
Abdelrahman et all0 1.56 (0.51-4.76)
ALSPAC G030 0.82(0.44-1.52)
ALSPAC G151 1.05 (0.42-2.60) Individuals who smoked had 1.10
Aranda et all5 1.20 (0.48-3.01) times higher risk of developing PCC
BCS7053 0.75(0.22-2.59) compared with individuals who did
Blomberg et al2l 131(0.79-2.17) not smoke. The dotted line
: represents the point of no difference
Dias et al2> 1.42 (0.75-2.68) b
etween the 2 groups, and the
Emecen etal*® 1.15(1.02-1.29) 1 dashed line represents the average
Fernandez-de-Las-Pefias et al28 1.35(0.52-3.51) effect of all studies when pooled
GS%® 0.91 (0.24-3.45) together. Data for 10 longitudinal
Jones et al3% 1.43(0.92-2.22) studies*®>” of patients 18-96 years
Kisiel et al36 1.17 (0.14-9.47) old were obtained solely from a single
MCS49 8.80 (1.04-74.62) study by Thompson etal,*®including
NCDS*! 189 (0.54-6.65 Longtudina Stucyof Prentsand
Ns?2 0.64 (0.08-5.11) Children-Generation O; ALSPAC G1,
Petersen et al43 1.74 (0.85-3.56) the Avon Longitudinal Study of
Silverberg et al*> 1.99(0.92-4.31) Parents and Children-Generation 1;
Subramanian et al#’ 1.09 (1.06-1.12) -. BCS70, British Cohort Study 1970;
usocss 1.44 (0.60-3.44) T GS, Generation Scotland-the Scottish
Whitaker et al59 1.11(1.03-1.20) | Family Health Study; MCS, the
Wu et al60 0.74 (0.28-1.95) N Millennium Cohort Study; NS, Next
Total (random effects) 1,10 (1.07-1.13) : Steps (formerly the Longitudinal
Prediction interval (1.07-1.13) . ;%Sg,i;zoﬁ:go:?zl}fi;g England);
Heterogeneity: X %=14.83 (P=.79); 12=0% Development Study; and USOC,
Heterogeneity: x=14.83 (P=.79); I7=0% 01 05 10 20 100 Understanding Society-the UK

OR of PCC by smoking status (95% Cl)

Household Longitudinal Survey. OR
indicates odds ratio.

study size did not have a significant effect (effect size = 0.001;
95% CI, —-0.0002 to 0.0002; P = .15), and Egger test showed
no publication bias (intercept = -0.008; 95% CI, -0.14 to 0.12;
P = .34).

Immunosuppression

Three studies with a total of 967 patients evaluated whether
patients with immunosuppression exhibited higher risk of PCC.
Meta-analysis of these studies showed a significant associa-
tion of immunosuppression with PCC (OR, 1.50; 95% CI, 1.05-
2.15; I = 0%; eFigure 23 in Supplement 1). Egger test did not
show significant publication bias. Owing to the small number
of studies, subgroup analysis and meta-regression were not per-
formed for these studies.

Ischemic Heart Disease

Five studies including 201 906 patients investigated the asso-
ciation of preexisting IHD. Meta-analysis of these studies
showed that patients with IHD had 1.28 times higher risk of
developing PCC (OR, 1.28; 95% CI, 1.19 to 1.38; I? = 0%; eFig-
ure 21in Supplement 1). Subgroup analysis by study quality is
shown in eFigure 22 in Supplement 1. Meta-regression analy-
sis for study size and Egger test for small study effects did not
show significance (effect size = -0.0001; 95% CI, -0.0003 to
0.001; P = .49, and intercept = 0.23; 95% CI, 0.14 to 0.33;
P = .69, respectively).

Hospitalization and ICU Admission
Meta-analysis of 8 studies with a total of 265 466 patients pre-
viously hospitalized for COVID-19 infection was performed. The
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findings showed that patients who required hospitalization
during the acute phase of COVID-19 had significantly higher
risk of developing PCC (OR, 2.48; 95% CI, 1.97 t0 3.13; I2 = 86%;
eFigure 26 in Supplement 1). Subgroup analysis by study qual-
ity is shown in eFigure 27 in Supplement 1. Meta-regression
analysis for study size and Egger test did not demonstrate sta-
tistical significance (effect size = 0.002; 95% CI, —0.001 to
0.0001; P = .73 and intercept = 0.96; 95% CI, 0.47 to 1.43;
P =78, respectively).

Similarly, a meta-analysis of 10 studies with a total of
213 441 patients showed that patients who required ICU ad-
mission during the acute phase were at higher risk for PCC (OR,
2.37; 95% CI, 2.18 to 2.56; I? = 0%; eFigure 28 in Supple-
ment 1). Subgroup analysis by study quality is shown in eFig-
ure 29in Supplement 1. Meta-regression analysis for study size
showed that there was an effect (effect size = 0.0001; 95% CI,
0.0001t0 0.002; P = .01); however, subgroup analysis of stud-
ies by sample size did not demonstrate significant between-
group differences (eFigure 30 in Supplement 1). Egger test
showed no significance (intercept = 0.92; 95% CI, 0.82t01.02;
P =.06).

Vaccination Status

Four studies with a total of 249 788 patients evaluated the ef-
fect of vaccination status on the risk of developing PCC. Meta-
analysis of these showed that individuals who had been vac-
cinated with 2 doses (in all included studies) had a 40% lower
risk of developing PCC (OR, 0.57; 95% CI, 0.43 t0 0.76; I? = 91%;
Figure 4). This may not be demonstrated in all future studies
(95% P1, 0.15 to 2.22). Subgroup analysis by study quality and
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Figure 4. Association of Vaccination Status With Post-COVID-19 Condition (PCC), 2021to 2022

Source OR (95% CI)

0.59 (0.50-0.69)
0.53(0.40-0.71)
0.78 (0.68-0.90)
0.43(0.37-0.49)
0.57 (0.43-0.76)

(0.15-2.22)

Ayoubkhani et al18
Emecen et al26
loannou et al34

Zisis et all2

Total (random effects)
Prediction interval

Heterogeneity: x§=35.00 (P<.001); 1>=91%

0.2

OR of PCC by vaccination status (95% Cl)

Favors : Favors
vaccination : no vaccination
.:* Individuals who were vaccinated
i - against COVID-19 with 2 doses had a
! significantly lower risk of developing
! PCC than individuals who had not
e been vaccinated. The dotted line
represents the point of no difference
‘ : : ‘ between the 2 groups, and the
0.5 1.0 2.0 5.0 dashed line represents the average

effect of all studies when pooled
together. OR indicates odds ratio.

meta-regression for study size were not performed because all
these studies were of high quality and included more than 1000
patients each. Egger test showed no significant publication bias
(intercept = -0.44; 95% CI, -1.38 to 0.48; P = .80).

Sensitivity Analyses

One original publication*® of 10 longitudinal studies and
another study® included patients that were self- or clinician-
diagnosed with COVID-19 during the acute phase. For this rea-
son, in addition to the aforementioned analyses, we per-
formed sensitivity analyses for all the risk factors excluding
these studies (eFigure 31in Supplement 1). Overall, there were
no differences in the outcomes of any risk factor investi-
gated. Additional sensitivity analyses were performed based
on the studies that investigated 5 or more risk factors (eFig-
ure 32 in Supplement 1). There were no changes noted in the
outcomes of each risk factor. Meta-regression analyses by geo-
graphic location were also performed for the risk factors
(eTable 2 in Supplement 1); however, given the limited geo-
graphic diversity (30 studies from Europe; only 1 from Africa,
6 from the Americas [Brazil, Canada, US], and 5 from Asia), the
interpretation of results should be guarded.

49-57

|
Discussion

This meta-analysis of 41 studies that included a total of 860 783
patients demonstrates that there were certain epidemiologic
and clinical risk factors that are associated with a higher risk
of developing PCC. In particular, female sex, older age, higher
BMI, and smoking were significantly associated with in-
creased risk of persistent symptoms of 3 months or more af-
ter the acute phase of COVID-19 infection, ie, PCC. In addi-
tion, preexisting comorbidities, including anxiety and/or
depression, asthma, COPD, diabetes, IHD, and immunosup-
pression were also found to be significantly associated with
higher risk of PCC. Furthermore, patients who needed hospi-
talization or ICU care during the acute phase of COVID-19 in-
fection were found to have more than twice the risk of devel-
oping PCC compared with those who were not. On the other
hand, vaccination (with 2 doses) for COVID-19 was noted to
have a protective role against PCC—vaccinated patients had a
significantly lower risk of developing the persistent symp-
toms of PCC.

JAMA Internal Medicine Published online March 23,2023

The aforementioned findings confirm that PCC is a mul-
tifactorial and complex clinical syndrome.®? These results
strengthen the evidence available regarding the association of
female sex with PCC.%%%6* A previous meta-analysis by Ma-
glietta and colleagues®® including 13 340 patients also high-
lighted that female sex was significantly associated with the
persistent COVID-19 symptoms. A recent large analysis and
meta-regression of more than 2 million patients®* confirmed
this finding. Many authors have hypothesized mechanistic pro-
cesses to explain the association between certain risk factors,
including female sex, and PCC.1*-%° For example, it has been
suggested that hormones may play a role in perpetuating the
hyperinflammatory status of the acute phase of COVID-19 even
after recovery.®®%” Also, stronger IgG antibodies production in
female individuals in the acute phase has been reported®® and
could contribute to perpetuating disease manifestations.®8-:¢9

As previous research has suggested,*®%> older age ap-
pears to be an independent risk factor for PCC. Subgroup analy-
sis showed that individuals 40 to 69 years old and those 70
years or older are at equally high risk of PCC when compared
with younger patients. However, it is important to consider that
the prevalence of PCC consists of individuals who have sur-
vived the acute phase of COVID-19 infection. Older individu-
als, possibly with multiple underlying comorbidities, may not
survive the acute phase of COVID-19 because they are at higher
risk of severe illness.”® As highlighted by Di Toro and
colleagues,” PCC reflects the population of COVID-19 survi-
vors, not the epidemiologic characteristics of COVID-19.

Additionally, the results of our meta-analysis revealed that
obesity and smoking were significantly associated with higher
risk of developing PCC. These findings concur with recent evi-
dence identifying these characteristics as important risk fac-
tors for PCC.*87273 Obesity and PCC share a metabolic proin-
flammatory state that promotes inflammatory processes and
their associated signs and symptoms to linger for a prolonged
period of time.”* Smoking has been shown to be a significant
risk factor for both PCC and severe acute COVID-19
infection.”>”® However, it is unclear whether smoking per se
or the associated severe illness predisposes this cohort of pa-
tients to higher risk of PCC.

Our meta-analysis revealed that patients who were hos-
pitalized or admitted to the ICU had more than double risk of
developing PCC. Severe illness has been found to be a signifi-
cant risk factor for PCC in previous studies. In a multicenter
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cohort study that included 246 patients, 74.3% had ongoing
physical symptoms 1 year after ICU admission for COVID-19.7”
However, it should be noted that ICU survivors may experi-
ence postintensive care syndrome after an episode of critical
care illness.”®7° Postintensive care syndrome is well-
recognized and entails a variety of symptoms that may per-
sist for months or years; therefore, there may be an impor-
tant overlap with PCC sequelae. Nevertheless, the results of
our meta-analysis and those of other studies highlight that pa-
tients with previous critical illness represent a high-risk popu-
lation and their follow-up should reflect intensive plans for pre-
vention, rehabilitation, and treatment of the ongoing
debilitating symptoms of PCC.

The results of our study showed that vaccination for
COVID-19 has a protective role against PCC, with vaccinated
individuals having a significantly lower risk compared with un-
vaccinated individuals. This finding concurs with those of other
studies and the recent report from the UK Office of National
Statistics that found a 42% lower risk of PCC after 2 doses of a
COVID-19 vaccine.8°-82 Importantly, emerging evidence sug-
gests that vaccination reduces the risk of PCC and its se-
quelae even in individuals with other risk factors, such as older
age or high BMI,?®! expanding the benefits of vaccination be-
yond the morbidity and mortality benefits seen during the
acute COVID-19 phase.

Individuals with PCC may experience long-lasting ad-
verse effects requiring long-lasting support. It has been re-
ported that 15% of individuals with PCC were absent from work
owing toillness.® Follow-up outpatient services may be needed
to manage this condition and to better understand the pos-
sible association between symptoms and residual organ im-
pairment. Given that health care systems worldwide have been
substantially burdened by the COVID-19 pandemic,®? routine
follow-up may not be possible to all those living with PCC.

Limitations

This review had some limitations. Some of the meta-analyses
performed had considerable statistical heterogeneity, which
may have affected results. Large meta-epidemiologic studies
have shown that studies at high risk of bias tend to overesti-
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mate the strength of associations. In addition, all the in-
cluded studies were observational. Consequently, the results
of the performed meta-analyses were based on observational
data. Although the observational studies were of moderate or
high quality per the Newcastle-Ottawa scale, the scale itself
is not without limitations.®* Furthermore, by virtue of being
observational, all the studies (even those with a high rating)
have an unavoidable risk of bias. Despite this and considering
that randomized studies (with the current COVID-19 strains)
will not be undertaken, studies providing risk factors follow-
ing multivariable regression allow us to draw important con-
clusions. Furthermore, as discussed previously, PCC is a clini-
cally heterogenous condition with a range of manifestations
and symptoms. In this analysis, we considered all the various
manifestations as a single entity. For this meta-analysis, we re-
lied on the diagnosis identified by the authors of the included
studies, accepting that the definition of symptoms included
among the different studies might not have been exactly the
same. Lastly, the studies spanned across various COVID-19 vari-
ants, but were all pooled together independent of variant. It
is possible that the various variants, including the effect of vac-
cination, could alter the absolute value of patients with PCC;
however, itis unlikely that the risk factors associated with PCC
would change.

. |
Conclusions

The findings of this systematic review and meta-analysis dem-
onstrated that certain demographic characteristics (eg, age and
sex) and comorbidities were significantly associated with an
increased risk of developing PCC, whereas vaccination had a
protective role against developing PCC sequelae. Given these
results, a holisticapproach and integrated care pathways may
enable suitable support for patients who develop PCC and may
allow physicians to be better prepared to care for patients at
high risk of developing PCC. Moreover, in addition to prevent-
ing and diminishing the acute phase of the infection, COVID-19
vaccination may protect against PCC, giving vaccination ad-
ditional evidence of benefit.
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