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Physical and cognitive impact following SARS-CoV-
2 infection in a large population-based case-control

study

Abstract

Background Persistent symptoms are common after SARS-CoV-2 infection but correlation
with objective measures is unclear.

Methods We invited all 3098 adults who tested SARS-CoV-2 positive in Iceland before
October 2020 to the deCODE Health Study. We compared multiple symptoms and physical
measures between 1706 Icelanders with confirmed prior infection (cases) who participated,
and 619 contemporary and 13,779 historical controls. Cases participated in the study 5-18
months after infection.

Results Here we report that 41 of 88 symptoms are associated with prior infection, most
significantly disturbed smell and taste, memory disturbance, and dyspnea. Measured
objectively, cases had poorer smell and taste results, less grip strength, and poorer memory
recall. Differences in grip strength and memory recall were small. No other objective measure
associated with prior infection including heart rate, blood pressure, postural orthostatic
tachycardia, oxygen saturation, exercise tolerance, hearing, and traditional inflammatory,
cardiac, liver, and kidney blood biomarkers. There was no evidence of more anxiety or
depression among cases. We estimate the prevalence of long Covid to be 7% at a median of
8 months after infection.

Conclusions We confirm that diverse symptoms are common months after SARS-CoV-2
infection but find few differences between cases and controls in objective parameters
measured. These discrepancies between symptoms and physical measures suggest a more
complicated contribution to symptoms related to prior infection than is captured with con-
ventional tests. Traditional clinical assessment is not expected to be particularly informative
in relating symptoms to a past SARS-CoV-2 infection.

Plain language summary

Persistent symptoms are commonly
reported after SARS-CoV-2 infection,
and this is often described as long
Covid. We compared different
symptoms reported following SARS-
CoV- 2 infection with the results
obtained during various medical eva-
luations that are often used to assess
health, such as blood tests, smell
tests, taste tests, hearing tests, etc.
We compared symptoms and test
results between 1,706 Icelanders who
had been infected previously with
SARS-CoV-2 infection (cases) and
14,398 individuals who had not been
infected (controls). Out of 88 asses-
sed symptoms, 41 were more com-
mon in cases than controls. However,
relatively few differences were seen
in the results obtained from the var-
ious medical evaluations (cases had
poorer smell and taste test results,
slightly less grip strength, and slightly
poorer memory recall than controls).
The differences seen between symp-
toms and results of medical evalua-
that
clinical tests may not be informative

tions suggests conventional
in relating symptoms to a past SARS-

CoV-2 infection.

A full list of authors and their affiliations appears at the end of the paper.
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CoV-2), which causes coronavirus disease 2019 (Covid-19),
emerged in December 2019!. As of January 2023, the
pandemic has resulted in 664 million confirmed cases worldwide?
while the true number of infected persons is likely much higher3.
Covid-19 is an acute respiratory infection with the potential for
widespread extrapulmonary complications®°. Several studies on
the sequelae of Covid-19 in hospitalized patients found persistent
symptoms and multiorgan abnormalities®-8, but good physical
and functional recovery was reported for most severe Covid-19
survivors one year after the infection®. Evidence of various long-
term effects of the SARS-CoV-2 infection on physical and mental
health in those with milder disease, the majority of infected
persons, is emerging. Protracted post-acute infection symptoms
(long Covid)!%, including fatigue, dyspnea, and brain fog have
been described, with prevalence estimates ranging from 3% to
52%!1-13 in non-hospitalized cohorts. However, a comprehensive
comparison of post-Covid symptoms and objective measures in
non-hospitalized persons is lacking.

To investigate health outcomes after SARS-CoV-2 infection, we
invited all Icelanders who had tested positive for the virus by
gPCR! or antibodies!® to the SARS-CoV-2 nucleocapsid (N)
protein prior to October 2020 (cases), and a set of individuals
who had been similarly tested but with negative results (con-
temporary controls), to participate in a modified deCODE Health
Study (dHS)!6, a prospective cohort study including ques-
tionnaires on symptoms and comprehensive physiological, cog-
nitive and blood testing. History of prior infection was verified
with measurement of anti-N antibodies!” at the time of the study
visit (current vaccinations do not lead to the production of anti-N
antibodies). Cases participated in the study 5-18 months after the
acute infection. In addition to contemporary controls, our study
includes a large control dataset of persons who participated in the
dHS prior to the pandemic (historical controls), facilitating
assessment of time effects, importantly the pandemic itself, on
measures. Furthermore, a subset of cases participated twice in the
dHS, before and after the infection, allowing for the assessment of
longitudinal measures. Similar longitudinal measures were
available for a subset of controls. Our study is mostly of non-
hospitalized persons as only 5% of cases required hospitalization
during the acute infection as was typical for SARS-CoV-2 infec-
tion prior to the vaccination era.

In our study, diverse symptoms were more commonly reported
by those with prior SARS-CoV-2 infection than by controls, with
41 out of 88 assessed symptoms associating with past infection.
However, few of the 150 objective physiological, cognitive, and
blood parameters assessed differed between the two groups; cases
had poorer smell and taste test results, less grip strength, and
poorer memory recall than controls. Observed differences in grip
strength and memory recall were small. We estimated the pre-
valence of long Covid to be 7%.

S evere acute respiratory syndrome coronavirus 2 (SARS-

Methods

Ethical consideration. This study was approved by the Icelandic
National Bioethics Committee (VSN-15-214 with amendments).
Written informed consent was obtained from all participants, in
accordance with the Declaration of Helsinki. Personal identifiers
were encrypted by a third-party system overseen by the Icelandic
Data Protection Authority!”.

Study design and participants. The dHS'® is a prospective
cohort study in Iceland with extensive phenotypic and genotypic
information produced and collected from the participants. More
than 16,000 individuals participated in the study between its
initiation in June 2016 and November 2021, aged between 18 and

97 years at recruitment. Participation in the study includes
questionnaires about health and lifestyle, multiple physiological,
cognitive, and blood tests, and authorization to access health-
related information from registries and medical records, from
where comprehensive information about comorbidities was
obtained (Supplementary Methods).

The dHS was paused in March 2020 due to the pandemic. To
study the health consequences of SARS-CoV-2 infection, a
modified dHS, termed the dHS Covid Study, was launched in
September 2020. Added measures in the dHS Covid Study
included the C19Q questionnaire on both the presence and
frequency of symptoms during the previous four weeks, designed
by us. We also added these questionnaires to assess symptoms of
anxiety, depression, stress, health anxiety, and fatigue: General
Anxiety Disorder-7 (GAD-718), Patient Health Questionnaire-9
(PHQ-919), Perceived Stress Scale (PSS20), Short Health Anxiety
Inventory (SHAI?!), and Symptom Impact Questionnaire
(SIQR?2), respectively, as well as the Satisfaction With Life Scale
(SWLS?3) and 36-Item Short Form Survey (36-SF%) to assess
health-related quality of life. We added tests of taste and
orthostatic intolerance and made other changes described
in Supplementary Methods.

As cases, we invited all Icelanders over 18 years of age, 3098
persons, who had tested positive for SARS-CoV-2 by qPCR or by
antibodies against the viral nucleocapsid protein (anti-N) by
October 2020, the information provided by the Directorate of
Health, to participate in the dHS Covid Study five or more
months after the acute infection. The majority of those infected
(96%) had either been identified through targeted qPCR testing
aimed at those at high risk for infection (mainly those who were
symptomatic, had recently traveled to high-risk countries, or had
contact with infected persons), or through population
screening!4. Others (4%) were identified through antibody
testing!®. Of note, at this time, the presence of anti-N antibodies
indicated prior infection, not vaccination, as the nucleocapsid
protein was not targeted by any approved vaccine. Of the 3098
presumed cases invited, 1777 participated in the study between
September 2020 and November 2021 (Supplementary Figure 1).
Levels of anti-N antibodies were measured at the time of the
study and 88 persons were excluded from the case analysis based
on anti-N antibodies being lower than 0.2 (Supplementary
Figure 2) resulting in 1706 confirmed cases participating in the
study (Supplementary Figure 1).

As contemporary controls, we invited 1017 persons from a pool
of Icelanders who had undergone PCR testing and/or anti-N
antibody measurement with negative results, information available
to us from the Directorate of Health (Supplementary Figure 1). The
invited controls were age and sex-matched to the invited cases but
no other selection criteria were applied. We sent an invitation to
274 individuals between September and December 2020, 210
between December 2020 and February 2021, 308 between February
2021 and June 2021, and 221 between June 2021 and September
2021. Of the 1017 persons, 636 participated in the study between
September 2020 and November 2021, and 619 (97.3%) were
confirmed as contemporary controls by the absence of anti-N
antibodies at the time of study participation, while 17 individuals
were found to have anti-N antibodies levels over 1 (2.7%) and were
therefore treated as cases in the analysis (Supplementary Figure 1).
This resulted in 619 confirmed contemporary controls (Supple-
mentary Figure 1). The small fraction of individuals with previous
negative PCR tests that were found to have anti-N antibodies levels
over 1 in our study shows a low false negative rate of PCR tests in
our population. Of the 1706 cases, 125 persons had also
participated in the dHS before the pandemic, allowing for a
comparison of within-individual measures from before and after
the infection (longitudinal measures).
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As historical controls, we used information about 13,779
individuals who participated in the dHS before the pandemic,
between June 2016 and March 2020 (Supplementary Figure 1).
The total control group of the study is thus comprised of 14,398
persons, 13,779 who participated in the dHS before the pandemic,
between June 2016 and March 2020 (historical controls) and 619
contemporary controls. Included in both numbers are 295
controls who participated twice in the dHS, before and during
the pandemic.

In addition to being administered to all participants in the dHS
Covid Study (1706 cases and 619 contemporary controls), an
online version of the C19Q, assessing symptoms in the previous
four weeks, was sent to a subset of the historical controls who had
undergone PCR testing and/or anti-N antibody measurement
with negative results, 2000 persons, age and sex-matched to the
cases, and 760 responded, resulting in a C19Q control group of
1379 persons (Supplementary Figure 3).

For the GAD-7, PHQ-9, PSS, SWLS, and 36-SF questionnaires,
we obtained additional data from the Icelandic iStopMM study?”
for up to 264 cases and 20,459 contemporary controls for
longitudinal assessment and for up to 33,099 other controls. In
comparison of cases vs. all available controls for questionnaire
scales, the data was restricted to individuals over 45 in accordance
with the age distribution in the iStopMM data.

In this study, we report the relationship between the history of
SARS-CoV-2 infection and results from the following measures
and tests: (a) health and symptom questionnaires including
C19Q, GAD-7, PHQ-9, PSS, SHAI, SIQR, SWLS, and 36-SF; (b)
physiological measurements of height, weight, BMI, blood
pressure, heart rate, oxygen saturation, body composition by
whole-body dual-energy X-ray absorptiometry (DXA) scan, grip
strength, smell test, taste test, hearing test, spirometry, cardio-
pulmonary exercise test, ambulatory sleep test; (c) cognitive tests:
Digit Coding?®, Letter and Category fluency?’, Logical
Memory?”-28, Spatial Working Memory?”2°, Trail Making
Tests2730, and Wechsler Abbreviated Scale of Intelligence3!-32,
and d) blood tests. The test procedures are described in Supple-
mentary Methods.

Severity of the acute SARS-CoV-2 infection. All persons diag-
nosed with SARS-CoV-2 infection by qPCR in Iceland were
monitored by the Telehealth monitoring service (TMS)33 of the
Covid-19 outpatient clinic at Landspitali—the National Uni-
versity Hospital in Reykjavik, Iceland. We scaled the severity of
the acute infection from 0 (least severe) to 8 (most severe) based
on three factors: (1) intensity of treatment, (2) severity assessment
by the TMS, and 3) self-assessment (Supplementary Table 1).

Long Covid symptom cluster. The term long Covid has been
used to describe symptoms that develop during or following
SARS-CoV-2 infection and last for more than four weeks per the
National Institute for Health and Care Excellence guidelines3* or
two months with an impact on daily function according to the
World Health Organization (WHO) definition>. We assigned
long Covid to cases who reported at least one of the following
symptoms for five or more days per week: fatigue, lack of con-
centration, memory disturbance, dyspnea, or weakness, or at least
one of the following for three or more days per week: malaise
after physical exertion, chest pain, tachycardia in the four weeks
prior to study visit, assessed with the C19Q, 5-18 months after
infection. For comparison, we assessed how many of the controls
fulfilled the same criteria.

Statistics and reproducibility. With the C19Q we assessed both
the presence and frequency of symptoms. For ease of

interpretability, we treated the answers as binary traits for logistic
regression (in general, absence/very infrequent symptom vs
other), presenting ORs. As a robustness check, we also analyzed
the answers as quantitative traits, yielding results similar to the
results using logistic regression.

We tested all measures for association with SARS-CoV-2
infection adjusting for age and sex. Adjustment for comorbidities
(obesity, hypertension, asthma, type 2 diabetes, cancer, and
coronary artery disease) had minimal effect on associations and
thus we report unadjusted results but show both in Supplementary
Data. We applied two complementary study designs, allowing for
mindful consideration of the trade-off between statistical power
vs. screening for confounding effects when testing for association
of SARS-CoV-2 and the numerous health-related traits. (A) We
compared outcome measures of cases and all available control
data. To account for time effects in (A), we tested for difference in
measures between (i) cases and contemporary controls (restrict-
ing data to measures during the pandemic) and between ii)
contemporary and historical controls where divergence from a
null finding could indicate a time effect in A). We further plotted
the data on physiological and blood traits against time of measure
to explore batch effects. We observed batch effects for the hearing
test, oxygen saturation, grip strength, and blood tests and for
those traits measured data for controls was restricted to using
more recent measures for historical controls (measures after 2017
for grip strength and after 2019 for hearing) or using only
contemporary controls (oxygen saturation and blood tests,
Supplementary Figure 4, Supplementary Methods). (B) We
exploited a subset of the data that allows for a controlled
before-and-after study, ie., longitudinal measures for the same
individuals collected before and during the pandemic (before and
after infection for cases, with similar time duration between
repeat measures for controls) providing the added benefit of
accounting simultaneously for time effect and time-invariant
individual heterogeneity, while acknowledging reduced power.

When testing for association between SARS-CoV-2 infection
and other phenotypes, logistic regression was performed for
binary traits, and linear regression was performed for quantitative
traits. The physiological traits were regressed against SARS-CoV-
2 status (1 for SARS-CoV-2 cases, 0 for controls), adjusting for
age at time of measure and sex. The cognitive traits were similarly
regressed against SARS-CoV-2 status, adjusting for age at time of
measure, sex, and level of education obtained from the online
questionnaire. Level of education was defined as a quantitative
variable ranging from zero to six in the following manner: zero
for no education, one for primary school, two for high school,
three for other secondary education, four for an undergraduate
university degree, five for Master’s degree and six for Doctorate
degree. When testing for association between phenotypes and
severity of the acute infection, the traits were regressed against the
severity scale. P values for all regression analyses were obtained
with a likelihood ratio test. Individuals with missing data were not
used in association analyses. To test for sensitivity of the results to
comorbidity, we tested for association between phenotypes and
SARS-CoV-2 as described above with indicator variables added
for obesity, coronary artery disease, type II diabetes, asthma,
hypertension, and cancer, restricting the data to non-missing
observations in the comorbidity indicators. When comparing
measurements for individuals that participated in the dHS both
before and during the pandemic, we subtracted pre-pandemic
measures from those taken during the pandemic for both cases
and controls and regressed the difference against SARS-CoV-2
status, adjusting for age, sex, and time between measures using
linear regression.

For two of the cognitive traits, TMT-A and TMT-B, we log-
transformed the test scores because of right-skewness in their
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distributions. Test scores for each of the 12 cognitive traits were
then adjusted for age, gender, and education in a linear model
prior to rank-based inverse normal transformation. The normal-
ized and adjusted cognitive test scores were then used in
association analyses to report effect estimates in SD units.

We calculated the frequency of memory impairment, defined
as z-score of less than or equal to —1.5, among cases and controls
for logical memory measures, adjusting for age, gender, and
educational level. Since cases and controls are not perfectly
matched on those three covariates, we estimated parameters for
those covariates using the control data as training set, applying
the corresponding, measure-specific, parameters to create
z-scores for cases and controls.

To establish association with SARS-CoV-2 infection, we
required (1) association when comparing cases with all available
controls using the following thresholds accounting for multiple
testing: P =0.05/96 =5x 10~* for health and symptom ques-
tionnaire data, P = 0.05/87 = 6 x 10~* for physiological measures
and cognitive tests, and P=0.05/63 =8 x 10~# for blood tests,
and (2) at least one of the following, as statistical power varies
across measures: (i) consistent association results (same direction
and non-heterogeneity in the effect estimates) with (1) when
comparing cases with contemporary controls, (ii) consistent
association results with (1) when comparing the subset of cases to
the subset of controls with longitudinal measures. For symptoms
and objective measures that associated with prior SARS-CoV-2
infection we required a P <0.05 to establish a correlation with
time from infection and the severity of the infection. For
measures that did not associate with prior SARS-CoV-2 infection
per se, we required the same multiple testing thresholds as listed
above to establish an association with the severity of the infection.
We used multiple linear or logistic regression for association
testing. Analyses were performed in R, version 3.6.0.

Patient and public involvement. No patients or members of the
public were involved in the conceptualization or design of this
study nor in the interpretation of the results.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Results
Study design and study participants. The study design is shown
in Fig. 1, including the definition of contemporary and historical
controls and the data used in assessment of longitudinal measures
for a subset of cases and controls. Overview of data collection is
presented in Fig. 2. The average age of the 1706 Covid cases was
46 years (range: 18-93) and 50% were women. The most com-
mon comorbidities were obesity (body mass index (BMI) > 30;
33%), hypertension (19%), asthma (11%), and immunocompro-
mised state (6%) (Table 1). Demographics and comorbidities
were similar among those who participated and those who were
invited but did not participate (Supplementary Data 1). We
compared the cases to 14,398 controls, comprised of 13,779 his-
torical and 619 contemporary study participants (Fig. 1). The
average age of the controls was 56 years (range: 18-97), 57% were
women, and hypertension, asthma, and immunocompromised
state were more common among controls than cases (Table 1).
The severity of the acute SARS-CoV-2 infection ranged from
no/mild illness (41%) to severe illness requiring hospitalization
(5%) (Supplementary Table 1). Persons of older age were at
higher risk of more severe acute infection as were those with
obesity, asthma and several other medical conditions that have
previously been associated with severity3¢ (Supplementary Data 1,

Supplementary Methods). Levels of anti-N antibodies measured
at the time of study visit correlated positively with the severity of
the acute infection (Supplementary Figure 5). The duration from
the diagnostic qPCR test to study visit ranged from 5-18 months
(median = 253 days, range = 146-557 days) (Supplementary
Figure 6).

Self-reported data. Asked specifically about recovery from the
acute illness, 23% of cases reported not having recovered and 5%
reported still having severe symptoms five to six months after
infection. These fractions decreased to 15% and 1%, respectively,
13 months after infection. One in four of all cases had sought
medical attention for residual symptoms.

All 1706 cases and 619 contemporary controls answered
questions in the C19Q questionnaire about frequency and/or
severity of specific symptoms during the four weeks prior to study
visit. In addition, an online version of the C19Q was sent to a
subset of the historical controls, 2000 persons, age and sex-
matched to the cases, and 760 responded between September
2020 and November 2021, resulting in a control group of 1379
persons for the C19Q symptom data. Cases reported more
symptoms than controls, with 41 out of 88 symptoms (47%)
associating with prior SARS-CoV-2 infection (P < 5 x 1074, Fig. 3,
Supplementary Data 2). These are symptoms experienced by
cases 5-18 months after the acute infection.

The symptoms associating most significantly with prior SARS-
CoV-2 infection were disturbed smell and taste, memory
disturbance, and dyspnea. Cases reported disturbed smell and
taste 12 and 10 times more frequently than controls, respectively,
and memory disturbance and dyspnea three times more
commonly (Fig. 3, Supplementary Data 2). It is worth noting
that disturbed smell and taste were uncommon among controls,
with a prevalence of 4% and 3%, respectively, while memory
disturbance and dyspnea were common, with a prevalence of 24%
and 23%, respectively (Fig. 3, Supplementary Data 2). The
prevalence of seven symptoms changed with time from the acute
infection (P<0.05); smell and taste improving but others
including malaise after physical exertion worsening (Supplemen-
tary Data 2).

We noted a large cluster of correlated symptoms including
dyspnea, fatigue, weakness, malaise after physical exertion,
memory disturbance, and lack of concentration (Pearson
correlation coefficient (r): 0.37-0.68, Supplementary Figure 7).
Impaired or disturbed smell and taste correlated highly with each
other (r=0.78) and considerably less with other symptoms
(r<0.26), but highest with memory disturbance (r=0.24 and
0.26, respectively).

Our evaluation of mental health and quality of life with
validated questionnaires (Fig. 2) showed less symptoms of stress
(PSS2%) among cases than controls (P <5 x 10~4). Longitudinal
measures demonstrated less symptoms of stress among both cases
and controls during the pandemic than before it, but the
reduction in symptoms of stress was larger in cases than controls
(Table 2, Supplementary Data 3). We did not find differences
between cases and controls for symptoms of anxiety (GAD-718),
health anxiety (SHAI?!), depression (PHQ-71%), fatigue (SIQR??),
satisfaction of life (SWLS23), or health-related quality of life (36-
SF?4) in these data (Supplementary Data 3).

Physiological tests. The physiological test traits that associated
with prior SARS-CoV-2 infection, accounting for multiple testing
(P<6x107%), were smell, taste, and grip strength (Table 2,
Supplementary Data 4).

Several test measures reflecting disturbed smell and taste were
more common among cases than controls, including hyposmia
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Case - control study

Cases
1706 persons with history of
SARS-CoV-2 infection

September 2020 — November 2021

VS

Historical controls
13,779 persons that participated
in the dHS before the pandemic

June 2016 — March 2020

Contemporary controls
619 persons without history of
SARS-CoV-2 infection

September 2020 — November 2021

Assessment of longitudinal measures

125 cases that participated
twice in the dHS

First visit: June 2016 — March 2020

Second visit: Sept 2020 — Nov 2021

'S

295 controls that participated
twice in the dHS

First visit: June 2016 — March 2020

Second visit: Sept 2020 — Nov 2021

Fig. 1 The dHS Covid study design. Cases and contemporary controls participated in the dHS Covid Study between September 2020 and November 2021.
Historical dHS controls participated in the study between June 2016 and March 2020. Through the iStopMM study we obtained additional GAD-7, PHQ-9,
PSS, SWLS, and 36-SF scores obtained both before and during the pandemic. To establish an association with prior SARS-CoV-2 infection, we required
association when comparing cases with all available controls, accounting for multiple testing, and consistent results when comparing cases with
contemporary controls or when comparing the subset of cases to the subset of controls with longitudinal measures.

(based on 10th percentile cutoff on intensity ratings for six
odors), selective anosmia (loss of smell for one or more odors),
and selective ageusia (loss of taste for one or more tastants,
Supplementary Methods, Table 2). Cases performed worse in
odor identification and reported lower pleasantness ratings for
most odors than controls, with the intensity rating of lemon odor
being most different (Supplementary Data 4). Comparison of
longitudinal smell test results for 122 cases showed worse results
after infection for many smell measures, confirming the effect of
the infection (Table 2, Supplementary Table 2). Several measures
of smell improved with time from the acute infection such as
hyposmia which was equally common among cases and controls
nine months after infection (Supplementary Data 4). We did not
see improvements of selective anosmia or selective ageusia with
time among cases.

Cases had less grip strength than all controls (—0.71 kg, 95%
CI: —1.10 to —0.31, Table 2) with consistent results when cases
were compared to the smaller contemporary control group.

No other physiological test measures associated with prior
SARS-CoV-2 infection accounting for age, sex, and multiple
testing, including BMI, oxygen saturation, blood pressure, heart
rate, heart rate variability, orthostatic hypotension, postural
orthostatic tachycardia, exercise capacity, hearing, and spirometry
(Supplementary Data 4, Fig. 2, Supplementary Methods).

Cognitive tests. We compared 12 measures from six cognitive
tests (Fig. 2) between cases and controls, using contemporary and
historical control data for all tests except the Wechsler Memory

Scale (WMS) Logical Memory tests for which only contemporary
control data existed (Supplementary Data 5). Cases performed
worse than controls on the WMS Logical Memory tests of both
delayed memory recall (—0.24 standard deviations (SD), 95% CI:
—0.34 to —0.14) and immediate memory recall (—0.18 SD, 95%
CI: —0.28 to —0.08) accounting for multiple testing (P < 6 x 1074,
Table 2, Supplementary Data 5).

We calculated the prevalence of memory impairment, defined
as a z-score of less than or equal to —1.5, among cases and
controls, adjusting for age, gender, and educational level?”. The
prevalence of impairment in delayed memory recall was 12.5%
for cases and 7.4% for controls (OR = 1.78, 95% CI: 1.43 to 2.15,
P=9.9x10"%) and the prevalence of impairment in immediate
memory recall was 9.8% for cases and 8.7% for controls,
respectively (OR = 1.13, 95% CI: 0.78-1.48, P = 0.48). Restricting
the analysis to cases with symptoms of memory disturbance at
least five times per week yielded a prevalence of impairment of
15.2% for delayed recall and 14.0% for immediate recall.

Blood test results. We compared multiple blood tests between
cases and contemporary controls and none associated with prior
infection, including C-reactive protein, white blood cell count,
and conventional cardiac, kidney, liver, and thyroid function
tests, accounting for multiple testing (P < 8 x 10~4, Supplemen-
tary Data 6).

Association of symptoms and test measures with severity of the
acute infection. We tested for association of measures with
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Overview of data collected for cases and controls in the study

General health and lifestyle factors
GAD-7* (anxiety), PHQ-9* (depression)
PSS* (stress), SHAI* (health anxiety)
SWLS* (life satisfaction),

36-SF* (health measure), SIQR* (fatigue)
C19Q*: Symptoms during last 4 weeks

Height, Weight, BMI

Blood pressure, Heart rate

Oxygen saturation

Body composition, Grip strength
Smell test, Taste test*, Hearing test
Spirometry, Ambulatory sleep test

Cardiopulmonary exercise test

£ Questionnaires
©
©
(]
=
(@)
o
@
u
(D]
(9))
Measurements
w Ao
“5’ Cognitive tests
(%)
©
()]
e
(&)
=
4+
(&]
Q2
0
®

Digit coding

Letter and category fluency

WMS logical memory*

Spatial working memory

Trail making tests

WMS reasoning & word comprehension

Complete blood count
Electrolytes, CRP
Thyroid function tests
Liver and kidney tests
Cardiac biomarkers
Lipids, glucose

Sex hormones

Fig. 2 Overview of data collected in the study. Traits marked with * were added to the dHS Study in September 2020 for the dHS Covid Study and thus
historical dHS control data were not available for those. Historical data was available from the iStopMM study for the GAD-7, PHQ-9, PSS, SWLS, and 36-
SF questionnaires. A subset of the dHS historical controls answered the C19Q between September 2020 and November 2021 enriching the contemporary

control data for C19Q. Images created with Biorender.com.

severity of the acute infection and required P < 0.05 to establish
association for measures that associated with prior infection in
our study. If association with prior infection had not been
demonstrated, we required the same multiple testing thresholds
as listed above to establish association with severity of the acute
infection.

All but one SARS-CoV-2 associating symptom (skin rash)
correlated also with severity of the acute infection (P < 0.05) with
malaise after physical exertion, dyspnea, and correlating symp-
toms associating most significantly (Supplementary Data 2).
Impaired smell and taste associated considerably less significantly

with severity of the acute infection. Similarly, more stress (PSS,
P <0.05), anxiety (GAD-7), health anxiety (SHAI), depression
(PHQ-7), and fatigue (SIQR), as well as less satisfaction of life
(SWLS) and poorer health-related quality of life (36-SF)
associated with more severe acute illness (P <5 x 1074, Supple-
mentary Data 3).

The three physiological test measures that associated with prior
infection, impaired smell, impaired taste, and lower grip strength,
associated also with more severe acute illness (P<0.05)
(Supplementary Data 4). Other physiological measures associat-
ing with severity were higher fat mass index (FMI), BMI and lean
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| | Long Covid symptoms |

SHORTNESS OF BREATH MRC 1
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Other recent symptoms
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Fraction of cases and controls with recent symptoms (%)

Fig. 3 The fraction of cases and controls reporting the 41 recent symptoms associated with prior SARS-CoV-2 infection. All 1706 cases and 1379 C19Q
controls answered the C19Q questionnaire between September 2020 and November 2021. Participants were asked about the frequency and/or severity of
symptoms during the 4 weeks prior to answering (details about prevalence definitions are found in Supplementary Data 2). Red dots denote cases and blue
dots denote controls and results are sorted by fraction of controls reporting symptoms, in descending order within panels. The symptoms included in the

long Covid definition are grouped together on the y axis.

mass index, and lower exercise capacity measured by lower
oxygen consumption (VO2) at maximal exertion in a cardio-
pulmonary exercise test (VO2 max) (P<6 x 10~4). The WMS
Logical Memory tests of immediate and delayed recall did not
associate with severity (P> 0.05) (Supplementary Data 5).

Lower HDL-cholesterol and Apolipoprotein A, and higher
triglyceride levels associated with more severe acute infection
(P<8x10~%) (Supplementary Data 6).

Long Covid symptom cluster. 29% of cases (28% of non-
hospitalized cases) and 16% of controls met our long Covid
symptom criteria. Cases were 2.1 (95% CI, 1.6 to 2.7) times more
likely to fulfill the criteria than controls. Adjustment for comor-
bidities increased the odds ratio to 2.9 (95% CI, 2.1 to 4.0). Of
cases fulfilling the criteria, 54% had to reduce their regular hours
for work, school, household, or other, due to persistent symptoms
or complications from their SARS-CoV-2 infection, compared to
23% of cases overall. This translates to a long Covid prevalence of
7% according to the WHO case definition®. Women were more
likely to satisfy the long Covid criteria and other associating
factors were more severe acute infection and several medical

conditions including heart failure, immunocompromised state,
and coronary artery disease, but not time from the infection
(Table 1 and Supplementary Data 1).

We explored the association of long Covid with physiological,
cognitive, and blood traits in cases and controls separately
(Supplementary Data 7). We found that among both cases and
controls the criteria associated most significantly with lower
exercise capacity (V02 max), higher BMI and FMI, and with
impaired smell and taste among cases.

Transparency declaration. The lead authors, Kari Stefansson and
Hilma Holm, affirm that this manuscript is an honest, accurate,
and transparent account of the study being reported; that no
important aspects of the study have been omitted; and that any
discrepancies from the study as planned (and, if relevant, regis-
tered) have been explained.

Discussion
We performed a detailed assessment of 1706 persons with a
confirmed SARS-CoV-2 infection 5-18 months prior and
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infection. Marques et al compared 155 select individuals with
long Covid to 94 controls and found they had reduced heart rate
variability*®. In our study, we measured heart rate variability
during sleep and found no association with either history of
infection (402 individuals) or long Covid (706 individuals). The
discrepancy between the two studies could be explained by dif-
ferent selection of cases or different heart rate variability mea-
surement or both.

We performed extensive cognitive testing and observed that
poorer delayed and immediate memory recall associated with
prior SARS-CoV-2 infection, but the effects were small. We cal-
culated the prevalence of impairment in delayed memory recall as
12.5% for cases and 7.4% for controls providing an objective
measure of the memory disturbance commonly reported after
infection. The prevalence of memory recall impairment in our
study is comparable to the 12% reported by Becker et al3” for
non-hospitalized persons. However, we did not find significant
differences between cases and controls in other cognitive tests,
unlike Becker and colleagues who reported high prevalence of
cognitive impairment of many domains in their smaller study of
740 persons evaluated after Covid-19 in a clinical setting.

The protracted symptoms of fatigue and neurocognitive dis-
turbance after SARS-CoV-2 infection are reminiscent of other
post-infective fatigue syndromes and myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS)#*~>1. The subjective cogni-
tive impairments that are some of the more debilitating symp-
toms of ME/CFS®? have been captured by objective measures>
but discrepancies between symptoms and test results are com-
mon, possibly due to inability of cognitive tests to capture mild
impairment and deficits affecting real-life tasks®*. The WMS
Logical Memory test may be a relatively sensitive measure of
cognitive deficits following SARS-CoV-2 infection, as it has pre-
viously been used to detect subtle changes in memory®. Fur-
thermore, the pathogenesis of these symptoms is unclear. A study
leveraging longitudinal brain imaging data from the UK Biobank
reported changes in brain structure associated with prior infec-
tion with SARS-CoV-2 but changes in areas related to memory
did not associate with cognitive tests results>. It is also notable
that while symptoms of neurocognitive disturbance associated
with severity of the acute infection in our study, measured deficits
in memory recall do not.

Higher BMI, higher triglycerides, and lower HDL-C levels
associated with the severity of the acute infection but not with
prior SARS-CoV-2 infection per se. These are all risk factors for
more severe acute infection®’, and thus the observed association
likely reflects the predisposition, rather than being a consequence
of more severe infection. We replicate the association of more
anxiety and depression with more severe infection*” but given the
lack of association between these phenotypes and prior infection,
the causal nature of this relationship is not clear.

The high prevalence of symptoms among cases compared to
controls contrasts notably with the small difference observed in
test measures between the two groups, as well as with dis-
crepancies between some symptoms and related test measures.
For example, tachycardia was a prominent symptom after infec-
tion but there was no significant difference in measured heart rate
between the two groups. Cases reported gaining weight since
before the pandemic more often than controls, but there was no
difference in BMI between cases and controls, or in longitudinal
measures for cases. Similar observations for hearing are described
above. Measured memory impairment was 1.78-fold more com-
mon in cases than controls while self-reported memory dis-
turbance was described 3.5-fold more commonly by the cases.
These observations support an element of response bias>® in self-
reported symptoms following SARS-CoV-2 infection and a more
complicated biological or biopsychosocial contribution to the

persistent symptoms>? that are not well captured by conventional
tests. These are important considerations for both research and
clinical assessment of post-Covid conditions. Conventional clin-
ical assessment would thus not be expected to be particularly
informative in relating reported symptoms to a past SARS-CoV-2
infection.

There are extensive research efforts ongoing worldwide aiming
to increase our understanding of the pathophysiology of illness
following infection with the SARS-CoV-2 virus and several
mechanisms have been identified as potential mediators or cul-
prits, including immune dysregulation, viral persistence, and
endothelial dysfunction. Hopefully, this research will lead to
improved diagnostics and effective treatments of this hetero-
genous condition®.

Our attempt to estimate the prevalence of long Covid, using
data for both cases and controls, highlights not only how com-
mon the symptoms of long Covid are in the general population
but also the importance of control data for comparison. The
excess of cases meeting our criteria for long Covid was 13% with
half of those reporting impact on everyday function, translating
to a long Covid prevalence of 7% at a median of 8 months after
infection. These estimates do not account for potential biases in
self-reported symptoms. The lack of a universal and uniform
definition of long Covid is problematic for both research and
health care and complicates comparison between studies and
populations. Indeed, prevalence estimates for long Covid in non-
hospitalized cohorts have a wide range, up to at least 52% when
the presence of one persisting symptom is sufficient for the
diagnosis'3. The approach by the Coronavirus (COVID-19)
Infection Survey in the UK was similar to ours and reported a 3%
prevalence of continuous symptoms after infection compared to
0.5% of controls!!.

This study has limitations. First, although more than half of
Icelanders diagnosed with SARS-CoV-2 infection before October
2020 participated in the study, participation bias cannot be
excluded and it is plausible that cases with more pronounced
symptoms were more likely to participate, although demo-
graphics and comorbidities were similar among those who par-
ticipated and those who did not. Second, while the study
represents adults of all ages, it does not include children. Third,
while the availability of measures before and after the infection
with similar longitudinal measures for controls is a particular
strength of the study, this sample set was relatively small. Fourth,
this is a study of Icelanders, a North European ethnic group, in
Iceland, a wealthy country with universal access to health care.
The study results may not apply to persons of other origins and/
or in different circumstances. Fifth, the study includes cases
infected with SARS-CoV-2 before vaccinations started. Last, with
regard to the objective traits assessed in our study, we can only
assess what we measure.

We believe that the inclusion of both historical and con-
temporary controls is a major strength of our study, allowing for
consideration of possible time effects, i.e., general consequences of
the pandemic itself (social isolation, reduced mobility) in addition
to direct effects of the SARS-CoV-2 infection (viral invasion,
resulting illness).

In conclusion, in our comprehensive case-control study of
mostly non-hospitalized Icelanders, multiple and diverse symp-
toms were more common among cases than controls
5-18 months after SARS-CoV-2 infection. However, objective
differences between cases and controls in the parameters we
measured were few. Cases performed worse than controls in tests
of smell and taste with improvement in some of these measures
over time. Cases also performed worse in tests of grip strength
and immediate and delayed memory recall, but here differences
between cases and controls were small. We show that many
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symptoms associated with prior SARS-CoV-2 infection are
common in the general population and, accounting for that,
estimate the prevalence of long Covid to be ~7%. Discrepancies
between symptoms and objective measures suggest an element of
response bias in self-reported symptoms and a more complicated
contribution to symptoms related to prior infection than is cap-
tured by conventional tests.

Data availability

In order to comply with the approval by the Icelandic National Bioethics Committee for
this study and the provisions for the processing of personal data in deCODE genetics
research issued by the Icelandic Data Protection Authority, individual participant data
from the deCODE Health Study will not be made available to others. The study protocol
and statistical analysis plan are described in the main manuscript and Supplementary
Information and more detailed information is available upon reasonable request.
Detailed data on the demographics and comorbidities of study participants are shown in
Supplementary Data 1. Data underlying Figs. 3 are found in Supplementary Data 2.
Detailed results of the association between prior SARS-CoV-2 infection and various
metrics are found in Supplementary Data: association with metrics of mental health and
quality of life are presented in Supplementary Data 3, with physiologic test traits in
Supplementary Data 4-6. The association of long Covid with physiological, cognitive,
and blood traits is presented in Supplementary Data 7.
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