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Summary
Background Multi-system impacts of long COVID remain unknown. We aimed to compare multi-system deficits
between people with long COVID and controls.

Methods We conducted a case-control study and recruited participants from two UK population-based cohorts: the
Avon Longitudinal Study of Parents and Children (ALSPAC) and TwinsUK. Participants provided samples for
SARS-CoV-2 serology between 2020 and 2021 and were asked about duration of COVID-19 symptoms between
July and December 2021. Cases had long COVID (evidence of COVID-19 infection and persistent symptoms >4
weeks post infection); controls comprised 3 groups: acute COVID-19 only (symptoms reported for <4 weeks) and
serological evidence of infection; self-reported long COVID-like symptoms but without wild-type SARS-CoV-2
virus antibodies; no symptoms or history of COVID-19 infection. People who were severely unwell or pregnant
were excluded. Participants attended a clinic follow-up visit between 2021 and 2023 and underwent multi-system
MRI, (cardiac, brain, lung, kidney), measurement of blood pressure and autonomic function, spirometry, renal
function, exercise tests, strength and physical capability. Severity of deficit was then scored for each system as
0 (none) to 3 (severe). Primary outcome was a single composite multi-domain score summing each of nine
domains: autonomic, brain, exercise capacity, heart, lungs, physical, renal, strength and vascular, with a maximum
score of 27.

Findings In total, 349 participants, 141 with long COVID (40%) and 208 (60%) controls were recruited. Overall deficit
score in cases was 0.22 (95% CI —0.44, 0.88) units greater than controls, adjusted for age, sex, ethnicity, cohort
membership and relatedness. This estimate was little changed (0.32 (-0.34, 0.98)) when additionally adjusted for
educational status, index of multiple deprivation, physical activity, smoking and co-morbidity. Restricting cases to
those reporting symptoms including fatigue (n = 46) increased the excess deficit score to 0.81 (-0.19, 1.81) units
in the minimally adjusted model. A difference was only observed in the vascular domain, largely attributable to
elevated blood pressure, showing a 1.76 (1.04, 2.97) multivariable adjusted odds ratio excess in cases, and 3.04
(1.36, 6.80) when restricted to cases with fatigue.

Interpretation There was no evidence of marked residual subclinical deficits in most systems in people with long-
COVID, although there was evidence of persistent deficits in the vascular system, largely related to elevated blood
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pressure. Mechanisms unrelated to organ dysfunction may contribute to symptoms. Blood pressure measurement

and control should be included in clinical follow-up.
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Research in context

Evidence before this study

This study was established in 2021, at the height of the
COVID-19 pandemic, when reports of persistent covid
symptoms (Long COVID) in people ostensibly recovered from
acute infection were recorded. We searched in PubMed from
database inception to 28/02/24 for papers published in
English using the terms (“Post-Acute COVID-19
Syndrome”[MeSH] OR “long COVID"[tiab] OR “post-acute
COVID"[tiab] OR “post-COVID syndrome”[tiab] OR
PASC[tiab]) AND (multisystem[tiab] OR “multi-organ”[tiab]
OR systemic[tiab] OR “multiple organ”[tiab]) AND
(abnormalities[tiab] OR dysfunction[tiab]). Our search
yielded 149 results. These included numerous studies and
systematic reviews of both hard events and excess propensity
to disease and subclinical disease in relation to Long COVID.
These latter have been inconsistent, with findings ranging
from little or no, to substantial abnormalities in various
systems.

Introduction

While the global Coronavirus disease 2019 (COVID-19)
pandemic due to SARS-CoV-2 has subsided, a sub-
stantial proportion of individuals continue to experi-
ence persistent and debilitating health effects
consequent on infection during the pandemic.* This
condition, variously referred to as long COVID or post-
COVID syndrome, has conflicting definitions, but
typically is characterised by persistence of multi-system
symptoms for more than 4 to 12-weeks after initial
infection.’ Here we adopt the term long COVID in line
with current UK guidance." While estimates of the
prevalence of long COVID and related conditions
depend on its definition,’ it has been suggested that
around 3% of the population of England and Scotland
live with long COVID, with three-quarters reporting
limitations of daily living, and a third reporting symp-
toms for at least 3-years.

While COVID-19 infections now typically result in
mild illness and full recovery, the risk of developing
long COVID, though significantly reduced from a
height of around 50-85% of hospitalised cases during

Added value of this study

Previous studies have often focussed on a single system and
not taken a comprehensive deficit approach. Further, case
definition has rarely been restricted to those reporting Long
COVID, often recruiting from people hospitalised with COVID
or from long COVID clinics. Control definitions have also
been variable and may have introduced bias. We show
minimal multi-system deficit in association with Long
COVID, but in secondary analyses do observe a deficit in the
vascular system, largely attributable to high blood pressure.

Implications of all the available evidence

People with Long COVID should be reassured that there is
typically no persistent multi-system deficit as a consequence
of their illness, however, they and their clinicians should pay
attention to blood pressure which may warrant treatment.

the pandemic, remains unacceptably high in the post-
pandemic vaccinated era at around 8-12%.” The vast
majority of COVID-19 cases, even during the pandemic,
were not admitted to hospital. Long COVID is not
restricted to those with severe infection, occurring in
community-managed cases, and although risks are
lower than in those hospitalised, the sheer number of
not-hospitalised individuals means that most long
COVID cases arise from community managed
infections, a population that has hardly been studied.
While many individuals acquiring COVID-19 during
the pandemic made a prompt recovery, in some
recovery occurred many months or even years post
infection; in others, recovery remains only partial or
characterised by relapses. Even in those who lack
symptoms or have subjectively recovered there may be
evidence of persistent organ damage.” The relationship
between long COVID and organ deficits is unclear, and
the extent to which persistent symptoms over months
or years are associated with system deficits has not been
adequately explored. This issue is further complicated
by methodological issues such as the ascertainment of
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prior infection, definition and selection of long COVID
sufferers and the choice of appropriate controls.

While risk factors for long COVID, including female
sex, have been consistently identified,® the syndrome
itself remains poorly defined, and its underlying patho-
physiological mechanisms, and multi-organ impacts are
not fully understood. Previous studies of long COVID
have largely recruited hospitalised cases of COVID-19,°
or those attending long COVID clinics,”” and variously
report defects of different organ systems, including the
lungs, cardiovascular system, brain, kidney and, in as-
sociation, disordered cognitive and autonomic function
at diagnosis of long COVID and up to 6-12 months later.
Inconsistent findings may relate to small sample sizes,
choosing controls from a different population from that
which cases arose, variability in symptoms depending
on severity and vaccination status, and inability to ac-
count properly for pre-existing co-morbidity.

We compared multi-organ measures of structure
and function in a nested case-control study recruited
from two population cohorts, Avon Longitudinal Study
of Parents and Children (ALSPAC) and TwinsUK,
hypothesising that people who had experienced long
COVID would have a greater degree of multi-organ
deficits than controls.

Methods
Study design
CONVALESCENCE (COroNaVirus post-Acute Long-
term EffectS: Constructing an EvideNCE base) is a nes-
ted case-control study of 349 adults participating in two
UK cohort studies, ALSPAC and TwinsUK. Protocol
details are published," (https://rps.ucl.ac.uk/viewobject.
html?cid=1&id=2393996) and briefly summarised here.
ALSPAC is a multigenerational population-based cohort,
that recruited pregnant women between 1991 and 1992,
with repeat follow up both of this birth cohort and their
parents.”” Participants were sent repeat COVID-19
questionnaires during the pandemic, which included a
question on permission to re-contact. Home blood
sampling kits were used for SARS-CoV-2 serology in
April 2021. Those who had COVID-19 were asked about
duration of symptoms between July and December 2021.
TwinsUK is a countrywide twin registry established in
1992.'° Participants provided samples for SARS-CoV-2
serology between 2020 and 2021" and were also asked
for permission to re-contact. Invitations to participate in
this deep phenotyping study were sent in batches to
randomly selected individuals in each cohort who had
agreed to re-contact, and for whom we had serological
evidence of SARS-CoV-2 status. Those who were severely
unwell or pregnant were excluded. Twins in TwinsUK
were invited as a pair. A flowchart of participation is
shown in Supplementary Fig. S1.

Cases were defined as those who self-reported
COVID-19 symptoms for >4 weeks, had serological

www.thelancet.com Vol 98 August, 2026

evidence of infection (confirmed at clinic), and had no
other known explanation for their symptoms. Three
groups of controls were identified: group I-acute
COVID-19 only (symptoms reported for <4 weeks) and
serological evidence of infection; group 2—long-term
symptoms following COVID-19 (>4 weeks in ALSPAC,
>12 weeks in TwinsUK), but no serological confirma-
tion of infection, group 3—no COVID-19 symptoms and
no evidence of infection.

The overall CONVALESCENCE study was approved
by South Central—Oxford A Research Ethics Commit-
tee (21/SC/0235). In addition, each cohort underwent
individual ethical review, ALSPAC from the ALSPAC
Ethics and Law Committee, ref B3666, and TwinsUK
from HRA/NHS Research Ethics Committees, Twin-
sUK Biobank 19/NW/0187, TwinsUK EC04/015 or
Healthy Ageing Twin Study 07/H0802/84.

Data collection

Participants attended the Bloomsbury Centre for Clin-
ical Phenotyping (BCCP) in central London between
2021 and 2023. Participants gave written informed
consent to the study at the beginning of the clinic visit.
Questionnaire data were collected using REDCap'® on
symptoms (see Supplementary Table S1), sociodemo-
graphic factors, physical activity (using the Interna-
tional Physical Activity Questionnaire—Short Form
(IPAQ-SF)), co-morbidity (including cardiovascular
disease, diabetes (type 1 or type 2), hypertension, dys-
lipidaemia, asthma, and chronic obstructive pulmonary
disease; all either defined as diagnosed by a doctor,
and/or on medication), COVID-19 vaccination status,
and time since COVID-19 infection. Local area depri-
vation score was assigned based on postcode of resi-
dence. Participant sex was self-reported.

Height, weight and body fat on bioimpedance were
measured to a standardised protocol. Magnetic resonance
imaging (MRI) of lungs, heart, brain, cardiovascular sys-
tem and kidneys was performed, and post-processed
aligned to the C-MORE protocol,”” which investigated
post-hospitalised individuals with COVID-19.

Spirometry and MRI measured lung function.
Brachial and central blood pressure and heart rate were
measured in the seated, lying and standing positions. A
12-lead electrocardiogram (ECG) plus 5-min recording
for heart rate variability was captured. Exercise capacity
and cardiopulmonary fitness tests were performed on
those without contra-indications. Handgrip assessed
strength, while chair rises and ability to stand on one
leg for several seconds assessed physical status. Serum
creatinine was used to calculate the estimated glomer-
ular filtration rate.”

Deficit scores based on deep phenotypes

Deficits for each domain were pre-specified
(Supplementary Table S2). Where possible, deficit-
informing variables derived from the deep phenotypes
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were defined by a knowledge-informed approach (based
on established thresholds widely used in clinical prac-
tice or reported in the literature). Otherwise, we used a
data-driven approach, defining thresholds from the
measurements in the control subsample. Severity of
deficit was then scored for each domain as follows,
none [0], mild [1], moderate [2] and severe [3]. A single
composite multi-domain score was calculated as our
primary outcome, summing each of 9 domains: auto-
nomic, brain, exercise capacity, heart, lungs, physical,
renal, strength and vascular; thus a maximum score of
27 could be obtained.

Sample size and power

The original planned sample size of 800 participants
had to be revised downwards as the pandemic pro-
gressed, since few if any participants escaped infection.
The revised sample size combined all control groups.
Assuming a 1:1 balance of cases versus controls, using
a 27-unit continuous deficit scoring system, the revised
sample of 350 participants would allow detection of a
standardised difference in multi-organ score of >0.3,
equivalent to a one-unit difference between cases and
controls with 80% power and 5% significance. Based on
the scoring system we used, an average difference of
one unit in deficit severity could correspond to a one
step difference in a single domain (e.g., none versus
mild, or mild versus moderate), or to a much smaller
average difference distributed across multiple domains.
A one-unit difference was therefore considered the
smallest deficit that would be deemed Cclinically
important.

Statistical analyses

Analyses were conducted using R 3.6.2 and Stata 18
within the secure UCL trusted research environment
(Data Safe Haven).

Participant characteristics were compared between
cases and the combined controls on complete data for
that variable, using a Student’s t-test for continuous
variables, and a Chi-squared test for categorical vari-
ables. Cells reporting data on fewer than 5 people are
reported as <5. In primary analyses, missing data on
phenotypes were imputed with multiple imputation by
chained equations (50 imputed datasets with the pre-
dictive mean matching method and five iterations).
Associations between case/control status and overall
multi-domain system deficit score were modelled using
linear mixed models in multiple imputed data. Domain
specific binary scores (normal (0) versus abnormal
(1-3)) were calculated using logistic regression, again in
multiple imputed data. Three models were constructed
for each outcome; Model 1: adjusted for age, sex,
ethnicity, membership of either ALSPAC or TwinsUK
cohorts, and relatedness, Model 2: Model 1 plus
educational status, index of multiple deprivation,
physical activity and smoking status, Model 3: Model 2

plus comorbidity. Relatedness (twin pairs in TwinsUK,
and mother/partners/offspring clustering in ALSPAC)
was accounted for in models with a random effect
intercept for family membership in linear mixed
models and robust standard errors in logistic regression
models.

Five secondary analyses were performed. First, we
compared median deficit score for cases, and each of
the three original control groups. Second, a complete
data analysis (i.e., without multiple imputation). Third,
a comparison of outcomes in cases restricted to those
with any persistent symptoms at the time of clinic and
fourth, cases restricted to those reporting fatigue at
clinic — relative to all controls in each instance (with
multiple imputation of data). Fifth, we compared all
cases to controls excluding the control subgroup
reporting long COVID-like symptoms without evi-
dence of SARS-CoV-2 infection (again with multiple
imputation). Sex-stratified analyses were not per-
formed due to the preponderance of women in the
study. Inference was based on size of effect, precision
of estimates and p values. No adjustment was made
for multiple testing.

Role of the funding source

The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Sample characteristics

In total, 349 people, 141 participants with long COVID
(40%) and 208 (60%) controls were recruited (Table 1).
On average cases and controls were in their early 50s,
mostly of European ethnicity, and more likely to be
women. While education levels were similar, cases
were more likely to reside in disadvantaged neigh-
bourhoods. Cases reported fewer co-morbidities.
Most cases and controls had been vaccinated by the
time of clinic attendance. At clinic, time since
COVID-19 infection was shorter in cases (median
14.1 weeks) than the controls who reported prior
infection (19.9 weeks), and 69% of cases versus 24%
of controls reported any symptoms (Table 1 and
Fig. 1), with fatigue being the most frequent symp-
tom, reported by 46/141 cases (33%). Missingness
rates by phenotypes overall varied from 0% in the
vascular domain, to 40% for the autonomic domain
(Supplementary Table S3).

Association between long COVID and deficit scores
The composite deficit score in the minimally adjusted
model was higher by 0.22 units (95% CI -0.44, 0.88) in
long COVID cases compared to controls (Fig. 2A) but
confidence limits were wide. Adjustment for socioeco-
nomic, health behaviour characteristics and co-morbidity
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Characteristic Cases Controls  p value
Number 141 (40%) 208 (60%)
Cohort membership

TwinsUK cohort 94 (67%) 92 (44%) <0.001

ALSPAC cohort 47 (33%) 116 (56%)

Age (years) 52 +15 53+ 16 0.8
Sex

Female 120 (85%) 163 (78%)

Male 21 (15%) 45 (22%) 01
Ethnicity

White 136 (96%) 203 (98%)

Other 5 (4%) 5 (2%) 0.5
Physical activity

Low 10 (8%) 24 (14%)

Occasional 21 (17%) 21 (12%)

Frequent 93 (75%) 127 (74%) 0.2
Current smoker

Yes 36 (28%) 43 (22%)

No 95 (72%) 150 (78%) 03
Education

(G)CSE/Lower 33 (25%) 46 (25%)

A(S) levels/vocational 48 (37%) 64 (34%)

Degree/higher 49 38%) 77 (41%) 0.8
Index of multiple deprivation

Quintile 1 20 (15%) 49 (27%)

Quintile 2 15 (12%) 33 (18%)

Quintile 3 32 (25%) 37 (20%)

Quintile 4 29 (22%) 36 (20%)

Quintile 5 34 (26%) 26 (14%)  0.011
Co-morbidity

Yes 56 (48%) 90 (62%)

No 61 (52%) 55 (38%)  0.021
Any Long COVID symptoms on
day of clinic attendance

Yes 97 (69%) 49 (24%)

No 44 (31%) 159 (76%) <0.001
Self-reported fatigue on day of
clinic attendance

Yes 46 (33%) 25 (12%)

No 95 (67%) 183 (88%) <0.001
COVID-19 vaccination

Yes 131 (96%) 195 (99%)

No 5 (4%) <5 01
Weeks since COVID-19 infection  14.1 19.3 0.024
at clinic visit (8.6,217) (83, 26.1)

p values were calculated using Student’s t-tests, Wilcoxon Rank Sum tests, or
Chi” tests as appropriate. Abbreviations CSE, Certificate of Secondary
Education; GCSE, General Certificate of Secondary Education.

Table 1: Participant characteristics by case control status-means + SD,
median (25th, 75th centiles), or n (%).

barely altered this estimate (0.32 (—0.34, 0.98) units
greater in cases than controls). The most striking domain
specific difference between cases and controls was in the
vascular domain, with multivariable-adjusted odds ratio
of 1.75 (1.04, 2.97) (Fig. 2B). This was attributable to an
increased odds of hypertension (odds ratio of 2.05 (0.89,
4.71)) after full adjustment in the long COVID group.
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Secondary analyses

Median (inter-quartile range) deficit score did not differ
by case/control status, nor when controls were sub
grouped by presence of symptoms and by infection
status; being 5 (2,7) for cases, 3 (1,4) for those recovered
from COVID-19 within 4 weeks, 4 (3,6) for those with
long COVID symptoms but no evidence of COVID-19
infection, and 4 (2,7) for those without symptoms or
evidence of COVID-19 infection (Supplementary
Table S3).

When we restricted the analysis to those with com-
plete data on the measures of target organ deficit
(Supplementary Table S4), the composite deficit score
was similar to that observed in the multiply imputed
dataset (0.25 units (-0.82, 1.33) greater in cases than
controls in the minimally adjusted model, increasing to
0.85 (-0.24, 1.93) with multivariable adjustment), with
wide confidence limits.

Restricting the case definition to those reporting any
long COVID symptoms on the day of clinic attendance
(97/141) and using the multiply imputed dataset
(Supplementary Table S5) made only a marginal
difference to the overall score difference, being 0.37
(—0.39, 1.06) units greater in cases than controls in the
minimally adjusted model; additional multivariable
adjustment made little difference to this estimate (0.41
(—=0.31, 1.13) units). As in the primary analysis, the
vascular domain was the most different between cases
and controls, with an odds ratio of 1.97 (1.10, 3.52) after
full adjustment. Further restricting cases to those
reporting symptoms that included fatigue at clinic
(46/141) additionally increased the overall score differ-
ence to 0.69 (—0.27, 1.66) units in the fully adjusted
model (Supplementary Table S6). Again the vascular
domain was the most affected, with a fully adjusted
odds ratio of 3.04 (1.36, 6.80).

Restricting the definition of controls to exclude all
those having reported long COVID-like symptoms
historically, but with no evidence of COVID-19 infec-
tion (44/208) (Supplementary Table S7) barely changed
the overall score deficit difference between cases and
controls, being 0.32 (-0.37, 1.01) in the minimally
adjusted model, and 0.45 (-0.24, 1.14) in the full model.
The vascular domain was most affected, with a multi-
variable odds ratio of 1.94 (1.10, 3.42).

Discussion
Excess major system events, specifically car-
diometabolic, neurological and respiratory, and

compromised exercise capacity have been observed up to
one year following COVID-19 infection.”'~* This, and the
observation of ongoing multi-system symptoms in those
with long COVID potentially imply important underly-
ing subclinical deficits that could persist even if symp-
toms improve. We found little evidence of marked
composite multi-system deficits based on target organ
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Fig. 1: Self-reported symptoms associated with long COVID between cases and controls.

structure and function in people with long COVID
compared to controls. Our primary analysis suggests an
average difference between cases and controls of less
than a third of a unit on a 27-unit deficit scale across
multiple systems. A difference of this size roughly cor-
responds to a 3—4% increase in the probability that an
individual is rated one severity category worse in any
domain. However, this small average difference masks
considerable between system heterogeneity; with a close
to twofold higher odds of vascular deficit in cases.

Our findings appear somewhat discordant with the
reported greater risks of events and functional
compromise across multiple systems in people surviv-
ing symptomatic COVID-19 infection. There are several
possible explanations. First, long COVID symptoms
and subclinical disease may not be closely linked. Pre-
vious report of excess events or compromised function
post COVID-19 have limitations, notably that they have
not usually distinguished between all those infected
and those with long COVID. A similar limitation
applies to studies of subclinical disease, where there is
greater heterogeneity of findings, ranging from no
specific abnormality to severely compromised
function®***~*' and no studies, including ours, have pre-
infection deep phenotyping measures. Systematic
reviews also highlight biases, including residual con-
founding, differences in definition of target system
deficit phenotype, severity of infection, vaccination
status and imprecise case and control definition (for
those studies that include controls), as reasons for
heterogeneity and inability to perform a meta-analysis.
Despite only small multidomain differences, we did
observe an excess risk of vascular disease, largely
attributable to elevated blood pressure. It is notable that

two previous meta-analyses of new onset hypertension
post COVID-19 infection both reported an increased
risk (hazard ratio and odds ratio respectively) of 1.70,%*
though again it should be noted that these studies
included a mix of people post COVID-19, not all of
whom declared long COVID.

Most previous studies of subclinical disease have
focussed on hospitalised patients, those attending long
COVID and other clinics, or those with persistent
system-specific symptoms.”** A cross-system compari-
son of people who had not been hospitalised in associ-
ation with COVID-19 infection found little in the way of
significant target organ damage, and notably nothing on
MRI imaging.* Similarly, the RECOVER-Adult cohort
found no difference in clinical blood and urine bio-
markers in people with post-acute sequelae of COVID-
19 compared to those without.”” In general, more se-
vere disease (i.e., requiring hospitalisation), is associ-
ated with evidence of persistent subclinical target
organ damage, and, given the persistent symptom
reporting in long COVID, it could be argued that a
similar excess of target organ damage would be
anticipated. However, there are important differences
between long COVID and severe COVID-19 infection.
Women, and young to middle aged adults are more
likely to suffer long COVID, but may also be more
resilient to subclinical disease, whereas severe infec-
tion and clinical disease is more frequent in men and
older people.®

Second, our case group was a mix of people who
were and were not experiencing symptoms on the day
of assessment. Persistence of symptoms is a wide-
spread and complex issue following illness.** In our
sample, 2/3 of long COVID cases reported symptoms
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Fig. 2: Panel A) Mean overall deficit difference and panel B) Odds ratio by domain comparing cases and controls (with 95% confidence limits).
O Model 1: adjusted for age, sex, ethnicity, cohort (fixed effects), family id (random effect). @ Model 2: Model 1 + education, index of
multiple deprivation, physical activity, smoking status. @ Model 3: Model 2 + prior comorbidities.

with 1/3 reporting fatigue, the most frequent long
COVID symptom. This does not necessarily imply that
these individuals had fully recovered since long COVID
is frequently characterised by a relapsing-resolving
pattern.’”” Restricting cases to those attending clinic
and reporting any symptoms slightly increased the
overall difference between cases and controls from 0.32
to 0.41 units (fully adjusted models) but with reduced
precision. Restricting analysis to those with symptoms
including persistent fatigue further increased the dif-
ference to 0.69 but with wide confidence intervals that
were compatible with no difference.

A third explanation relates to control rather than
case selection. We recruited a mix of control groups,
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including people who reported recovering from acute
COVID-19 with no ongoing symptoms, and people
reporting symptoms but with no serological evidence of
prior COVID-19 infection, as well as non-infected and
asymptomatic people. If fully recovered infection,
and/or symptoms without evidence of infection are also
associated with subclinical disease, this could serve to
reduce differences between cases and controls. How-
ever, selecting individuals without previous infection or
symptoms could also create a bias by using a
‘super-healthy’ comparator group. Nevertheless, in our
analysis, the overall deficit score was similar in all
control groups, and similar to that observed in cases.
Excluding the symptomatic control group did not
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materially alter the overall difference in deficit score
between cases and controls.

Fourthly we had to reduce the original sample size
as the pandemic progressed, and recruitment of truly
uninfected controls became impossible. Our revised
power calculation enabled detection of at least a small to
moderate difference in deficit score between cases and
controls. The overall difference in deficit score between
cases and controls for the primary analysis was far
smaller than this, at around a 1/3 of a unit. While this
was compatible with no difference we also cannot
exclude a small difference.

Most previous studies have focussed on single or-
gans, or mechanistically connected systems, such as
cardiopulmonary measures. In CONVALESCENCE, we
studied multiple systems concurrently, reflecting the
diverse potential impacts of infection. We endeavoured
where possible to categorise deficits using clinically
meaningful cut-points. For example, a 10 mmHg sys-
tolic blood pressure difference has been associated with
a 1.2 fold excess risk of cardiovascular events,** with a
similar excess risk observed for a category change in
estimated glomerular filtration rate.” The lowest quin-
tile of heart rate variability is associated with a >1.5 fold
excess risk of death,” while inability to perform a static
balance test is associated with ~1.1 fold excess risk of
mortality.* Thus a one unit difference in our 27 unit
scale is likely to be clinically important, so our obser-
vation of an average 0.69 units of deficit in people with
symptoms that included fatigue is small but may not be
negligible. Further, a 1.7 to 3-fold excess of vascular
deficit has potentially important clinical implications.
Nevertheless, establishing clinically meaningful cut-
points for many of our measures was challenging. In
some instances we had to resort to using our control
group to establish cut-points to define deficits. If con-
trols were more similar to cases (in terms of either
experiencing symptoms, or seemingly having recovered
relatively quickly from COVID-19 infection), this would
serve to minimise any difference between cases and
controls. We should also note that hypertension was
included as an outcome in the vascular domain, as
people with treated hypertension may well have resting
pressures within the normal range. It is difficult to
precisely date the onset of hypertension, and we
included a history of hypertension as a co-morbidity to
account for this. Strikingly, controls had a greater
burden of co-morbidity, thus if anything this will have
resulted in an underestimate of any difference between
cases and controls in the vascular domain.

Key strengths of our study include studying multiple
systems simultaneously using a multimodal approach
(imaging and non-invasive physiology measures),
recruitment from established cohorts, independent
validation of COVID-19 infection, as clear as possible a
definition of long COVID case status, and multiple

secondary analyses recognising the limitations of
defining both a case and control.

We conclude that, 3-4 months post COVID-19
infection, there is little evidence of marked overall
system deficit in people who have experienced long
COVID. This might imply that other mechanisms apart
from organ dysfunction contribute to persistent symp-
toms in long COVID. There was some evidence of
excess elevated blood pressure in cases which may be of
clinical importance and should therefore be attended to
in people with long COVID.
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