
Page 1/15

Symptoms, physical measures and cognitive tests after SARS-CoV-2 infection
in a large population-based case-control study
Hilma Holm  (  Hilma.Holm@decode.is )

deCODE Genetics (Iceland) https://orcid.org/0000-0002-9517-6636
Erna Ivarsdottir 

deCODE genetics / Amgen Inc., Reykjavik
Thorhildur Olafsdottir 

deCODE genetics https://orcid.org/0000-0003-2003-9984
Rosa Thorolfsdottir 

deCODE genetics
Elias Eythorsson 

Landspitali - National University Hospital
Kristjan Norland 

deCODE genetics
Rosa Gisladottir 

deCODE genetics https://orcid.org/0000-0003-0941-1888
Gudrun Jonsdottir 

deCODE genetics
Unnur Unnsteinsdottir 

deCODE genetics
Kristin Sveinsdottir 

Thjonustumidstod rannsoknaverkefna
Benedikt Jonsson 

deCODE genetics
Margret Andresdottir 

deCODE genetics
David Arnar 

Landspitali–The National University Hospital of Iceland
Asgeir Arnthorsson 

deCODE genetics
Kolbrun Birgisdottir 

deCODE genetics
Kristborg Bjarnadottir 

deCODE genetics
Solveig Bjarnadottir 

Landspitali - National University Hospital
Gyda Bjornsdottir 

deCODE Genetics (Iceland) https://orcid.org/0000-0002-8100-0306
Gudmundur Einarsson 

deCODE genetics
Berglind Eiriksdottir 

Thjonustumidstod rannsoknaverkefna
Elisabet Gardarsdottir 

Thjonustumidstod rannsoknaverkefna
Thorarinn Gislason 

Landspitali - National University Hospital
Magnus Gottfredsson 

Landspitali - National University Hospital
Steinunn Gudmunsdottir 

deCODE genetics
Julius Gudmundsson 

deCODE genetics / Amgen Inc.
Kristbjorg Gunnarsdottir 

https://doi.org/10.21203/rs.3.rs-1539784/v1
mailto:Hilma.Holm@decode.is
https://orcid.org/0000-0002-9517-6636
https://orcid.org/0000-0003-2003-9984
https://orcid.org/0000-0003-0941-1888
https://orcid.org/0000-0002-8100-0306


Page 2/15

deCODE genetics / Amgen Inc., Reykjavik
Anna Helgadóttir 

deCODE genetics/Amgen Inc.
Dadi Helgason 

Landspitali - National University Hospital
Ingibjorg Hinriksdottir 

National Institute of Hearing and Speech
Ragnar Ingvarsson 

Landspitali - National University Hospital
Sigga Jonasdottir 

deCODE genetics
Ingileif Jonsdottir 

deCODE Genetics (Iceland) https://orcid.org/0000-0001-8339-150X
Tekla Karlsdottir 

Thjonustumidstod rannsoknaverkefna
Anna Kristinsdottir 

deCODE genetics
Sigurdur Kristinsson 

University of Iceland
Steinunn Kristjansdottir 

deCODE genetics
Thorvardur Love 

Landspitali - National University Hospital
Dora Ludviksdottir 

Landspitali - National University Hospital
Gisli Masson 

deCODE genetics / Amgen Inc.
Gudmundur Nordahl 

deCODE genetics/Amgen, Inc., Reykjavik, Iceland
Thorunn Olafsdottir 

deCODE genetics
Isleifur Olafsson 

Department of Clinical Biochemistry, Landspitali- The National University Hospital of Iceland, Reykjavik
Thorunn Rafnar 

deCODE genetics https://orcid.org/0000-0003-0491-7046
Hrafnhildur Runolfsdottir 

Landspitali - National University Hospital https://orcid.org/0000-0003-1826-1383
Jona Saemundsdottir 

deCODE genetics
Svanur Sigurbjornsson 

Thjonustumidstod rannsoknaverkefna
Kristin Sigurdardottir 

Thjonustumidstod rannsoknaverkefna
Engilbert Sigurdsson 

Landspitali - National University Hospital
Valgerdur Steinthorsdottir 

deCODE genetics
Gardar Sveinbjornsson 

deCODE genetics/Amgen, Inc.
Emil Thorarensen 

deCODE genetics
Bjarni Thorbjornsson 

deCODE genetics
Brynja Thorsteinsdottir 

deCODE genetics
Vinicius Tragante 

deCODE genetics/Amgen, Inc. https://orcid.org/0000-0002-8223-8957
Magnus Ulfarsson 

deCODE genetics

https://orcid.org/0000-0001-8339-150X
https://orcid.org/0000-0003-0491-7046
https://orcid.org/0000-0003-1826-1383
https://orcid.org/0000-0002-8223-8957


Page 3/15

Martin Sigurdsson 
deCODE genetics

Emil Sigurdsson 
University of Iceland

Hreinn Stefansson 
deCODE genetics

Thorsteinn Gislason 
Thjonustumidstod rannsoknaverkefna

Runolfur Palsson 
University of Iceland

Mar Kristjansson 
Landspitali - National University Hospital

Patrick Sulem 
deCODE Genetics (Iceland) https://orcid.org/0000-0001-7123-6123

Unnur Thorsteinsdottir 
deCODE genetics / Amgen Inc.

Gudmundur Thorgeirsson 
deCODE genetics/Amgen, Inc.

Daniel Gudbjartsson 
deCODE genetics / Amgen Inc. https://orcid.org/0000-0002-5222-9857

Kari Stefansson 
deCODE genetics https://orcid.org/0000-0003-1676-864X

Article

Keywords:

Posted Date: April 19th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1539784/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

https://orcid.org/0000-0001-7123-6123
https://orcid.org/0000-0002-5222-9857
https://orcid.org/0000-0003-1676-864X
https://doi.org/10.21203/rs.3.rs-1539784/v1
https://creativecommons.org/licenses/by/4.0/


Page 4/15

Abstract
Persistent symptoms are common after SARS-CoV-2 infection but the correlation with objective measures is unclear. We utilized the deCODE Health Study to
compare multiple symptoms and physical measures between 1,721 Icelanders with prior SARS-CoV-2 infection (cases) and 546 contemporary and 13,842
historical controls. Cases participated in the study �ve to 17 months after the acute infection. One percent reported still suffering severe symptoms more than
a year after the infection. 46 of the 88 symptoms explored associated with prior infection, most signi�cantly disturbed smell and taste, memory disturbance,
and dyspnea. On the contrary, only a handful of objective measures associated with prior infection. Cases were more likely to have measured impairment in
smell and taste, lower grip strength, and poorer immediate and delayed memory recall than controls. No other objective measure associated with prior
infection including heart rate, blood pressure, postural orthostatic tachycardia, oxygen saturation, exercise tolerance, hearing, and traditional in�ammatory,
cardiac, liver and kidney blood biomarkers. There was no evidence of more anxiety or depression among cases. We estimated the prevalence of long Covid to
be 7–8%. Thus, in our large case-control study of mostly non-hospitalized Icelanders, diverse symptoms were common after SARS-CoV-2 infection while
objective differences between cases and controls were few and, except for smell and taste, small. Discrepancies between symptoms and objective measures
suggest a more complicated biological or biopsychosocial contribution to symptoms related to prior infection than is captured by conventional tests.
Traditional clinical assessment would thus not be expected to be particularly informative in relating symptoms to a past SARS-CoV-2 infection.

Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), that causes coronavirus disease 2019 (Covid-19), emerged in December 2019.1 As of March
2022, the pandemic has resulted in 480 million con�rmed cases worldwide2 while the true number of infected persons is likely much higher.3

Covid-19 is an acute respiratory infection with potential for widespread extrapulmonary complications.4,5 Several studies on the sequelae of severe Covid-19 in
hospitalized patients found persistent symptoms and multiorgan abnormalities,6–8 but good physical and functional recovery has also been reported.9 Less is
known about the longer-term effect of SARS-CoV-2 infection on physical and mental health in those with milder disease, the majority of infected persons.
Protracted post-infection symptoms (long Covid),10 including fatigue, dyspnea and brain fog have been described, with prevalence estimates ranging from
3.0–52%11–13 in non-hospitalized cohorts. However, 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 Icelanders with (cases) and without (contemporary controls) prior infection14 to
participate in a modi�ed deCODE Health Study (dHS),15 a prospective cohort study including both questionnaires on symptoms and comprehensive
physiological, cognitive and blood testing, between September 2020 and September 2021, verifying infections with PCR tests14 and SARS-CoV-2 antibodies.16

Cases participated in the study �ve to 17 months after the acute infection. In addition to contemporary controls, our study includes a large control dataset of
persons that 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 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.

Results

Study design and study participants
We invited 3,602 Icelanders who had contracted SARS-CoV-2 to participate in the dHS Covid Study and 1,721 (48%) persons participated between September
2020 and September 2021 (Fig. 1). Demographics and comorbidities were similar among those who participated and those who did not (Table S1). The
average age of the 1,721 Covid cases was 46 years (range: 18–93) and 51% were women. The most common comorbidities were obesity (33%), hypertension
(18%), asthma (11%) and immunocompromised state (10%) (Table 1). We compared cases to 14,388 controls, comprised of 13,842 historic and 546
contemporary study participants. The average age of the controls was 56 years (range: 18–97), 57% were women, and hypertension and
immunocompromised state were more common among controls than cases (Table 1).

The study design is shown in Fig. 1, including the de�nition 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 severity of the acute SARS-CoV-2 infection ranged from no to mild symptoms (40%) to severe illness requiring hospitalization (5%) (Table S2). Persons of
older age and women 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 severity17 (Table S1, Supplementary Methods). Levels of antibodies against SARS-CoV-2 measured at the time of study visit
correlated with the severity of the acute infection (Figure S1). The duration from the diagnostic qPCR test to study visit ranged from �ve to 17 months
(median = 273, range = 157–539 days) (Figure S2).

To establish association of symptoms and test measures with prior SARS-CoV-2 infection, we compared cases with all available controls and accounted for
multiple testing, arriving at P < 0.05/96 = 5 × 10− 4 for health and symptom questionnaire data, P < 0.05/87 = 6 × 10− 4 for physiological and cognitive test
results, and P < 0.05/63 = 8 × 10− 4 for blood tests. To take into account possible confounding of time in the effect estimates for SARS-CoV-2 status, e.g., via
simultaneous pandemic effects, we required consistent results (same direction and non-heterogeneity in effect estimates) when the analysis was restricted to
contemporary controls or same direction in the effect estimates in the comparison of longitudinal measures between cases and controls (Fig. 1).
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Self-reported data
At �ve to six months after infection, 33% of cases reported not having recovered from the acute illness and 5% still had severe symptoms. These fractions
decreased to 21% and 1%, respectively, 13 months after infection. One in four of all cases had sought medical attention for residual symptoms.

All 1,721 cases and 546 contemporary controls answered a questionnaire (the C19Q) assessing symptoms during the four weeks prior to study visit. In
addition, an online version of the C19Q was sent to a subset of the historic controls, 2,000 persons, age and sex matched to the cases, and 737 responded
between September 2020 and September 2021, resulting in a control group of 1283 persons for the C19Q symptom data. Symptoms were more frequent
among cases, at 5 to 17 months after the acute infection, with 46 out of 88 symptoms (52%) associating with history of SARS-CoV-2 infection (P < 5 × 10− 4,
Fig. 3, Table S3).

The symptoms associating most signi�cantly with history of SARS-CoV-2 infection were disturbed smell and taste, memory disturbance, and dyspnea. Cases
reported disturbed smell and taste 11 and nine times more frequently than controls, respectively, and memory disturbance and dyspnea 3.5 times more
commonly (Fig. 3, Table S3). While disturbed smell and taste were rather rare symptoms in the general population, with a prevalence of 4% and 3% among
controls, respectively, memory disturbance and dyspnea were common, with a prevalence among controls of 23% and 22%, respectively (Fig. 3, Table S3). The
prevalence of seven symptoms changed with time from the acute infection (P < 0.05); smell, taste and fatigue improving but others including malaise after
physical exertion worsening (Table S3).

We noted a large cluster of correlated symptoms including dyspnea, fatigue, weakness, malaise after physical exertion, memory disturbance, and lack of
concentration (r: 0.38–0.68, Figure S3). Impaired or disturbed smell and taste correlated highly with each other (r = 0.79) and considerably less with other
symptoms (r < 0.27), but highest with memory disturbance (r = 0.23 and 0.26, respectively).

Our evaluation of mental health and quality of life with validated questionnaires (Fig. 2) showed less symptoms of stress (PSS18) among cases than controls
(P < 5 × 10− 4) and longitudinal measures demonstrated less symptoms of stress among cases during the pandemic than before it (Table 2, Table S4). We did
not �nd differences between cases and controls for symptoms of anxiety (GAD-719), health anxiety (SHAI20), depression (PHQ-721), fatigue (SIQR22),
satisfaction of life (SWLS23) or health-related quality of life (36-SF24) in these data (Table S4).

Physiological tests
The physiological test traits that associated with prior SARS-CoV-2 infection, accounting for multiple testing (P < 6 × 10− 4), were smell, taste and grip strength
(Table 2, Table S5).

Several test measures re�ecting disturbed smell and taste were more common among cases than controls, including partial anosmia, hyposmia and partial
ageusia (Table 2). Cases performed worse in odor identi�cation and reported lower pleasantness ratings for most odors than controls, with the intensity rating
of lemon odor being most different (Table S5). Comparison of longitudinal smell test results for 126 cases showed worse results after infection for many
smell measures, con�rming the effect of the infection (Table 2, Table S6). 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 (Table S5). We did not see temporal improvements of partial
anosmia or partial ageusia among cases.

Cases had less grip strength than all controls (-0.74 kg, 95% CI: -1.14 to -0.35, 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 body mass index
(BMI), oxygen saturation, blood pressure, heart rate, heart rate variability, orthostatic hypotension, postural orthostatic tachycardia, exercise capacity, hearing,
and spirometry (Table S5, 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 (Table S7). Cases performed worse than controls on
the WMS Logical Memory tests of both delayed memory recall (-0.25 standard deviations (SD), 95% CI: -0.35 to -0.14)) and immediate memory recall (-0.20
SD, 95% CI: -0.30 to -0.10)) accounting for multiple testing (P < 6 × 10− 4, Table 2, Table S7).

We calculated the prevalence of memory impairment, de�ned as z-score of less than or equal to -1.5, among cases and controls, adjusting for age, gender and
educational level.25 The prevalence of impairment in delayed memory recall was 13.4% for cases and 7.5% for controls (OR = 1.91, 95% CI, 1.54 to 2.29, P = 3.6
× 10− 4) and the prevalence of impairment in immediate memory recall was 11.6% for cases and 9.4% for controls, respectively (OR = 1.27, 95% CI, 0.92 to 1.62,
P = 0.17). Restricting the analysis to cases with symptoms of memory disturbance at least �ve times per week yielded a prevalence of impairment of 18.1% for
delayed recall and 16.0% for immediate recall.

Blood test results
We compared multiple blood tests between cases and 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 × 10− 4, Table S8).

Association of symptoms and test measures with severity of the acute infection
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We tested for association of measures with severity of the acute infection and required P < 0.05 to establish association for measures that associated here
with prior infection. 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 correlated also with severity of the acute infection (P < 0.05) with malaise after physical exertion, dyspnea and
correlating symptoms associating most signi�cantly (Table S3). Impaired smell and taste associated considerably less signi�cantly 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 × 10− 4, Table S4).

The three physiological test measures that associated with prior infection, impaired smell and taste, and lower grip strength, associated also with more severe
acute illness (P < 0.05). Other measures associating with severity were higher fat mass index (FMI), BMI and lean mass index, and lower risk of postural
orthostatic tachycardia (P < 6 × 10− 4). The WMS Logical Memory tests of immediate and delayed recall did not associate with severity (P > 0.05).

Lower HDL-cholesterol and Apolipoprotein A and higher triglyceride levels associated with more severe acute infection (P < 8 × 10− 4).

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 guidelines26 or two months with an impact on daily function according to the World Health Organization
(WHO) de�nition.27 We assigned long Covid to cases who reported fatigue, lack of concentration, memory disturbance, dyspnea or weakness, �ve or more
days per week, or malaise after physical exertion, chest pain, or tachycardia three or more days per week, in the four weeks prior to study visit, assessed with
the C19Q, �ve to 17 months after infection. For comparison, we assessed how many of the controls ful�lled the same criteria.

30% of cases (29% of non-hospitalized cases) and 15% of controls met our long Covid symptom criteria. Cases were 2.5 (95% CI, 2.1 to 3.1) times more likely
to ful�ll the criteria than controls. Adjustment for comorbidities increased the odds ratio to 3.2 (95% CI, 2.6 to 4.0). 54% of cases ful�lling the criteria 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% overall. This translates to a long Covid prevalence of 7–8% according to the WHO case de�nition.27 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 age or time from the infection (Table 1 and S1).

We explored the effect of the long Covid symptom criteria on physiological, cognitive and blood traits in cases and controls separately (Table S9). We found
that among both cases and controls the criteria associated most signi�cantly with lower exercise capacity measured by lower oxygen consumption (VO2) at
maximal exertion in a cardiopulmonary exercise test, higher BMI and FMI, and with impaired smell and taste among cases.

Discussion
We performed a detailed assessment of 1,721 persons with history of SARS-CoV-2 �ve to 17 months after the veri�ed acute infection and compared to 14,388
controls. A wide variety of symptoms associated with prior infection and for objective measures associations were observed for smell, taste, grip strength, and
memory recall.

Our case population represents the severity spectrum of the acute SARS-CoV-2 infection, ranging from no symptoms to severe illness with 5% hospitalized in
the acute phase.2,26,28 It follows that our study population consists mainly of persons who did not require hospitalization during the acute illness. The
comorbidities that predisposed to severe acute infection in our sample were the same as others have reported17, suggesting that our sample is representative
of those infected with SARS-CoV-2. Based on self-report, one �fth had not recovered and 1% still suffered severe symptoms 13 months after the infection.

De�cits in smell and taste are common symptoms of the acute SARS-CoV-2 infection29 and reports suggest full recovery in most at six months.30,31 We found
both subjective and objective measures of smell and taste impairment to be more common among cases than controls in our study, with slow temporal
improvement of symptoms. Some tests of smell and taste improved with time, with hyposmia normalizing at nine to 10 months after infection, but partial
anosmia and partial ageusia did not improve.

Sensorineural hearing loss is a recognised complication of viral infections and there are multiple reports on hearing loss in persons with history of SARS-CoV-
2, with most studies based on self-reported questionnaires or medical reports without conclusive hearing tests.32 Here, cases noted worsening of hearing from
before the pandemic four times more often than controls, with half of them linking the noted change to the infection. However, objective hearing measures did
not associate with history of SARS-CoV-2. Thus, we do not have objective evidence of SARS-CoV-2 causing hearing loss among our mostly non-hospitalized
patients.

We observed lower grip strength in persons with prior SARS-CoV-2 infection, likely due to deconditioning. Grip strength, a measure of muscle strength, is a
strong predictor of cardiovascular disease and mortality,33 and indeed incident cardiovascular outcomes appear to be more common in survivors of acute
Covid-19 than controls.34 It should be noted that although signi�cant, the difference in grip strength between cases and controls was small. We did not
observe association between prior infection and exercise capacity as measured by a cardiopulmonary exercise test.

It has been suggested that chronic myocardial in�ammation is a common complication of SARS-CoV-2 infection, irrespective of both pre-existing conditions
and severity of the acute infection.35–37 One case-control study, assessing 443 individuals after SARS-CoV-2 infection, reported a small reduction in left
ventricular ejection fraction and higher concentration of hs-TNT and NTproBNP after infection compared to controls.37 Complicating the interpretation of that
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study is the lack of contemporary controls, as the control data were derived from persons assessed prior to the pandemic, precluding exploration of time
trends in measures as well as any effect of the pandemic itself. The lack of association of the cardiac biomarkers hs-TNT and NT-proBNP with history of
SARS-CoV-2 infection in our study of 1721 cases, argues against a persistent myocardial involvement. Similarly, we found no evidence of persistent systemic
in�ammation, hematologic abnormalities, kidney or liver dysfunction using conventional blood biomarkers.

We performed extensive cognitive testing and observed that poorer delayed and immediate memory recall associated with history of SARS-CoV-2 infection,
but the associating effects were small. We calculated the prevalence of impairment in delayed memory recall as 13.4% for cases and 7.5% 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 al25 for non-hospitalized persons. However, we did not �nd signi�cant differences between cases and controls in
other cognitive tests, unlike Becker and colleagues who reported high prevalence of cognitive impairment of many domains in the smaller study of 740
persons evaluated after Covid-19 in a clinical setting.

The protracted symptoms of fatigue and neurocognitive disturbance after SARS-CoV-2 infection are reminiscent of other post-infective fatigue syndromes and
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).38–40 The subjective cognitive impairments that are some of the more debilitating symptoms
of ME/CFS41 have been captured by objective measures42 but discrepancies between symptoms and test results are common, possibly due to inability of
cognitive tests to capture mild impairment and de�cits affecting real-life tasks.43 The WMS Logical Memory test may be a relatively sensitive measure to
detect cognitive de�cits following SARS-CoV-2 infection, as it has previously been used to detect subtle changes in memory.44 Furthermore, the pathogenesis
of these symptoms are unclear. A study leveraging longitudinal brain imaging data from the UK Biobank reported changes in brain structure associated with
prior infection with SARS-CoV-2 but changes in areas related to memory did not associate with cognitive tests results.45 It is also notable that while symptoms
of neurocognitive disturbance associate with severity of the acute infection in our study, measured de�cits in memory recall do not.

Higher BMI, higher triglycerides and lower HDL-C levels associated with severity of the acute infection but not with prior SARS-CoV-2 infection per se. These
are all risk factors of more severe acute infection,46 and thus the observed association can be assumed to re�ect the predisposition, rather than being a
consequence of more severe infection. The causal relationship between the association of increasing levels of anxiety and depression with more severe
infection, seen by us and previously described by others,37 in light of the lack of association of these phenotypes with prior infection, is less 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 discrepancies between some symptoms and related test measures. For example, tachycardia was a prominent symptom after infection
but there was no signi�cant difference in measured heart rate between the two groups. Cases more often than controls reported having gained weight since
before the pandemic, 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 1.91-fold more common in cases than controls while self-reported memory disturbance was
described 3.5-fold more commonly by the cases. These observations support an element of response bias47 in self-reported symptoms following SARS-CoV-2
infection and a more complicated biological or biopsychosocial contribution to the persistent symptoms48 that are not well captured by conventional tests.
These are important considerations for both research and clinical assessment of post-Covid conditions. Conventional clinical assessment would thus not be
expected to be particularly informative in relating reported symptoms to a past SARS-CoV-2 infection.

Our attempt to estimate the prevalence of long Covid highlights not only how common 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 15% with half of those reporting impact on everyday
function, translating to a long Covid prevalence of 7–8%. These estimates do not account for potential biases in self-reported symptoms.

This study has limitations. First, although half of Icelanders diagnosed with SARS-CoV-2 infection before February 2021 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 demographics and
comorbidities were similar among those who participated 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.

We believe that the inclusion of both historic and contemporary 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 symptoms were more common among
cases than controls �ve to 17 months after SARS-CoV-2 infection while objective differences between cases and controls 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 differences between cases and controls were small. We show that many 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 7–8%. Discrepancies between
symptoms and objective measures suggest an element of response bias in self-reported symptoms and a more complicated biological or biopsychosocial
contribution to symptoms related to prior infection than is captured by conventional tests.

Online Methods

Ethical consideration
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Written informed consent was obtained from all participants, in accordance with the Declaration of Helsinki, and the study was approved by the National
Bioethics Committee (VSNb2015120006/03.01 with amendments). Personal identi�ers were encrypted by a third-party system overseen by the Icelandic Data
Protection Authority.49

Study design and participants
The dHS15 is an ongoing 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 to September 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. The dHS was paused in March 2020 due to the pandemic. To study the health
consequences of SARS-CoV-2 infection, a modi�ed dHS, termed the dHS Covid Study, was launched in September 2020. Added measures in the dHS Covid
Study included the C19Q questionnaire on 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-719), Patient Health Questionnaire-9 (PHQ-921), Perceived
Stress Scale (PSS18), Short Health Anxiety Inventory (SHAI20), and Symptom Impact Questionnaire (SIQR22), respectively, as well as the the Satisfaction With
Life Scale (SWLS23) and 36-Item Short Form Survey (36-SF24) to assess health-related quality of life. We added tests of taste and orthostatic intolerance and
made other changes described in Supplementary Methods.

We invited 3,602 persons over 18 years of age with history of SARS-CoV-2 infection to participate in the dHS Covid Study. These were Icelanders who in
September 2020 or February 2021 were known to have been infected at least �ve months prior. History of infection was con�rmed with the presence of
antibodies.16 1,721 of the 3,602 persons, hereafter termed cases, participated in the study between September 2020 and September 2021 (Fig. 1). Of the 1,721
cases, 129 persons had also participated in the dHS before the pandemic, allowing for comparison of within-individual measures from before and after the
infection (longitudinal measures). The majority of those infected (96%) had either been identi�ed 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.14 Others (4%) were identi�ed later through antibody testing.16 The study control group is comprised of 14,388 persons, 13,842 who participated in
the dHS before the pandemic, between June 2016 and March 2020 (historic controls) and 546 persons without history of SARS-CoV-2 infection who
participated in the dHS Covid Study between September 2020 and September 2021 (contemporary controls). Included in both numbers are 280 controls that
participated twice in the dHS, before and during the pandemic.

In addition to being administered to all participants in the dHS Covid Study (1,721 cases and 546 contemporary controls), an online version of the C19Q,
assessing symptoms in the previous four weeks, was sent to a subset of the historic controls, 2,000 persons, age and sex matched to the cases, and 737 have
responded, resulting in a C19Q control group of 1283 persons.

For the GAD-7, PHQ-9, PSS, SWLS and 36-SF questionnaires, we obtained additional data from the Icelandic iStopMM study50 for up to 239 cases and 20,142
contemporary controls for longitudinal assessment and for up to 34,561 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 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, body mass index (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, cardiopulmonary exercise test, ambulatory sleep test; c) cognitive tests: Digit Coding,51 Letter and Category �uency52, Logical
Memory,52,53 Spatial Working Memory,52,54 Trail Making Tests,52,55 and Wechsler Abbreviated Scale of Intelligence,56,57 and d) blood tests. The test procedures
are described in Supplementary Methods.

Severity of the acute SARS-CoV-2 infection
All persons diagnosed with SARS-CoV-2 infection by qPCR in Iceland were monitored by the telehealth monitoring service (TMS)58 of the Covid-19 outpatient
clinic at Landspitali – the National University Hospital (LUH) in Reykjavik, Iceland. We assigned the cases to four categories by the severity of the acute
infection. We based our severity classi�cation on intensity of treatment at the LUH, severity classi�cation by the TMS, and self-assessment of symptoms in
our study (Table S2, Supplementary Methods).

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 guidelines26 or two months with an impact on daily function according to the World Health Organization
(WHO) de�nition.27 We assigned long Covid to cases who reported at least one of the following symptoms for �ve or more days per week: fatigue, lack of
concentration, 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, �ve to 17 months after infection. For comparison, we assessed how
many of the controls ful�lled the same criteria.

Statistical analysis
We tested all measures for association with SARS-CoV-2 infection adjusting for age and sex. Adjustment for comorbidities (BMI, 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
tables. We applied two complimentary 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
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available control data. To account for time effects in (A), we tested for difference in measures between i) cases and contemporary controls (restricting data to
measures during the pandemic) and between ii) contemporary and historic controls where divergence from a null �nding could indicate a time effect in A). We
further plotted the data on physiological and blood traits against time of measure to explore for 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, Figure S4,
Supplementary Methods). B) We exploited a subset of the data that allows for a controlled before-and-after study, i.e., 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 bene�t of accounting simultaneously for time effect and time-invariant individual heterogeneity, while acknowledging reduced power.

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 = 5 × 10− 4 for health and symptom questionnaire data, P = 0.05/87 = 6 × 10− 4 for physiological
measures and cognitive tests, and P = 0.05/63 = 8 × 10− 4 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 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 association with 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.
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Tables
Table 1. Comparing sex, age and comorbidities between cases, controls, and cases with long Covid. Shown are associations of history of SARS-CoV-2
infection with sex, age, and comorbidities using three different control groups; all controls, contemporary controls and controls answering the C19Q symptom
questionnaire. Sex, age, time since diagnosis of SARS-CoV-2 and comorbidities were also compared between cases with long Covid and other SARS-CoV-2
cases. Association testing for sex was performed with logistic regression. For age and time since diagnosis the association testing was performed with linear
regression. Association testing for comorbidities was performed with logistic regression, adjusting for age and sex. Effects for sex and comorbidities are given
in odds ratios and 95% con�dence intervals (CI) are given for all effects. Associations marked with * have P-value < 0.05 and associations marked with **
have P-value < 0.001.  
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  SARS-CoV-2
cases
participating
in study

Long
 SARS-
CoV-2

All
controls

Contemporary
 controls

C19Qcontrols SARS-
CoV-2
cases
(1) vs
all
controls
(0)

SARS-CoV-2
cases (1) vs 
contemporary
controls (0)

SARS-CoV-2
cases (1) vs
C19Qcontrols
(0)

SARS-
CoV-2
cases
with long
Covid (1)
vs other
 SARS-
CoV-2
cases (0)

Effect
(95%
CI)

Effect (95%
CI)

Effect (95%
CI)

Effect
(95% CI)

N all 1721 503 14388 546 1283        

Sex, N women 879 (51%) 336
(67%)

8102
(57%)

269 (49%) 706 (55%) 0.80
(0.73 to
0.89)**

1.07 (0.89 to
1.3)

0.85 (0.74 to
0.99)*

2.48
(1.99 to
3.08)**

Age, mean (range) 45.6 (18-93) 46.6
(18-
88)

55.5
(18-97)

47.6 (19-89) 47.5 (18-88) -10.0
(-10.7 to
-9.2)**

-2.0 (-3.4 to
-0.6)*

-2.0 (-3.0 to
-0.9)**

1.3 (-0.3
to 2.9)

Time since diagnosis,
mean (range)

273 (157-
539)

268
(165-
530)

    -6.7
(-13.7 to
0.2)

Comorbidities        

Obesity 561 (33%) 217
(43%)

4886
(34%)

170 (31%) 427 (33%) 1.08
(0.96 to
1.20)

1.14 (0.92 to
1.4)

1.03 (0.88 to
1.21)

1.83
(1.46 to
2.30)**

Hypertension 293 (18%) 101
(21%)

5188
(36%)

118 (23%) 292 (23%) 0.68
(0.59 to
0.79)**

0.77 (0.59 to
1.01)

0.72 (0.58 to
0.88)*

1.31
(0.96 to
1.78)

Asthma 179 (11%) 81
(17%)

1986
(14%)

75 (14%) 182 (14%) 0.83
(0.71 to
0.98)*

0.74 (0.55 to
0.99)*

0.76 (0.61 to
0.95)*

2.03
(1.47 to
2.81)**

Immunocompromised
state

99 (10%) 55
(17%)

2433
(17%)

46 (12%) 159 (14%) 0.69
(0.56 to
0.86)**

0.79 (0.54 to
1.15)

0.67 (0.51 to
0.87)*

3.01
(1.93 to
4.68)**

Cancer 75 (4%) 32
(6%)

1340
(9%)

24 (4%) 65 (5%) 0.81
(0.63 to
1.04)

1.07 (0.66 to
1.75)

0.87 (0.61 to
1.24)

1.68
(1.02 to
2.78)*

Type 2 diabetes 80 (5%) 31
(6%)

1092
(8%)

26 (5%) 68 (5%) 0.83
(0.66 to
1.06)

1.02 (0.64 to
1.61)

0.92 (0.66 to
1.29)

1.40
(0.87 to
2.27)

Coronary artery
disease

69 (4%) 30
(6%)

1460
(10%)

20 (4%) 56 (4%) 0.76
(0.58 to
0.99)*

1.18 (0.68 to
2.04)

0.89 (0.60 to
1.31)

2.37
(1.34 to
4.20)*

 

Table 2. Test measures that associate with prior SARS-CoV-2 infection. The association testing was performed using logistic regression for binary traits (B)
and linear regression for quantitative traits (Q), adjusting for sex and age, and also for education when testing for association with memory recall. Effects for
binary traits are given in odds ratios (OR) in columns 1 and 2a but as betas in column 2b. Shown are all associations that are signi�cant when comparing
cases with all available controls, accounting for multiple testing (1). Consistent association results with (1) when comparing cases with contemporary
controls (same direction and non-heterogeneity in the effect estimates) are marked with * in (2a) and signi�cant effects (same direction) of Covid status on
the difference between longitudinal measures for cases and controls (2b), are marked with * in (2b). 
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    (1) Covid cases vs all
controls

(2a) Covid cases vs
contemporary controls

(2b) The effect of Covid status on the difference between
pandemic and pre-pandemic measurements 

Test, trait (unit)   Cases/ctrls Effect (95%
CI)

Cases/ctrls Effect (95%
CI)

Cases/ctrls Effect (95% CI)  

Perceived Stress
Scale (score)

Q 882/34368 -1.95 (-2.35
to -1.54)

1498/557 -0.09 (-0.73 to
0.56)

238/19885 -1.70 (-2.36 to -1.03)*  

Smell, partial
anosmia 

B 1685/14024 3.91 (3.65
to 4.17)

1685/413 4.56 (3.65 to
5.47)*

126/280 0.06 (0.02 to 0.11)*  

Smell, hyposmia B 1685/14024 1.90 (1.74
to 2.06)

1685/413 2.75 (2.29 to
3.20)*

126/280 0.12 (0.04 to 0.20)*  

Taste, partial
aguesia 

B 1697/552 2.88 (2.31
to 3.45)

1697/552 2.88 (2.31 to
3.45)

NA2 NA2  

Grip strength (kg) Q 1695/8100 -0.73 (-1.12
to -0.33)

1695/546 -0.39 (-1.19 to
-0.41)*

61/130 0.55 (-1.31 to 2.41)  

Delayed memory
recall1 (SD)

Q 1613/534 -0.25 (-0.35
to -0.14)

1613/534 -0.25 (-0.35 to
-0.14)

NA2 NA2  

Immediate memory
recall1 (SD)

Q 1612/534 -0.20 (-0.30
to -0.10)

1612/534 -0.20 (-0.30 to
-0.10)

NA2 NA2  

 CI = 95% con�dence interval. CPET = Cardiopulmonary exercise test. 1Wechsler Memory Scale Logical Memory recall. 2Taste and delayed memory recall were
not tested prior to the pandemic. SD = standard deviations.

Figures

Figure 1
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The dHS Covid Study design. Cases and contemporary controls participated in the dHS Covid Study between September 2020 and September 2021. Historical
dHS controls participated in the study between June 2016 and March 2020. To establish 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.

Figure 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 was 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 September 2021 enriching the contemporary control data for C19Q.
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Figure 3

The fraction of cases and controls reporting the 46 recent symptoms that associated with history of SARS-CoV-2 infection. All 1721 cases and 1283 controls
answered the C19Q on symptoms during the four weeks prior to answering. 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 de�nition are displayed in the upper
panel.
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