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Long COVID burden and risk factors in 10 UK
longitudinal studies and electronic health records
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The frequency of, and risk factors for, long COVID are unclear among community-based
individuals with a history of COVID-19. To elucidate the burden and possible causes of long
COVID in the community, we coordinated analyses of survey data from 6907 individuals with
self-reported COVID-19 from 10 UK longitudinal study (LS) samples and 1.1 million individuals
with COVID-19 diagnostic codes in electronic healthcare records (EHR) collected by spring
2021. Proportions of presumed COVID-19 cases in LS reporting any symptoms for 12+ weeks
ranged from 7.8% and 17% (with 1.2 to 4.8% reporting debilitating symptoms). Increasing
age, female sex, white ethnicity, poor pre-pandemic general and mental health, overweight/
obesity, and asthma were associated with prolonged symptoms in both LS and EHR data, but
findings for other factors, such as cardio-metabolic parameters, were inconclusive.
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ARS-CoV-2 infection can lead to sustained or recurrent

multi-organ symptoms!~*. Extended COVID-19 sympto-

matology over weeks to months has been termed ‘long
COVID’ or post-acute COVID-19 syndrome>®. The UK’s
National Institute for Health Care and Excellence (NICE) defines
COVID-19 symptom duration with three categories: <4 weeks,
4-12 weeks, and >12 weeks), with the latter two categories both
considered ‘long COVID’l. Long COVID prevalence estimates
range from 13.3% in highly selected, community-based survey
respondents with test-confirmed COVID-19, to at least 71%
among those hospitalised by the infection”~10. Given the scale of
the pandemic, even a low proportion of individuals with long
COVID will generate a major burden of enduring illness!!.

Current understanding of long COVID risk factors and its
frequency remains poor, impeding mechanistic understanding
and intervention and evidence-based service planning. Emerging
evidence indicates risk factors for long COVID including
demographic characteristics,”®12, comorbidities®, and immuno-
logical response®. However, existing studies have often relied on
cross-sectional data from small samples. Accurate risk estimates
require large generalisable samples with comprehensive measures
of pre-pandemic characteristics!3. UK national primary care
records (EHR), covering >95% of the population, afford one data
source, but are limited to those seeking care, obtaining a diagnosis
of long COVID, and gaining a subsequent diagnostic code.
Established population-based longitudinal studies (LS), overcome
these limitations by collecting data from participants regardless of
healthcare attendance, and benefit from measures of pre-
pandemic characteristics. While individual LS are relatively
small, combining data from multiple studies yield large sample
sizes. Triangulation of findings with equivalent results from EHR
can further compensate for different limitations and biases.

To meet clinical and policy needs, we identified individuals with
long COVID in: (1) a consortium of population-based LS which
captured coordinated repeat questionnaire data on COVID-19
using harmonised measures from the Wellcome Trust’s Covid-19
Questionnaire and (2) the OpenSAFELY dataset of primary care
records (https://www.opensafely.org/). Here, we report the fre-
quency of long COVID among individuals with suspected and
test-confirmed COVID-19 and examined its associations with
sociodemographic and pre-pandemic health risk factors.

Results

Frequency of Long COVID. Of 48,901 individuals surveyed in 10
LS samples, 6907 (14.1%) self-reported suspected or confirmed
COVID-19 (Table 1 and Supplementary Table 3).

In nine of the LS, respondents with suspected and confirmed
COVID-19 self-reported symptom duration according to cate-
gories that corresponded to NICE criteria for long COVID
(0-4 weeks; 4-12 weeks; 124 weeks). Reporting of symptoms
lasting between 4-12 weeks ranged from 14.5% to 18.1%, and
symptoms lasting 12+ weeks ranged from 7.8% to 17%. When
restricted to reporting of symptoms that limited day-to-day
function, as opposed to reporting of symptoms of any severity,
proportions were lower: ranging from 3.0% to 13.7% for
4-12 weeks, and 1.2-4.8% for 12+ weeks (see Table 2).

Frequencies varied considerably within LS when comparing
symptom duration reported by self-reported confirmed and
suspected cases (see Supplementary Table 4). Among those
known to be seropositive for SARS-Cov-2 antibodies or to have
received a positive PCR test result, reporting of symptoms for
4-12 weeks ranged from 8.8% to 20%, and 12+ weeks ranged
from 11% to 20% (see Supplementary Table 5).

One LS (Born in Bradford) used a different method to ascertain
symptom duration, which counted individual symptom reporting

over time (recorded retrospectively over several months). We
used the same methodology in a second LS (TwinsUK) for
comparison. Using this approach, reporting of 4-12 week
symptoms ranged between 22.7% and 25.8% and of 12+ week
symptoms from 40.9% to 45.6% (Table 2). However, by this
method, high proportions of long COVID reporting were also
found in those who had not had COVID-19 (21.8% reporting
symptoms lasting 4-12 weeks, and 28% reporting symptoms
lasting 12+ weeks, Supplementary Table 6). Therefore, data for
long COVID ascertained in this way were not taken forward to
risk factor analysis due to uncertainty that respondents truly met
NICE criteria for a long COVID diagnosis, which require that
symptoms are “not explained by an alternative diagnosis”.

In the EHR data, among 1,068,680 individuals with any acute
COVID-19 diagnostic code, 4189 individuals also had a recorded
long COVID code, constituting 0.4% of COVID-19 cases.

Age and long COVID. Among LS composed of participants with
a range of ages (i.e., age-heterogeneous samples), the risk of
symptoms of any severity lasting both 4+ weeks and 124 weeks
increased with higher age were observed across participants
ranging from young adulthood to approximately 70 years (Sup-
plementary Figs. 1 and 2). Across age-homogenous LS—where
participants within cohort studies were of approximately equal
ages ranging from 20 to 63 years—we observe an absolute 3.02%
(95% CI: 1.86-4.17) per decade rise in reporting of functionally
limiting symptoms lasting 44 weeks, and a 0.68% (95% CI: —0.15
to 1.51) rise per decade for functionally limiting symptoms lasting
12+ weeks (Fig. 1).

EHR analyses of age and long COVID diagnoses showed an
inverted U-shaped association of long COVID risk with age,
(Supplementary Fig. 1), with highest risk in those aged 45-54, and
55-69 years. People aged 80 and above had no higher risk than
the reference group aged 18-24 years. Among individuals in the
EHR sample aged 18-70 years, there was a linear increase of
absolute risk of long COVID of 0.12% per decade (95% CI:
0.08-0.17), aligning with LS results (Fig. 1, right panel).

Sociodemographic factors and long COVID. Figure 2 shows
meta-analysed associations from LS (10 cohorts, n = 6907 cases)
between sociodemographic and health factors and each binary
long COVID outcome that we analysed: (i) risk of symptoms
lasting 4+ weeks versus 0-4 weeks; (ii) risk of symptoms lasting
124 weeks versus 0-12 weeks. Study-level results are provided in
Supplementary Figs. 3-6. Females had higher risk of both long
COVID outcomes than males (4+ weeks: OR =1.49; 95% CI:
1.24-1.79; 12+ weeks: OR = 1.60; 95% CI: 1.23-2.07). No clear
evidence was found for individuals of non-white ethnicity having
differential risk of symptoms for 44 weeks compared to indivi-
duals of white ethnicity (OR for symptoms lasting 4+ weeks =
0.80; 95%CI: 0.54-1.19). Non-white ethnicity was associated with
lower risk of symptoms lasting 12+ weeks specifically (OR =
0.32; 95% CI: 0.22-0.47) after meta-analysis, but study-level
findings displayed a high degree of heterogeneity (I?=75%,
P =0.001; Supplementary Fig. 5). Across LS, no strong evidence
was found for association of IMD with either outcome. Having
not attained a degree from higher education was associated with
lower risk of symptoms lasting 12+ weeks (OR: 0.73; 95% CI:
0.57-0.94), but not when considering any symptoms lasting
4 weeks or longer (OR: 0.95: 95% CI: 0.80-1.14).

In EHR, females had higher risk of long COVID than males
(OR=1.51; 95% CI:1.41-1.61), while odds were lower in
individuals of South Asian (OR =0.75; 95% CI:0.67-0.84) or
Black ethnicity (OR = 0.66; 95% CI:0.52-0.83), relative to white
ethnicity (Table 3 and Fig. 2). Individuals living in areas with the
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Study
duration data

Table 2 Symptoms duration among self-reported COVID-19 cases in the longitudinal studies.

COVID-19 cases with symptom Mean age Duration of symptoms, N (%)

Acute (0-4 weeks) Ongoing symptomatic COVID-19

Post COVID-19 syndrome

(4-12 weeks) (12+ weeks)

Studies ascertaining long COVID of any severity

ALSPAC G1 668 28.4 519 (77.7) 97 (14.5) 52 (7.8)
USoc 1033 48.5 742 (71.8) 182 (17.6) 109 (10.6)
TwinsUK 806 52.7 579 (71.8) 146 (18.1) 81 (10)
GS 335 55.9 224 (66.9) 54 (16.1) 57 (17.0)
ALSPAC GO 446 58.3 302 (67.7) 68 (15.2) 76 (17.0)
Studies ascertaining severe long COVID only?

MCS 1055 19.9 1010 (95.7) 32 (3.0) 13 (1.2)
Next Steps 848 31.0 773 (91.2) 51 (6.0) 24 (2.8)
BCS70 889 51.0 757 (85.2) 84 (9.5) 48 (5.4)
NCDS 709 63.0 578 (81.5) 97 (13.7) 34 (4.8)
Studies ascertaining long COVID by monthly symptom reporting®

BiB 10 40.7 40 (36.4) 25 (22.7) 45 (40.9)
TwinsUK 953 54 272 (28.5) 246 (25.8) 435 (45.6)

1958 National Child Development Study, NS next steps, USoc Understanding Society.

categories.

Studies are ordered from youngest to oldest mean age within categories of method of long COVID ascertainment.
ALSPAC Avon Longitudinal Study of Parents and Children (Generations O and 1), BCS70 1970 British Cohort Study, BiB born in Bradford, GS generation Scotland, MCS Millennium Cohort Study, NCDS

3Questionnaires in these four cohorts asked respondents to report duration for which COVID-19 symptoms impeded normal function, rather than simply the duration of any symptoms (however mild) as
in other studies. Hence proportions reporting long COVID in them are expected to be lower when compared to other cohorts with similar characteristics.
bBased on symptom-counting approach over months, rather than self-reported duration of symptoms as in all other cohorts, which yields higher proportions of individuals being designated long COVID

Proportion of COVID-19 cases reporting symptoms for 4+ weeks

Percent

20 30 40 50 60

Proportion of COVID-19 cases with long COVID GP codes
0.8

0.2

0.0

20 40 60 80

Age, years

Fig. 1 Trends in long COVID frequency among COVID-19 cases by age, in four age-homogeneous LS (left) and EHRs (right). Left—in four longitudinal
studies (MCS N =1055; NS N = 848; BCS70 N =889; NCDS N = 709) where participants are of near-identical ages, proportions reporting symptom length of
four or more weeks in COVID-19 cases were ascertained from questionnaire responses. Right-in OpenSAFELY (N = 4189), proportions represent individuals
within 10-year age categories (with estimates grouped at the mid-point of each category) who have long COVID codes in GP records, hence the proportions are
substantially lower than in the corresponding cohort data. Data are presented as percentages and 95% confidence intervals (Cls) as appropriate. Trend lines
and 95% Cls shading represent absolute differences in long COVID frequencies with increasing age, estimated by linear meta-regression of data from the four

cohorts and from 18- to 70-year-olds in OpenSAFELY (data from older individuals were not modelled; refer to results text for further explanation).

least deprivation had higher odds of a long COVID code
compared to those in the most deprived IMD quintile (Fig. 2).

Health factors and long COVID. In LS, those with poor or fair
pre-pandemic self-reported general health had greater risk of
both long COVID outcomes (4+ weeks: OR=1.62; 95%CI:
1.25-2.09; 12+ weeks: OR =1.66; 95%CI: 1.14-2.40). Greater
pre-pandemic psychological distress was also associated with
higher risk of both long COVID outcomes (44 weeks: OR = 1.45;
95% CI: 1.16-1.82; 124 weeks: OR = 1.58; 95% CI: 1.15-2.17).
No strong evidence was observed for a linear association of BMI
with either outcome, while overweight/obesity was associated

with increased odds of symptoms lasting for 4+ weeks (OR =
1.24; 95% CI: 1.01-1.53) but not with symptoms lasting 12+
weeks specifically (OR 0.95, 95% CI: 0.70-1.28). There was no
strong evidence of associations of either long COVID outcome
with diabetes, hypertension, or high cholesterol with either out-
come, although modest point estimates were on the side of higher
long COVID risk in several instances (Supplementary Figs. 4 and
6). Asthma was the only specific medical condition associated
with increased odds of having symptoms for 4+ weeks (OR =
1.31; 95% CI: 1.06-1.62), although the association with symp-
toms lasting 12+ weeks specifically was closer to the null
(OR =1.14; 95% CI: 0.83-1.57).
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# Studies Lower risk  Higher risk OR 95% CI
Female sex (ref. male)
LS meta-analysis 9 —_— [1.24;1.79]
OpenSAFELY — [1.41;1.61]
Ethnicity (ref. white in all)
Combined non-white (LS meta-analysis) 7 0.80 [0.54;1.19]
Mixed (OpenSAFELY) p—— 1.01 [0.76; 1.34]
South Asian (OpenSAFELY) —_— 0.75 [0.67;0.84]
Black (OpenSAFELY) _— 0.66 [0.52; 0.83]
Other (OpenSAFELY) e 0.78 [0.59; 1.03]
No higher education (ref. degree attained)
LS meta-analysis 8 —_— 0.95 [0.79; 1.13]
Index of multiple deprivation
Per 1 IMD point (LS meta—analysis) 8 — 0.99 [0.95; 1.03]
Quintile 2 vs. 1 (OpenSAFELY) —_— 1.21 [1.09; 1.33]
Quintile 3 vs. 1 (OpenSAFELY) —_— 1.43 [1.30; 1.57]
Quintile 4 vs. 1 (OpenSAFELY) —_— 1.36 [1.23;1.50]
Quintile 5 vs. 1 (OpenSAFELY) —_— 1.40 [1.27;1.55]
Current smoking (ref. non-smoking)
LS meta—analysis 8 — 0.95 [0.73; 1.25]
Poor overall health (ref. good health)
LS meta—analysis 7 _— [1.25; 2.09]
OpenSAFELY — [1.18; 1.35]
Psychological distress (ref. no distress)
LS meta—analysis 9 _— [1.17; 1.83]
OpenSAFELY — [1.47; 1.68]
Overweight or obese (ref. BMI<25)
LS meta—analysis 8 — [1.01; 1.53]
OpenSAFELY — [1.21;1.42]
Diabetes
LS meta—analysis 6 [0.85; 2.23]
OpenSAFELY . — [0.95; 1.16]
Hypertension
LS meta—analysis 5 —_— 1.18 [0.89; 1.55]
High cholesterol
LS meta—analysis 2 1.33 [0.89; 1.99]
Asthma
LS meta—analysis 8 e [1.06; 1.62]
OpenSAFELY —— [1.46; 1.67]

[ I I 1
0.5 0.75 1 1.5 2

Odds ratio for symptoms lasting 4+ weeks

Fig. 2 Risk factors associated with long COVID from meta-analyses of LS findings alongside corresponding analyses from EHRs. The reference
category for ‘Diabetes’, ‘Hypertension’, ‘High Cholesterol’, and ‘Asthma’ is the absence of condition. All associations were adjusted for age and sex, except
where redundant. In all instances where it was possible to derive results from both meta-analyses of longitudinal studies (N up to = 6907) and analysis of
EHRs (N up to = 4189), the corresponding results are plotted side-by-side for comparison. Estimates from fixed effects meta-analyses of longitudinal study
data and EHR analyses are presented as odds ratios (OR) and 95% confidence intervals (Cls). The outcome used for longitudinal study analyses presented
here was symptoms lasting for 4+ weeks, and the outcome in EHRs was any reporting of a long COVID read code in GP records (regardless of duration of
symptoms). Full study-level results, heterogeneity statistics and random-effect estimates for the longitudinal study meta-analyses are presented in
Supplementary Figs. 3 and 4. The equivalent meta-analyses of longitudinal study data where symptom duration of 12+ weeks was instead used as the
outcome are depicted in Supplementary Figs. 5 and 6. Index of multiple deprivation quintile 1 represents individuals from the most deprived area, and
quintile 5 represents individuals from the least deprived area. ‘Poor overall health’ represents the self-rated health exposure in the LS meta-analysis, and
comorbidities in OpenSAFELY. The outcome ‘Overweight and obesity’ represents combined BMI categories over 25 in the LS, and solely individuals with
BMI 30-34.9 in OpenSAFELY.

In EHR, increased odds of having a long COVID code was seen
in individuals with pre-existing comorbidities (OR = 1.26; 95%
CL:1.18-1.35) and psychiatric conditions (OR=1.57; 95%
CI:1.47-1.68). An increased risk was observed in individuals
with a pre-pandemic diagnosis of asthma (OR = 1.56; 95% CIL:
1.46-1.67) and overweight and obesity (OR=1.31, 95% CIL
1.21-1.42). No increase in risk was observed for diabetes
(OR =1.05, 95% CI: 0.95-1.16).

Sensitivity analyses. In LS, when using inverse-probability weighting
(IPW) to account for the possibility that long COVID associations
were influenced by index event bias from risk factor associations
with risk of COVID-109, all identified associations persisted and, in
some instances, associations increased slightly in magnitude (Sup-
plementary Figs. 7-10). Notably hypercholesterolaemia was asso-
ciated with both long COVID outcomes in the LS meta-analyses
weighted for probability of reporting COVID-19.
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Table 3 Characteristics of individuals reported to have had COVID-19 and long COVID by general practitioners in OpenSAFELY.
Acute COVID-19 Long COVID Long COVID rate Proportion of long
per 100,000 cases COVID cases in
category (%)
Sample size 1,064,491 4189 392 04
Age, years
18-24 137,997 184 133.2 4.4
25-34 21,479 515 2429 12.3
35-44 199,750 897 4471 21.4
45-54 208,351 1238 590.7 29.6
55-69 190,616 1088 567.5 26
70-79 57,886 193 3323 4.6
80+ 58,412 74 126.5 1.8
Sex
Female 582,220 2678 457.9 63.9
Male 482,271 151 312.3 36.1
Ethnicity
White 635,414 2647 414.9 63.2
Mixed 12,498 49 390.5 1.2
South Asian 111,026 340 305.3 8.1
Black 25,886 73 281.2 17
Other 16,521 53 319.8 13
IMD quantile
Missing 22,104 75 338.2 1.8
1 255,431 787 307.2 18.8
2 226,760 850 3734 203
3 208,684 932 444.6 22.2
4 188,224 814 430.6 19.4
5 163,288 731 4457 17.5
BMI category
Not obese 800,439 2694 335.4 64.3
Obese | (30-34.9) 151,782 787 515.8 18.8
Obese Il (35-39.9) 67,470 an 605.5 9.8
Obese Il (40+) 44,800 297 658.6 7.1
Health conditions
0 661,200 2336 352.1 55.8
1 291,106 1335 456.5 31.9
2 or more 112,185 518 459.6 124
Mental health disorder(s)
0 835,361 2772 330.7 66.2
1 or more 229,130 1417 614.6 33.8
Asthma
No 872,030 3129 357.5 74.7
Yes 192,461 1060 547.7 253
Diabetes
No 951,029 3686 386.1 88.0
Yes 113,462 503 441.4 12.0
BMI body mass index, IMD index of multiple deprivation (quantile 1 representing most deprived, and 5 representing least deprived).

In sensitivity analyses from three LS that had a subset of
COVID-19 cases confirmed by a positive PCR test and/or
serology testing, meta-analysed associations of sociodemographic
factors with outcomes were broadly similar, except that there
were pronounced associations of lower educational attainment
with lower risk of both outcomes (Supplementary Figs. 11 and
13). This disparity might have arisen due to bias from more
educated participants being more likely to seek testing and being
selected into the case samples. In meta-analyses of health factors
with the outcomes in these subgroups, several associations with
both outcomes were more modest and included the null when
compared to findings from the full sample meta-analyses
(Supplementary Figs. 12 and 14). These included results for
asthma and pre-pandemic overall health and psychological
distress. However, we note that the precision of these estimates
was limited.

Discussion
In parallel analyses of 10 population-based longitudinal studies
and 1.2 million primary care EHRs, we observed varying pro-
portions of adults with COVID-19 who had long COVID
depending on the age of study members and whether the
symptoms limited day to day functioning. While just 0.3% of
COVID-19 cases had long COVID codes in primary care, up to
17% of adult COVID-19 cases in midlife reported symptoms
attributed to COVID-19 for more than 12 weeks in longitudinal
studies. Clear associations between long COVID risk and socio-
demographic characteristics (older age, female sex, white ethni-
city) and antecedent health factors (poor mental and general
health, asthma) were also established.

Recent reports of the frequency of long COVID vary, with the
Real-time Assessment of Community Transmission (REACT)-
2 study reporting 14.8% of COVID-19 cases with 3 or more
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symptoms persisting for 12+ weeks, and 11.5% of COVID-19 cases
with 3 or more enduring symptoms affecting their daily lives'4.
These estimates are significantly higher than our estimates of
functionally limiting symptoms lasting 124+ weeks (1.2-4.8%,
according to age). However, as detailed above, this definition
diverges from the NICE definition which requires symptoms not to
be attributable to an alternative cause. Using a symptom counting
approach in our study, we found that the proportions of symptoms
lasting for 4+ weeks and 124 weeks were consistent with other
population-based studies!4-16. However, high rates of symptom
reporting were also found in those without COVID-19, thus esti-
mates using this approach should be treated with caution. Notable
discordance in these proportions would yield very different pre-
valence estimates for the number of people in the UK population
that might require care for long COVID, with REACT-2 estimating
5.8% of the English population would self-report any degree of long
COVID (ie. not necessarily reporting debilitating symptoms) to
early February 2021, whereas the Office National Statistics (ONS)
estimated 1.5% of the UK population would self-report any degree
of prolonged symptoms (and ~0.3% would self-report symptoms to
be limiting day-to-day activities a lot) as of June 2021. Several
reasons could explain disparities in observed proportions with long
COVID, including estimates for England vs. the UK as a whole,
questionnaire wording and timing of field work, examining symp-
toms regarded as debilitating vs. symptoms of any severity, basing
estimates on test-validated versus self-reported COVID-19 cases,
and representativeness (REACT-2’s response rates being 26-29%;
ONS reporting 51% for its May 2021 survey; and in the most recent
LS surveys, response rates for studies that reported functionally
limiting symptoms ranged from 33% to 58.5%).

The lower reporting of long COVID in primary care compared
to our LS data and other studies suggest that only a minority of
people with long COVID seek care and/or subsequently receive a
code. Diagnostic codes for long COVID have only recently been
instituted and uptake by primary care practitioners has not been
uniform!”. The analyses here are based on practices that use TPP
SystmOne software and is therefore limited to England, and we
note that these practices had a 2- to 3-fold lower rate of long
COVID recording than those that use EMIS software!”.

Despite definition differences in primary care versus LS, several
risk factor associations were consistent between various LS and in
EHR. In both LS and EHR, long COVID reporting by any defi-
nition increased with age. Unlike risk of severe COVID-19, this
appeared to be linear (not exponential) across most adult age
groups. In individuals aged over 70 we observed a sharp decline
in long COVID risk in most LS and the EHR data. This decline in
older age has been observed in other studies>!®1°, and may be
spurious due to selective competing risk of mortality, non-
response bias, lower symptom reporting in older adults, mis-
attribution of long COVID to other illness, or a combination of
these factors. The findings that the odds of long COVID was 50%
higher in women than men is consistent with reports from
most>1820-23 but not all previous studies™!°. We found some
evidence of higher long COVID reporting among individuals of
white ethnicity and of higher educational attainment, which was
unexpected given the common associations of these character-
istics with lower morbidity more generally. While we found no
strong evidence for a relationship between area-level socio-
economic status in LS, in primary care EHR there was also an
apparent gradient of higher risk in individuals from the least
deprived areas. These associations could reflect unmet need in
medical care for those who live in socioeconomically deprived
areas or circumstances. However, these results contrast with two
studies reporting null findings for ethnicity and socioeconomic
status in relation to long COVID from other countries!®24, and
the ONS and REACT-2 surveys reported similar associations for

ethnicity, but opposite associations in long COVID reporting by
deprivation scales, to that which we observed in EHRI4,

A greater risk of long COVID related to adverse prior mental
health, has been reported elsewhere?4, but pre-pandemic general
health has not previously been highlighted as a risk factor!821,25,
Excess risk of long COVID in association with asthma across
cohorts and primary care records combats previous conflicting and
limited findings>®1824, and supports a focus on asthma as a high-
risk condition, for example by investigating whether immune pro-
cesses involved in asthma or respiratory complications influence
long COVID development. Findings for overweight/obesity were
suggestive of an increased risk, again helping to resolve some pre-
vious uncertainty>!821:26, No other cardio-metabolic risk factors
were clearly associated, consistent with past studies>21-2426,

A major strength of this research was the coordinated investi-
gation of long COVID in multiple LS and EHR, each with differing
bias, study designs, target populations, and selection and attrition
processes. Consistent findings emerging from these sources add
reliability. We used population-based resources to increase the
representativeness of findings to long COVID in the community.
Unlike newly established studies which have collected exposure data
during the pandemic, the long-running data collections in both LS
and EHR allowed us to study prospective associations of risk factors
with long COVID, meaning results will not have arisen from
reverse causation, nor will exposure definitions have been influ-
enced by recall bias. Rich antecedent data also allowed us to run a
range of sensitivity analyses to re-weight our results for non-
response (reducing the bias from selection into samples). We also
flag important limitations, principally that our data are observa-
tional, and we cannot draw causal conclusions on the role of risk
factors in long COVID development, and that whilst we attempted
to address both selection into our samples from study attrition and
selecting upon COVID-19 case status (which can induce index
event bias)?’, there remains the possibility that potential bias has
influenced association estimates. However, we attempt to reduce the
likelihood of index event bias in the LS sample though the use of
inverse probability weighting on the probability of getting COVID-
19. Finally, not all studies had test confirmation of COVID-19
status, and some individuals may have misattributed persistent
symptoms to other conditions. From past analyses to establish case
definitions in two of the samples (ALSPAC GO and G1), 25.8% and
32.2% of self-reported cases could be verified against PCR results
from linked national testing and/or serology, respectively. Though
this implies that there may be many self-reported COVID-19
instances in the samples prone to misclassification, there are issues
with test confirmation that mean true misclassification may be
much lower (e.g., limited surveillance with PCR testing, imperfect
sensitivity of both PCR and antibody tests, and waning antibody
titres leading to seroreversion over time). The impact of bias from
misclassification on the risk factor associations with long COVID is
unclear. Sensitivity analysis of those with positive PCR/antibody
data showed some inconsistencies in directions of associations.
However, these results should be interpreted cautiously due to the
small sample sizes included, and further collections of test data on
large-scale LS will be required to augment the number of confirmed
cases for similar analyses in future.

Implications. The stark variability in proportions of COVID-19
cases with persistent symptoms is clear from our comparison of
methods of ascertaining long COVID. Representative population-
based studies will need to provide ongoing estimates across the
spectrum of functional limitation to help plan appropriate pro-
vision of healthcare. Our data suggest that revisions of diagnostic
criteria within primary care may be appropriate, particularly for
demographic groups which are less in touch with healthcare
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services. Although causal inferences cannot be drawn from these
data, our findings justify further investigations into the role of sex
difference, age related change, and/or immunity and respiratory
health in development of long COVID. Older working individuals,
with high levels of comorbidity, may particularly require support.

Methods

Design. The UK National Core Studies—Longitudinal Health and Wellbeing
programme (https://www.ucl.ac.uk/covid-19-longitudinal-health-wellbeing/) com-
bines data from multiple UK population-based LS and electronic health records
(EHR) to answer pandemic-relevant questions. In this analysis we pooled results
from parallel analyses within individual LS, then compared with population-based
findings from EHR capturing individuals who actively sought healthcare.

Sample

LS. Data were drawn from 10 UK LS that had conducted surveys before and during
the COVID-19 pandemic comprising five age-homogenous cohorts: the Millen-
nium Cohort Study (MCS)28; the Avon Longitudinal Study of Parents and Children
(ALSPAC (generation 1, “G17))2% Next Steps (NS)3; the 1970 British Cohort
Study (BCS)3!; and the National Child Development Study (NCDS)32, and five age-
heterogeneous samples were included: the Born in Bradford study (BIB)33;
Understanding Society (USOC)3%; Generation Scotland: the Scottish Family Health
Study (GS)?5; the parents of the ALSPAC-G1 cohort, whom we refer to as
ALSPAC-G0%; and the UK Adult Twin Registry (TwinsUK)?. Study details and
references are shown in Supplementary Table 1. Minimum inclusion criteria were
pre-pandemic health measures, age, sex, ethnicity plus self-reported COVID-19,
and self-reported duration of COVID-19 symptoms. Ethics statements presented in
Supplementary Table 2.

Electronic health records (EHR). Working on behalf of NHS England, we conducted
a population-based cohort study to measure long COVID recording in EHR data
from primary care practices using TPP SystmOne software, linked to Secondary
Uses Service (SUS) data (containing hospital records) through OpenSAFELY
(https://www.opensafely.org/). This is a data analysis platform developed on behalf
of NHS England during the COVID-19 pandemic to allow near real-time analysis
of pseudonymised primary care records within the EHR vendor’s highly secure
data environment to protect patient privacy. Details on Information Governance
for the OpenSAFELY platform can be found in the Supplementary Note 1. From a
population of all people alive and registered with a general practice on 1 December
2020, we selected all patients who had evidence of a COVID-19-related code,
either: positive SARS-CoV-2 testing, being hospitalised with an associated COVID
diagnostic code, or having a recorded diagnostic code for COVID in primary care.

Measures

Outcomes: COVID-19 and long COVID definitions. LS: COVID-19 cases were
defined by self-report, including testing confirmation and healthcare professional
diagnosis (see Supplementary Data 1 for full details of the questions and coding
used within each study). Long COVID was defined as per NICE categories using
self-reported symptom duration!. Based on these categories, we defined two pri-
mary outcomes: (i) symptoms lasting 44- weeks (symptoms lasting 0-4 weeks as
reference) and (ii) symptoms lasting 12+ weeks (symptoms lasting 0-12 weeks as
reference). Some studies recorded duration of symptoms of any severity, whereas
others referred only to symptoms which impacted daily function (Table 2). In
addition, two studies derived alternate estimates of long COVID based on indi-
vidual symptom counts lasting more than 4 or 12 weeks over at least six months
(BiB, TwinsUK) (Supplementary Note 2). All data used to derive these outcomes
were collected between April and November 2020.

EHR: Any record of long COVID in the primary care record was coded as a
binary variable. This was defined using a list of 15 UK SNOMED codes, categorised
as diagnostic (2 codes), referral® and assessment!? codes. SNOMED is an
international structured clinical coding system for use in EHR33. These clinical
codes were designed based on guidance issued on long COVID by the NICE!. The
outcome was measured between the study start date (1 February 2020) and the end
date (9 May 2021).

Exposures

Sociodemographic factors. All studies included age, sex, ethnicity (white or non-
white minority ethnic group, where available) and Index of Multiple Deprivation
(IMD; divided into quintiles with 1 representing the most deprived and 5 repre-
senting the least deprived). Area-level SES was measured using the IMD 2019, a
composite of different domains including area-level income, employment, educa-
tion access and crime, for the postcode where a participant lived at the time of
sample collection. LS included additional measures of socioeconomic position:
education (degree, no degree), and occupational class of own current/recent
employment (Supplementary Datal). EHR also included geographic region®.

Mental health. LS: Pre-pandemic measures using validated continuous scales of
anxiety and depression symptoms dichotomised using established cut-offs to
indicate distress (see Supplementary Data 1).

EHR: Evidence of a pre-existing mental health condition was defined using
prior codes for one of: psychosis; schizophrenia; bipolar disorder; or depression.

Self-rated general health. LS: Pre-pandemic self-rating on a 5-point scale
dichotomised to compare excellent-good health (categories 1-3) with fair-poor
health (categories 4 and 5).

Overweight and obesity. LS: Body mass index (BM; kg/m?) obtained prior to the
pandemic, coded to compare a BMI between 0 and 24.9 (having underweight/
normal weight) against a BMI of 225 (overweight/obesity).

EHR: Categorised as having or not having obesity using the most recent BMI
measurement, with those having obesity further classified into having Obese I (BMI
30-34.9), Obese II (BMI 35-39.9), or Obese III (BMI 40+). A BMI of >25 was used
in LS as the percentage of those in the obese category (i.e., BMI > 30) was relatively
small, e.g., 8.9% for TwinsUK, whereas EHR obesity codes were used as these are
more reliable and valid indicators of having obesity in general practice.

Health conditions. LS: Pre-pandemic self-report of asthma, diabetes, hypertension,
and high cholesterol status.

EHR: A previous code 6 months to 5 years before March 2020 for one or more
of: diabetes; cancer; haematological cancer; asthma; chronic respiratory disease;
chronic cardiac disease; chronic liver disease; stroke or dementia; other
neurological condition; organ transplant; dysplasia; rheumatoid arthritis, systemic
lupus erythematosus or psoriasis; or other immunosuppressive conditions. Those
with no relevant code for a condition were assumed not to have that condition.

Number of conditions were categorised into “0”, “1”, and “2 or more”.

Health behaviours. LS: Current smoking status (dichotomised into “0” = no,
“1” =yes).

Statistical analysis: LS. Main analyses were conducted in studies with a direct
self-reported measure of COVID-19 symptom length. Associations between each
factor and both long COVID outcomes (symptoms for 4+ weeks and symptoms
for 12+ weeks) were assessed in separate logistic regression models within each
study. We adjust for a minimal set of covariates across all studies, where relevant:
age (adjusted as a continuous variable when being considered a covariate), sex, and
ethnicity. We report odds ratios (ORs) and 95% confidence intervals (ClIs). To
synthesise association magnitudes across studies, fixed-effect meta-analysis with
restricted maximum likelihood was carried out and repeated with random-effects
modelling for comparison. The I? statistic was used to report heterogeneity
between estimates. Meta-analyses were conducted using the metafor package®! for
R version 4).

Due to the different age structures of the LS, examination of the direct
relationship of age with long COVID risk was treated distinctly from other risk
factors, and we modelled the relationship in two ways. First, in age-heterogeneous
samples we compared long COVID risk within pre-defined age categories,
comparing 45-69 and 70+ to 18-44 in three cohorts (USOC, TwinsUK and GS),
and 55-59 and 60-76 to 45-54 in one cohort (ALSPAC GO0). Second, in a subset of
LS birth cohorts with participants of near-identical ages and who were issued fully
harmonised long COVID questionnaires (MCS, NS, BCS70 and NCDS), we
analysed the trend in absolute risk of long COVID with increasing age between
studies using meta-regression.

Attrition and survey design were addressed by weighting estimates to be
representative of their target population in each LS (weights were not available for
BiB and TwinsUK).

Sensitivity analyses. To mitigate index event bias?’, IPW were derived for risk of
COVID-19. These were derived in each LS separately but following a common
approach used previously (see Supplementary Note 3 for detail)*2. Derived weights
were then applied in all analysis models as a sensitivity check.

For studies in which we were able to verify SARS-CoV-2 infection (TwinsUK
and ALSPAC-GO and -G1), analyses were repeated on the sub-sample of those who
had positive polymerase chain reaction (PCR) obtained through linkage to testing
data and/or lateral flow antibody testing (ALSPAC) and enzyme-linked
immunosorbent assay (ELISA) (TwinsUK)*3 results confirming viral exposure.
These results are presented in Supplementary Figs. 11-14.

Statistical analysis: EHR. We conducted logistic regression to assess whether GP-
recorded long COVID was associated with each sociodemographic or pre-
pandemic health characteristic. We adjusted for the same set of confounders as
used in the LS analyses: age (as categorical variable), sex, ethnicity.

In further analyses of age as a risk factor for long COVID in the EHR data, we
assigned individuals within 10-year categories an age at the midpoint of each
group, then assessed the trend in long COVID frequency with age using linear and
non-linear meta-regression.
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data access for NCDS (SN 6137), BCS70 (SN 8547), Next Steps (SN 5545), MCS (SN 8682)
and all four COVID-19 surveys (SN 8658) can be obtained through the UK Data Service.
ALSPAC data is available to researchers through an online proposal system. Information
regarding access can be found on the ALSPAC website (http://www.bristol.ac.uk/media-
library/sites/alspac/documents/researchers/data-access/ ALSPAC_Access_Policy.pdf). Data
from the various Born in Braford family studies are available to researchers; see the study
website for information on how to access data (https://borninbradford.nhs.uk/research/
how-to-access-data/). Generation Scotland data are available through the UK Data Service
(SN 6614 and SN 8644). Access to data is approved by the Generation Scotland Access
Committee. See https://www.ed.ac.uk/generation-scotland/for-researchers/access or email
access@generationscotland.org for further details. TwinsUK data are available on request
from the TwinsUK Resource Executive Committee (TREC). Access to TwinsUK data can be
obtained via a standard application procedure. Data requests should be submitted via
https://twinsuk.ac.uk/resources-for-researchers/access-our-data/.

Code availability

Analysis code for the meta-analyses and forest plotting of long COVID risk factors from
10 LS samples can be accessed on https://github.com/dylwil/longCOVIDrisk. All code for
the OpenSAFELY platform for data management, analysis and secure code execution is
shared for review and re-use under open licenses at https://github.com/opensafely. All
codelists (describing the definition of the conditions) and the code for data management
and analysis is shared for scientific review and re-use under open licenses on GitHub
https://github.com/opensafely/long-covid-historical-health, with the code archived on
Zenodo (https://doi.org/10.5281/zenodo.6361864).
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