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Abstract

Background

Observational studies form the foundation of Long COVID knowledge, however combining

data from Long COVID observational studies has multiple methodological challenges. This

umbrella review synthesizes estimates of Long COVID prevalence and risk factors as well

as biases and limitations in the primary and review literatures.

Methods and findings

A systematic literature search was conducted using multiple electronic databases (PubMed,

EMBASE, LitCOVID) from Jan 1, 2019 until June 9, 2023. Eligible studies were systematic

reviews including adult populations assessed for at least one Long COVID symptom four

weeks or more after SARS-CoV-2 infection. Overall and subgroup prevalence and risk fac-

tors as well as risk of bias (ROB) assessments were extracted and descriptively analyzed.

The protocol was registered with PROSPERO (CRD42023434323). Fourteen reviews of

5–196 primary studies were included: 8 reported on Long COVID prevalence, 5 on risk/pro-

tective factors, and 1 on both. Prevalence of at least 1 Long COVID symptom ranged from

21% (IQR: 8.9%-35%) to 74.5% (95% CI: 55.6%-78.0%). Risk factor reviews found signifi-

cant associations between vaccination status, sex, acute COVID-19 severity, and comorbid-

ities. Both prevalence and risk factor reviews frequently identified selection and

ascertainment biases. Using the AMSTAR 2 criteria, the quality of included reviews, particu-

larly the prevalence reviews, were concerning for the adequacy of ROB assessments and

justifications for conducting meta-analysis.

Conclusion

A high level of heterogeneity render the interpretation of pooled prevalence estimates of

Long COVID challenging, further hampered by the lack of robust critical appraisals in the
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included reviews. Risk factor reviews were of higher quality overall and suggested consis-

tent associations between Long COVID risk and patient characteristics.

Introduction

As the COVID-19 pandemic enters its endemic phase, many questions remain regarding the

prevalence and risks factors of Long COVID, which has also been called long-haul COVID,

post-COVID-19 conditions and a subset of which are post-acute sequelae of COVID-19 [1, 2].

One of the first systematic reviews published on Long COVID estimated that as many as 80%

of COVID-19 survivors have at least one long-term post-COVID-19 condition [3]. While nat-

ural and vaccine-mediated immunity have reduced rates of hospitalization and death from

acute COVID-19, the number of people who have been infected and reinfected with SARS--

CoV-2 continues to grow, and with it, cases of Long COVID [4]. Three years into the pan-

demic, systematic reviews publish estimates of Long COVID prevalence as low as 6.2% [5] to

as high as 50% [6, 7]. Moreover, risk and protective factors such as vaccination and infection

from different variants of concern remain underexplored areas of research [2]. Observational

studies form the foundation of knowledge on Long COVID-19 prevalence and risks, but com-

paring and aggregating data poses multiple methodological challenges [8, 9]. Lack of robust-

ness in Long COVID observational studies has been remarked on through a recent systematic

review of the pediatric population [10]. The aim of this study is to examine the more abundant

research on Long COVID in adults that have already been synthesized in systematic reviews

through the lens of an umbrella review. This is a useful method for revealing common biases

and limitations in the field by synthesizing the critical appraisals that systematic reviews con-

duct [11, 12].

The main questions of this review are 1) What are the prevalence and risk factors for Long

COVID? 2) What kinds of biases and limitations affect the interpretation of observational

studies of Long COVID prevalence and risk factors? Given the ongoing challenges to accu-

rately measuring the burden of Long COVID, our goal is to provide guidance for future

research to avoid common pitfalls that can impact the validity of observational and interven-

tional studies.

Methods

We performed a rapid umbrella review of the evidence following the recommendations of the

Cochrane Rapid Reviews Methods Group [13]. A rapid review is an evidence synthesis review

which follows the systematic review process, and components of the methodology may be sim-

plified or omitted [14]. This review omitted searches of grey literature and data extraction was

performed by a single reviewer, which expedited the review process to under six months with-

out compromising on other areas of a systematic review (e.g., critical appraisal) felt to be crucial

to ensuring an unbiased protocol. The review was conducted according to the Preferred Report-

ing Items for Systematic Reviews and Meta-Analysis (PRISMA) 2020 guidelines (see S6 Table).

We followed a review protocol pre-registered with the International Prospective Register of Sys-

tematic Reviews (PROSPERO) database, CRD42023434323, with no major deviations.

Eligibility criteria

Eligible study designs were systematic reviews (SR) with or without meta-analyses (MA),

excluding narrative, scoping and non-systematic reviews. In terms of the PICO criteria, the
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study population included adults aged 18 years and older; reviews including children were eli-

gible if outcomes were stratified by age. Exposure was defined as acute SARS-CoV-2 infection

diagnosed 4 weeks or more prior to Long COVID ascertainment, in conformity with the U.S.

federal working definition of Long COVID [15]. Comparators (i.e., controls) were defined

according to the individual SR reviewed. We considered Long COVID as any or at-least one

patient-reported, clinically presented, or administrative (e.g., ICD-10 codes) outcome associ-

ated with Long COVID. Studies that exclusively reviewed the prevalence of conditions with

preexisting medical definitions (e.g., diabetes) arising post-COVID-19 were excluded, consis-

tent with the WHO consensus definition of post-COVID-19 condition as a diagnosis of exclu-

sion [16]. The relevant context was Long COVID diagnosed and treated in high income

countries, thus only peer-reviewed articles in English were considered.

Search strategy and study selection

The following three databases were searched from January 1, 2019, through June 9, 2023: Lit-

COVID, PubMed, Embase. Full database search strategy can be found in S1 Table. In addition

to database searches, secondary searches were performed within Web of Science to identify

potential reviews that met the eligibility criteria. We manually screened the reference lists of

systematic reviews and searched Google Scholar.

Database search results were imported into a reference manager (EndNote X20; Clarivate

Analytics) for deduplication, then uploaded into Covidence (Covidence, Melbourne, Victoria,

Australia) screening software to remove additional duplicates. An initial pilot was performed

to screen title/abstract and full text articles, and any revisions to the search strategy were

recorded. Dual screening of both title/abstract and full text was conducted by two reviewers

(MH and OA) independently. Any disagreements were resolved by a third reviewer (DP).

Data extraction and quality assessment

The data extraction template was piloted on a subset of SRs by two independent reviewers

(MH and OA). Data extraction was conducted by a single reviewer (MH) into an excel spread-

sheet; the extracted data from two SRs were then randomly selected and reviewed by one adju-

dicator (DP). The SRs’ corresponding authors were contacted no more than two times over

the course of two weeks to obtain missing data. Data collected included article identifying

information, study type, design characteristics of primary studies, setting, participant charac-

teristics, relevant outcomes and the ROB and limitations. Where possible, characteristics spe-

cific to studies/populations informing the subset of relevant outcomes were extracted.

Risk of bias assessment

The AMSTAR 2 critical appraisal tool for SRs that include non-randomized studies was used

to determine risk of bias [17]. AMSTAR 2 evaluates SRs through sixteen domains, seven of

which critically impact the validity of the review, including protocol registration before com-

mencement of the review (item 2), adequacy of the literature search (item 4), justification for

excluding individual studies (item 7), ROB from individual studies included in the review

(item 9), appropriateness of meta-analytical methods (item 11), consideration of ROB when

interpreting the results of the review (item 13) and assessment of presence and likely impact of

publication bias (item 15). Results from studies that have one or more critical weakness will be

considered to have low or critically low overall confidence. Studies were assessed by one

reviewer (MH) with blinded validation by a second reviewer on one randomly selected study

(DP).
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Data synthesis

A meta-analysis was not undertaken as the included SRs were not sufficiently homogenous in

population characteristics and design. For meta-analyses that reported relevant outcomes of

Long COVID, we reported prevalence as a percentage with 95% CI and risk factors as and

odds ratios (OR) or hazard ratios (HR) with 95% CI. The Higgins I2 estimate of heterogeneity

was reported for all outcomes where available. If a meta-analysis was not performed, outcomes

were reported as median and interquartile range (IQR) if there were at least 5 studies.

We reported pooled estimates or manually calculated the median and IQR of prevalence for

each category of 1) hospitalization status (hospitalized, non-hospitalized, mixed); 2) duration

of follow-up (<3 months or� 3 months); 3) use of a COVID-negative control group in the

primary studies; 4) vaccination status (completed primary series vs. did not complete primary

series); 5) COVID variant (wild-type, alpha/beta/delta, omicron). Risk factor outcomes were

reported in accordance with the respective SRs. Due to the large number of risk factors investi-

gated, we only reported pooled outcomes or which included at least 5 studies to calculate

median/IQR.

We also conducted a narrative synthesis of the ROB identified by the review of the SR. Sum-

mary of the ROB comprised the ROB tool used, the number of included primary studies with

high or critical ROB, and most frequent ROBs identified.

Results

The database search resulted in 3,534 references. The reference list from Web of Science and

Google Scholar searches yielded one additional article. The title/abstract screening excluded

2,285 articles and the full-text screen excluded 60 articles, most frequently for not including a

relevant outcome (see S2 Table). Fourteen SRs were ultimately deemed eligible (see Fig 1).

Eight of 14 SRs reported on the prevalence or cumulative incidence of Long COVID (hereafter,

prevalence SRs) and five reported on risk/protective factors (hereafter, risk factor SRs). One

reported on both prevalence and risk factors in relation to different COVID-19 variants of

concern but did not conduct meta-analyses for either outcome. For the sake of simplicity, it

will hereafter be counted among the prevalence SRs.

Study and participant characteristics

All SRs were published between May 26, 2021 to June 8, 2023, with the most recent primary lit-

erature search inclusive of February 10, 2023 [18]. The prevalence SRs included 6 SR/MA, 2

SR, and 1 umbrella review with evidence synthesis of a selection of the primary literature.

Many SRs did not provide a complete list of citations of the included studies, so we were

unable to disambiguate a unique set of primary studies even after contacting the correspond-

ing authors.

Prevalence SRs included 5 to 196 studies and 1643 to 1,289,044 participants. Among the

five risk factor SRs, 6–41 studies of 7170 to 860,783 participants were included. Four con-

ducted meta-analyses for relevant outcomes. The most common study designs of primary

studies were cohort studies, followed by cross-sectional, and case-control studies. More infor-

mation on publication and study design can be found in Table 1 and S3 Table.

Among the prevalence SRs, 3 included adults only [18–20], 5 presented age-stratified out-

comes [6, 7, 21–23], and 1 reported median or mean ages�47 for all relevant primary studies

[24]. Diagnosis of SARS-CoV-2 infection was laboratory-based in most SRs that reported

exposure ascertainment, but self-reported COVID-19 diagnosis was considered eligible by at

least one SR [6]. Timing of follow-up ranged from 28 to 730 days from time zero, which varied

as the point of COVID-19 diagnosis, symptom onset, hospital admission or hospital discharge
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[20, 24]. Of the risk factor SRs, one was restricted to adults [25]; the rest reported mean/

median ages of 40–69. Most primary studies in 4 out of 5 risk factor studies confirmed

COVID-19 exposure by laboratory methods. For more details on participant characteristics,

see Table 1.

Prevalence outcomes

Long COVID prevalence or cumulative incidence in the SRs ranged from 21% (IQR: 8.9%-

35%) to 74.5% (95% CI: 55.6%-78.0%). Hospitalization status was reported by 6 SRs, 3 at the

study level (i.e., whether a study included hospitalized patients) and 3 at the individual level

for at least one relevant outcome. Of the latter, the percentage of hospitalized patients ranged

from 17.4% to 98.2% (see S4 Table). Two SRs conducted random-effects meta-analysis by hos-

pitalization status at the study level [6, 7]. Four provided outcomes that could be stratified by

duration of follow-up at 3 months, two of which calculated the pooled prevalence of Long

Fig 1. PRISMA 2020 flow diagram for systematic reviews. N, number of studies.

https://doi.org/10.1371/journal.pone.0302408.g001
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COVID by duration of follow-up [7, 20]. For the rest, we calculated the median prevalence

and inter-quartile ranges stratified by 3 months/12 weeks.

The inclusion of COVID-19 negative comparator groups was noted in three SRs; only one

estimated the prevalence of Long COVID stratified by the use of control groups [21]. Three

SRs reported the SARS-CoV-2 variant of concern assumed responsible for most infections [19,

22, 23], one of which reported Long COVID prevalence by variant of concern without con-

ducting a meta-analysis [19]. Two SRs commented on vaccination status reported in primary

studies [7, 19], neither of which reported prevalence estimates by vaccination status. See S5

Table for more information on comparator groups and other subgroups.

Outcomes with pooled estimates are shown in Fig 2. The I2 measure of heterogeneity was

over 90% in all reporting pooled prevalence estimates but an I2 was not reported for 50% of

pooled estimates. Outcomes with median and IQR are shown in Fig 3.

Risk factor outcomes

Up to fourteen different risk/protective factors were extracted from the five risk factor SRs

reviewed. Three examined the associations between vaccination and Long COVID risk and

found that two or more pre-infection doses of COVID-19 vaccine significantly decreased the

risk of Long COVID compared to no or 1 vaccine, but a single dose did not significantly miti-

gate Long COVID risk [25–27]. Three SRs reported on risks associated with age, sex, acute

COVID-19 severity and other sociodemographic and clinical risk factors [25, 28, 29]. All three

found female sex to be a significant risk factor for Long COVID. One SR found that categorical

Fig 2. Meta-analytic estimates of prevalence extracted from Long COVID systematic reviews. N, number of studies; CI, confidence interval; NR, not

reported.

https://doi.org/10.1371/journal.pone.0302408.g002
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age of 40 or greater posed increased risk of Long COVID (OR: 1.21, 95% CI: 1.11–1.33) [25],

while another did not find evidence of age-associated risks [28]. The latter also found elevated

risks of non-recovery from severe or critical acute COVID-19 with moderate certainty,

although associations with hospitalization status were non-significant [28]. Both SRs investi-

gated associations between Long COVID and comorbidities, finding significant risk associa-

tions. Full statistical outcomes are summarized in S4 Table.

Summary of ROB assessments of primary studies

A majority of SRs (6 out of 9 prevalence SRs, 2 out of 5 risk factor SRs used the Newcastle-

Ottawa Scale (NOS) [30]. Other tools used in the prevalence SRs included the NIH tool (2

studies) [31], Hoy et al. (1 study) [32] and the AHRQ tool (1 study) for cross-sectional studies

[33] in a study that also used the NOS for cohort studies. Risk factor SRs also employed

ROBINS-I (1 study) [34], JBI checklist for cohort studies (1 study) [35] and QUIPS (1 study)

[36].

Six prevalence SRs gave an overall ROB score. Regardless of the tool used, the majority of

primary studies were scored as having low or moderate ROB, with only 0–9.9% of studies

rated has having a high ROB (e.g., less than five out of nine on the NOS scale). The risk factor

SRs reported higher ROB overall, with 0–56% of primary studies rated as having a high or crit-

ical ROB.

Out of fourteen SRs, two prevalence SRs [7, 22] and one risk factor SR [25] reported only

the overall ROB of the primary studies without a score breakdown. From the 11 SRs that did

report a score breakdown, the quality of outcome ascertainment and selection bias were the

most frequently top-ranked ROBs; adjustment for confounders, attrition, representative sam-

pling and outcome ascertainment were areas of deficiency in at least two risk factors SRs.

Summary of limitations as described in the SRs

High heterogeneity was identified as a limitation in 8 prevalence SRs, with the exception of the

SR on asymptomatic cases [23]. Lack of control/comparator group or representative sampling

was noted in 5 prevalence SRs. Lack of standardization in case definition and symptom mea-

surement was noted in 3 prevalence SRs and 4 risk factor SRs. Variable follow-up time, lack of

data on age, race/ethnicity, disability and overrepresentation of people hospitalized with

COVID-19 were also identified as limitations.

Fig 3. Median and interquartile ranges of prevalence estimates extracted from Long COVID systematic reviews. N, number of studies; IQR,

interquartile range.

https://doi.org/10.1371/journal.pone.0302408.g003
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ROB assessment of SRs with AMSTAR 2

All prevalence SRs had weaknesses in at least two critical domains (see Table 2) [17]. Among

these, deficiencies on items 9 and 11 are particularly concerning for our aim of identifying

biases and limitations in the Long COVID evidence base.

An adequate score on item 11 required the SR to explicitly justify the decision to perform a

meta-analysis based on the compatibility of included studies. None of the prevalence SRs that

conducted a meta-analysis included such a statement, while all of the SRs which did not pursue

a meta-analysis cited the high degree of heterogeneity in the primary literature as deterrent.

We considered this item satisfied if meta-analysis was primarily undertaken by pre-deter-

mined subgroups that may create comparable cohorts, such as by hospitalization status or fol-

low-up duration. Nevertheless, the subgroup outcomes in prevalence SRs all reported I2

statistics greater than 90%.

ROB assessments conducted by the SRs were often deficient, hence the large number of par-

tial or complete deficiencies on item 9. For a “yes,” the SR had to evaluate primary studies on

at least four sources of bias: confounding, selection, measurement of exposures and outcomes,

and selective reporting of analyses or outcomes. The NOS rates ROB across the three domains

of selection, comparability and outcome assessment without any criteria for selective reporting

Table 2. AMSTAR 2 assessments of all SRs.

Reference 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Overall

Confidence

Prevalence SRs

Ma et al. Yes Yes Yes Partial

yes

Yes Yes No Yes Partial

yes

No Yes Yes No No Yes Yes Critically Low

Nittas et al. Yes No Yes Partial

yes

Yes Yes No Partial

yes

Partial

yes

No No

MA

No

MA

Yes Yes No

MA

Yes Critically Low

Rahmati et al. Yes Partial

yes

Yes Partial

yes

Yes Yes Yes Partial

yes

Partial

yes

No No No Yes Yes Yes Yes Critically Low

Di Gennaro et al. Yes No Yes No Yes Yes No No No No No Yes No Yes Yes Yes Critically Low

O’Mahoney et al. Yes Yes Yes Partial

yes

Yes Yes No Yes Yes No Yes Yes Yes Yes Yes Yes Low

Zeng et al. No Partial

yes

Yes Partial

yes

No Yes No No Partial

yes

No No No No Yes Yes Yes Critically Low

Fernandez-de-las-Peñas

et al. [19]

Yes No Yes Partial

yes

Yes Unclear No Partial

yes

No No No

MA

No

MA

Unclear Yes No

MA

Yes Critically Low

Huang et al. Yes Yes Yes Partial

yes

Yes Yes No Partial

yes

No No Yes No No Yes Yes Yes Critically Low

Nasserie et al. No No Yes No Yes Yes Yes No Yes No No

MA

No

MA

Yes Yes No

MA

Yes Critically Low

Risk Factor SR

Pillay et al. Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes High

Tsampasian et al. Yes Yes Yes Yes Yes Yes No Yes No No Yes Yes Yes Yes Yes Yes Critically Low

Byambasuren et al. Yes Yes Yes Yes Yes Yes Yes Yes Yes No No

MA

No

MA

Yes Yes No

MA

Yes High

Notarte et al. Yes No Yes No Yes Yes No Partial

yes

Partial

yes

No No No Yes No No

MA

Yes Critically Low

Watanabe et al. Yes Partial

yes

Yes Partial

yes

Yes Unclear No No No No No No No No Yes Yes Critically Low

AMSTAR = A Measurement Tool to Assess Systematic Reviews; MA = meta-analysis; SR = systematic review

Items 2, 4, 7, 9, 11, 13 are considered “critical.” Studies that have one “no” in a critical item are rated to have “low” overall confidence. Studies with more than one “no”

in a critical item are rated to have “critically low” overall confidence

https://doi.org/10.1371/journal.pone.0302408.t002
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[30], so SRs that used this tool without modification received a “partial yes” at best on this cri-

terion. On assessing confounding, NOS requires pre-specification of the two most important

factors to control to satisfy the criteria of “comparability,” which 6 out of the 8 SRs using the

tool failed to specify [7, 20, 22, 23, 25, 27]. Selection bias as well as confounding were equivo-

cally evaluated by most SRs due to ambiguity around the definition of control groups (see

Table 1 and S5 Table). Most of the seven prevalence SRs that included the general adult popu-

lation did not define a control group; one defined the control group as COVID-positive with-

out post-discharge symptoms [20]; one defined it as people without COVID-19 but did not

report the number of studies that used a control group or any associated outcomes [22]. This

exposes interpretative challenges in how SRs applied the NOS criteria on “selection of non-

exposed cohort” and “comparability.” [30].

Risk factor SRs had lower ROB overall, with two SRs with 0–1 deficiency. All had clearly

defined non-exposed comparator groups by the PICO criteria (lacking in the risk factor rather

than COVID-19 exposure). Nevertheless, a majority were deficient on items 7 and 10, and

40% were deficient on items 9 and 11 (see Table 2).

Discussion

This umbrella review found a wide range in the prevalence estimates of Long COVID primary

studies, yielding pooled prevalence estimates that cluster around 50% (Fig 2), which needs to

be interpreted in light of a major limitation. The presence of high heterogeneity demands the

use of random-effects meta-analysis as was done in all the SRs reviewed [37]. But when

between-study variance greatly exceeds within-study variance, as is the case when the I2 statis-

tic exceeds 90%, each primary study is given similar weight and the pooled estimate approxi-

mates the arithmetic mean [38]. It is thus no surprise that pooled prevalence estimates cluster

around 50% when prevalence estimates in the primary literature spans nearly the entire range

of numerical possibility (Fig 3). This may also explain why, with few exceptions, meta-analytic

estimates of Long COVID prevalence consistently exceeds estimates from population-based

samples [3, 39–41]. For instance, the June 7–19, 2023 wave of the U.S. Household Pulse Survey,

which periodically samples a representative group of U.S. adults, suggested that Long COVID

prevalence was 11.0% (95% CI: 10.4–11.6%) among U.S. adults reporting previous COVID-19,

lower than any of the pooled prevalence estimates we reviewed [42].

Nevertheless, random-effects meta-analysis may be fruitfully applied to subgroups prespeci-

fied by study design and population characteristics. For instance, one SR observed a difference

in prevalence estimates by hospitalization status, with lower prevalence estimates in studies of

exclusively non-hospitalized compared to post-hospitalization cohorts [6]. The inclusion of

control group and population sampling also generated lower prevalence estimates, although

no meta-analysis was conducted in the only SR we included which reported outcomes by the

use of these methods [21]. A recent SR not included in the date-range of our search estimated

Long COVID absolute risk difference in community-based samples using control groups to be

10.1% (95% PI: -12.7%-32.8%) compared a pooled prevalence of 42.1% (95% PI: 6.8–87.9%)

for all studies with more than 12 weeks of follow-up [41]. Timing of follow-up did not appear

to significantly modify prevalence estimates in the four studies that reported on prevalence

before and after 3 months of follow-up [6, 7, 20, 24], although overlaps in follow-up durations

and inconsistent reporting in the primary literature may confound these findings. No SR spec-

ified enough subgroups to adequately address the range of factors likely contributing to high

heterogeneity.

The risk factor SRs did not suffer as much from high heterogeneity. More than one SR dis-

cerned significant associations between increased COVID-19 risk and less than 2 pre-infection
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vaccinations, female sex, and multiple comorbidities. The association between Long COVID

risk and acute-COVID-19 hospitalization and severity were also significant in at least one SR.

However, hospitalization and acute COVID-19 severity are strongly associated with selection

into Long COVID studies, so one should be wary of spurious associations that emerge from

collider bias, as has been demonstrated in other risk associations derived from test-positive or

hospitalization-based COVID-19 cohorts [43].

Considering that SRs, coupled with meta-analyses, form the “capstone” of evidence-based

medicine and public health [44], it is troubling that this review exposed a high level of ROB

among prevalence SRs. Selection and measurement biases were reported across SRs. In preva-

lence SRs, bias towards hospitalized patients and survey respondents likely led to an over-esti-

mation of Long COVID prevalence. Measurement bias, particularly the use of self-reporting

without a standardized scale or blind independent assessment, was another recurrent ROB.

Different approaches to Long COVID outcome assessment have been shown to produce prev-

alence estimates that vary from 3.0% based on tracking specific symptoms to 11.7% based on

self-classification within the same sample population [45]. Our recommendations to address

these and other sources of bias are elaborated in Table 3.

Table 3. Recommendations for mitigating biases in Long COVID studies.

Primary Studies Reviews

Confounding Document common confounders including age, sex, comorbidities, race/

ethnicity, severity of acute infection, hospitalization status, timing of

infection, duration of follow-up, variants of concern, and pre-infection

vaccination status

Define confounders in study protocol for data extraction, ROB

assessment and subgroup/sensitivity analysis

Exploit EHR and ongoing cohort studies with robust data on patient

characteristics that cannot be prospectively measured at the time of

infection (e.g., pre-infection vaccination status, predominant variant of

concern, pre-infection patient phenotype)

Use or revise an ROB tool to enable precise definition of the most

important confounders a study should be designed to address

Include comparator/control cohort of people without COVID-19 enrolled

concurrently with SARS-CoV-2 positive individuals

Conduct subgroup or sensitivity analysis as specifically as the number

of studies and participants allow (e.g., not just hospitalized vs. non-

hospitalized but also hospitalized with comparator cohort vs. non-

hospitalized with comparator cohort)

Selection bias PICO criteria of population and comparator group should be clearly

specified and outcome-dependent. For example, methods of measuring

long COVID based on periodic symptom-monitoring or electronic health

records should have exposure-negative control groups; patient self-report

of long COVID as the outcome should prioritize representative sampling

to ensure inclusion of people with different healthcare access and

education.

PICO criteria of the review should be clearly specified. PICO definition

of the primary studies should be extracted for each study. Specify the

applicability and comparability of the non-exposed cohort for every

study in data extraction.

Recruit patients consecutively and report response rate or attrition for

both case and comparator cohorts*
Differences in PICO criteria used in the primary studies should inform

subgroup/sensitivity analysis. For instance, studies that did and those

that did not use a comparator cohort should be analyzed as separate

subgroups

Use PSM or IPW for matching cases with comparators especially if

regression analysis is planned

Use an ROB tool with clear metrics for assessing sample selection or the

suitability of comparator groups such as NOS or ROBINS-E

Measurement

bias

Clearly define and document time zero and duration of follow-up,

including range, measures of central tendency and variation*
Extract timing and duration of follow-up for all studies and conduct

subgroup analysis accordingly as the number of studies and participants

allow

Define or corroborate exposure status with confirmatory testing using

RT-PCR or test of similar sensitivity and specify*
Extract method of exposure assessment for all studies and conduct

subgroup analysis accordingly as the number of studies and participants

allow

Administer established symptom scales such as PROMIS or EuroQol,

ideally with both case and comparator groups, rather than relying on self-

report of long COVID while the condition does not have a clear

symptom-based definition

Extract method of outcome assessment (i.e., interview, survey,

electronic health records) and conduct subgroup analysis accordingly as

the number of studies and participants allow
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A major limitation of this review is that the reporting of study and population characteris-

tics of the primary literature in the SRs reviewed, including the ROB assessments, lacked suffi-

cient consistency, granularity, and methodological transparency. Aggregating across a

kitchen-sink metric like “at least one symptom” when what counts as a Long COVID symptom

differs across the primary studies obviously hinders measurement and interpretation. Yet, we

had little choice but to use this outcome as it is a widely accepted operational definition of

Long COVID. An overall high ROB of the SRs corresponds to low certainty in our outcome

estimates. Nevertheless, consistent themes emerged in the ROB assessments and limitations

reviewed.

Our review highlights four major areas of limitation and bias in Long COVID observational

studies: 1) few primary studies used techniques of representative sampling or included non-

exposed comparator cohorts; 2) both primary studies and SRs lacked uniformity and consis-

tency in reporting potential confounders, including factors that may now be impossible to pro-

spectively measure (e.g., pre-vaccination SARS-CoV-2 exposure); 3) a high overall ROB in the

SRs, including inadequate ROB assessment of the primary studies; 4) primary studies and SRs

selected a wide variety of outcomes to measure, contributing to high heterogeneity when

aggregating across studies. A clear and consistent research definition of Long COVID with

corresponding protocols for measurement would be an important intervention to reduce het-

erogeneity across Long COVID studies. The National Academies of Science, Engineering and

Medicine have been tasked to examine the current U.S. government working definition of

Long COVID, the culmination of which could bring much-needed standardization in Long

COVID research [46]. However, this would only mitigate the fourth limitation, while the first

three depend on improving study quality independent of heterogeneity stemming from an

inconsistent case definition. In Table 3, we augment an existing set of recommendations [24]

for improving uniformity in the Long COVID primary literature and address sources of bias

in the review literature. The effort to develop and maintain quality standards for measuring

and monitoring Long COVID is not only important for understanding the long shadow of

COVID-19, but in preparation for tracking post-infective conditions of future novel

pathogens.
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