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SUMMARY
As COVID-19 cases exceed hundreds of millions globally, many survivors face cognitive challenges and pro-
longed symptoms. However, important questions about the cognitive effects of COVID-19 remain unre-
solved. In this cross-sectional online study, 478 adult volunteers who self-reported a positive test for
COVID-19 (mean = 30 days since most recent test) perform significantly worse than pre-pandemic norms
on cognitive measures of processing speed, reasoning, verbal, and overall performance, but not short-
term memory, suggesting domain-specific deficits. Cognitive differences are even observed in participants
who did not require hospitalization. Factor analysis of health- and COVID-related questionnaires reveals two
clusters of symptoms—one that varies mostly with physical symptoms and illness severity, and one with
mental health. Cognitive performance is positively correlated with the global measure encompassing phys-
ical symptoms, but not the one that broadly describes mental health, suggesting that the subjective experi-
ence of ‘‘long COVID’’ relates to physical symptoms and cognitive deficits, especially executive dysfunction.
INTRODUCTION

As the number of people recovering from the effects of corona-

virus disease 2019 (COVID-19) infection continues to grow, it is

becoming increasingly clear that many experience ongoing

cognitive challenges, including problems with memory, atten-

tion, reasoning, and problem-solving.2 These issues could be

caused by direct viral effects on the brain (e.g., neuroinflamma-

tion, stroke, autoimmune responses), as elevated cerebrospinal

fluid autoantibodies and significant white matter changes have

been reported in patients with neurological symptoms following

infection with COVID-19,3–6 as well as signs of microvascular

damage.7 The indirect effects of infection may also be attributed

to changes in cognition resulting from inflammation, blood clots,

low oxygen levels, sedation, and ventilation. In a recent prospec-

tive study of mechanically ventilated critical illness survivors, we

reported that all of the patients emerged from the intensive care

unit (ICU) with cognitive impairments, regardless of their etiology

at admission (sepsis, cardiac arrest, respiratory failure).8–10

Nevertheless, as the worldwide incidence rates of proven

COVID-19 infections exceed 400 million, many questions of

importance for post-COVID-19 treatment and recovery remain
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unanswered. First, are these cognitive deficits, where they

occur, generalized or domain specific; that is, do they affect

certain cognitive systems more than others, and, if so, which

cognitive systems are most susceptible? This issue has gained

import in recent months as poorly specified terms such as ‘‘brain

fog’’ have entered both common parlance and the scientific liter-

ature describing ‘‘long COVID’’ or COVID ‘‘long-haulers.’’11–14

Unfortunately, the widespread use of ‘‘blunt’’ screening tools

such as the Mini-Mental State Examination (MMSE15) and the

Montreal Cognitive Assessment (MoCA16) to evaluate the effects

of COVID-19 infection only adds to this confusion, as both were

designed to detect the emergence of dementia in the elderly,

rather than to provide a comprehensive picture of cognitive per-

formance.17–21 For example, in one study, 28% of recovered

COVID-19 patients scored below the established cutoff of 26

(for dementia) on the MoCA, compared to only 17% of controls,

although median MoCA scores in the patients were not statisti-

cally different from those of the controls.21 Other studies have

suggested a specific domain of cognitive impairment; however,

this has varied across studies from primary deficits in attention22

to visuospatial deficits.21 Most studies report multidomain

cognitive impairments, although there appears to be a high
rts Medicine 3, 100750, October 18, 2022 ª 2022 The Author(s). 1
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Table 1. Responses to questions about COVID-19 illness

Question Yes No Don’t know No. of responses

Symptoms 450 (94.1%) 28 (5.9%) – 478 (100%)

Selected at least one of ‘‘cough,’’ ‘‘fever,’’ ‘‘difficulty breathing,’’ ‘‘pneumonia,’’ or ‘‘loss of smell’’

Hospital 66 (13.8%) 412 (86.2%) – 478 (100%)

‘‘Did you have to stay in the hospital for COVID-19 symptoms?’’

Daily routine 129 (27.0%) 283 (59.2%) – 412 (86.2%)

‘‘Were you mostly able to go about your daily routine (e.g., mostly normal sleep, work, activity)?’’

Supplemental O2 34 (7.1%) 31 (6.5%) 1 (0.2%) 66 (13.8%)

‘‘Did you require supplemental oxygenation (e.g., with a mask or nasal prongs) while in the hospital? (this does not include being on a ventilator)’’

Intensive care 17 (3.6%) 49 (10.3%) – 66 (13.8%)

‘‘Were you in the ICU (intensive care unit)?’’

Ventilator 11 (2.3%) 6 (1.3%) – 17 (3.6%)

‘‘Were you on a ventilator (breathing machine)?’’

Italicized text presents the questionnaire wording, and percentages are relative to the total COVID+ sample (N = 478). Possible responses to each

question, except the checklist of symptoms, included ‘‘Yes,’’ ‘‘No,’’ and ‘‘I don’t know.’’
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degree of disagreement about which domains are most

affected.2,17–20,23–26

Second, how does the emergence of cognitive deficits

following COVID-19 infection relate to the severity of the primary

infection? Several preliminary studies have suggested that, in

patients who required hospitalized treatment, cognitive deficits

following COVID-19 infection are dependent on the level of med-

ical assistance received2,23 and the degree of inflammation,22

with severe infections being associated with significant cognitive

deficits18,19,24 although cognitive impairments have also been

reported in asymptomatic patients,17 and one small study

reported no correlation with hospitalization and cognitive impair-

ments.25 Given the current knowledge about longlasting cogni-

tive deficits from post ICU syndrome, we may expect a worse

cognitive outcome with more severe COVID-19 illness.8–10 Alter-

natively, perhaps the longstanding and untreated hypoxia re-

ported in asymptomatic COVID-19 patients27,28 may lead to

long lasting cognitive decline, as has been shown to be the

case in other conditions that cause longstanding hypoxia.29,30

Third, how does the pattern of cognitive deficits observed

following COVID-19 infection relate to aspects of mental health

such as anxiety, depression, and fatigue that may be a conse-

quence of the disease process itself, or a more general effect

of living during the time of a global pandemic? Research con-

ducted before the worldwide spread of COVID-19 clearly estab-

lished that associations exist between impaired cognitive func-

tion and both anxiety disorders31 and depression,32 although

the relationship between fatigue and specific cognitive deficits

seems rather less clear.33,34 Several recent studies have re-

ported an increased risk of psychiatric disturbance in patients

recovering from COVID-19,21,35–37 although others have re-

ported no association between cognitive outcomes and psychi-

atric symptoms,26 including anxiety,18,25 depression,18,25 and

fatigue.25

To fully address these questions, large numbers of patients

need to be examined to mitigate the effects of infection severity,

stage of recovery, and concomitant mental health issues. To

date, most studies have focused on single-case reports or rela-
2 Cell Reports Medicine 3, 100750, October 18, 2022
tively small (<25) cohorts,18–20,24,25,38 confounding these issues.

With many countries in virtual lockdown, opportunities for face-

to-face testing are limited, resulting in the widespread use of

telephone screening and/or self-reported cognitive status, which

have obvious limitations.24,25,38

In this study, we report data from a cohort of 478 patients who

self-reported having had a positive COVID-19 test, who were as-

sessed using a comprehensive and widely validated battery of

cognitive tests that measures aspects of memory, attention,

problem-solving and reasoning. Every patient also completed

a questionnaire to fully document his or her COVID-19 experi-

ence, infection severity, extent of recovery, and physical, mental,

and emotional health status. Here, we report the results of this

initial assessment, conducted in the first few months following

a positive COVID-19 test.

RESULTS

Participants
Of the 478 volunteers in the COVID+ group (mean age = 42.6

years, 70% female), 66 required treatments in a hospital for their

illness, and of those, 34 required supplemental oxygen therapy,

17 were in the ICU, and 11 were on a ventilator (Table 1). Patients

who were not hospitalized (N = 412) were asked about their daily

functioning, and 283 of them reported being negatively affected

by their illness. A COVID severity score, based on the World

Health Organization’s 8-point ordinal scale of COVID-19

severity,39 was assigned to each participant based on their re-

sponses to these questions; scores ranged from unaffected

(score = 0) to hospitalized with severe disease (score = 6; Fig-

ure S1; Table S1). Participants also indicated the year andmonth

of their most recent positive test for COVID-19 to approximate

the elapsed time since infection (mean = 3 months, SD =

2 months). Also, 159 (33%) and 151 (31.6%) of participants

met the criterion for a suspected generalized anxiety disorder

(i.e., GAD2 R 3) or major depressive disorder (i.e., PHQ2 R3

[PHQ, Patient Health Questionnaire]). A total of 112 participants

(23%) indicated having R1 preexisting medical conditions



Table 2. Descriptive statistics for the COVID+ group and normative data (norms)

COVID+, N = 478 (%) Norms, N = 7,832 (%)

Age, y mean = 42.6, SD = 14.5 mean = 43.2, SD = 13.0

Female gender 336 (70%) 4,857 (62%)

Completed some post-secondary education 394 (82%) 5,917 (76%)

Grew up ‘‘At or above poverty level’’ 443 (93%) 7,312 (93%)

Languages spoken at home

English 368 (77%) 6,387 (82%)

French 45 (9%) 485 (6%)

Spanish 23 (5%) 176 (2%)

Location (top 5 countries)

1 USA 202 (42.3%) Canada 2,453 (31.3%)

2 Canada 143 (29.9%) UK 2,420 (30.9%)

3 UK 42 (8.8%) USA 607 (7.8%)

4 Spain 11 (2.3%) Portugal 382 (4.9%)

5 Germany 7 (1.5%) Australia 128 (1.6%)

Exercises at least once per week 335 (70%) 4,777 (61%)

R1 units of nicotine per day 40 (8%) 717 (9%)

>7 units of alcohol per week 17 (4%) 541 (7%)

R1 units of cannabis per day 51 (11%) 553 (7%)

Other stimulantsa 7 (1%) 90 (1%)

Other depressantsa 4 (1%) 44 (1%)

SD, standard deviation; UK, United Kingdom.
aConsumed at least once in the past 4 weeks.
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before COVID-19: diabetes (N = 23; 5%), obesity (N = 80; 17%),

hypertension (N = 47; 10%), stroke (N = 4; <1%), heart attack

(N = 1; <1%), or memory problems (N = 2; <1%). A large norma-

tive dataset (N = 7,832) collected before theCOVID-19 pandemic

was used as a comparative baseline group and to adjust for

known confounding socio-demographic variables. Details about

the COVID+ cohort and the pre-pandemic norms are provided in

Table 2.

Domain specificity of the cognitive profile associated
with COVID-19
To examine the effects of COVID-19 infection on cognitive func-

tioning and the domains affected, we compared the COVID+

cohort to normative data on 5 composite scores (i.e., domains)

of cognitive performance, instead of testing each of the 12 cogni-

tive tasks separately. Three of these measures were derived

from a principal-components analysis of the 12 cognitive test

scores. Replicating our previous work,40 these three compo-

nents could generally be described as representing cognitive

performance in three separate domains: visuospatial short-

term memory (STM), reasoning, and verbal domains (Figure 1A).

Similar factor solutions were produced from the cognitive test

scores in the normative and COVID+ samples (see Figure S2

and Table S3). The remaining two composite scores were overall

performance across the cognitive task battery and average pro-

cessing speed (i.e., a reaction-time based measure across all

tests). Before the statistical analysis, all of the cognitive scores

were corrected for socio-demographic confounding variables

(e.g., age, gender, level of education, socioeconomic status
[SES], drug use, exercise) using the parameters estimated

from the normative data.

Two-sample tests between the COVID+ and normative groups

revealed significant differences in the reasoning and verbal do-

mains, and on the measures of processing speed and overall

cognitive performance (all adjusted p < 0.001; Table 3), such

that COVID+ participants’ scores were, on average, lower than

the norms by 0.20, 0.18, 0.29, and 0.16 SDs, respectively, on

these measures. The one exception was STM performance,

which did not differ between groups.

Dissociable health factors associated with COVID-19
infection
Strong correlations were observed between health-related

questionnaire variables from the COVID+ group (Figure 1B). Bar-

tlett’s test of sphericity (c2
(45) = 2,168, p < 0.001) and a Kaiser-

Meyer-Olkin value of 0.87 confirmed that the multivariate data

were factorable. A factor analysis revealed a two-factor structure

(i.e., two factors had eigenvalues >1.0), which we interpreted as

broadly representing overall physical health, including COVID

severity (henceforth referred to as F1; Figure 1B, inner ring),

and mental health and wellness (henceforth referred to as F2;

Figure 1B, outer ring). Illness severity (WHO_COVID_severity)

correlated most strongly (and negatively) with the SF-36 (36-

Item Short Form Health Survey) measures of physical func-

tioning, physical-role limitations, energy and fatigue, and pain

scales, and the two subjectivemeasures of cognition (Figure 1B).

The approximate elapsed time since infection demonstrated

negligible correlations with all of the measures. Descriptive
Cell Reports Medicine 3, 100750, October 18, 2022 3



Figure 1. Factor analyses of cognitive test scores and health-related measures

(A) Twelve cognitive test scores from normative data (N = 7,832) and (B) health-related measures in COVID+ participants (N = 478). Concentric rings represent

factors, ordered by decreasing variance explained from inside to outside. Colored cells show the loadings of observed variables on each factor. Curves con-

necting observed variables indicate pairwise correlations. Pink indicates positive relationships, whereas blues indicate negative correlations. (A) 3 (of 5) com-

posite cognitive scores analyzed in this study were derived from a factor analysis of 12 cognitive tasks: STM (inner ring), reasoning (center), and verbal (outer)

domains.

(B) Two factors explained health-related questionnaire variables: overall physical health, including COVID severity (F1; inner ring), andmental health and wellness

(F2; outer ring). Note that the GAD2 and PHQ2 scales were reversed to make higher scores correspond to better health, like other measures (except disease

severity).
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statistics (mean and SD) of each health variable, along with their

loadings on F1 and F2, can be found in Table S2.

The two health factors F1 and F2 were dissociable with

respect to their relationships with demographic variables (Fig-

ure S3). Linear regression models (Table S4) showed that the

overall F1 was negatively correlated with age (t(473) = �3.20,

padj < 0.05, f2 = 0.022), with an average decline of approximately

0.1 SDs per decade, whereas F2 increased with age (t(473) = 2.82,

padj < 0.05, f2 = 0.017) by 0.1 SDs per decade. Completion of

post-secondary education was also associated with significantly

better F2 (t(473) = 3.36, padj < 0.01, d = 0.40) but not F1, andmales

reported better F1 (t(473) = 5.91, padj < 0.001, d = 0.57), yet there

was no difference between males and females in terms of F2.

The fact that these measures were clearly dissociable in terms

of the demographic variables that they correlated with suggests

that they represent two distinct and separable, although not

mutually exclusive, effects of COVID-19 infection.

Within-group associations between health and
cognition
Figure 2 illustrates the cognitive performance of COVID+ partic-

ipants relative to the normative baseline (Y = 0) as a function of

overall physical health. To simplify this visualization and reduce

the number of comparisons, participants were grouped into ter-

cile bins (i.e., percentiles that each contained one-third of the

sample, corresponding to worse, average, and better physical

health). COVID+ participants who had better than average phys-

ical health (Figure 2, purple boxes) performed similarly to the

norms in all of the cognitive domains. In contrast, those partici-

pants with worse than average physical health (Figure 2, green

boxes) exhibited significant differences relative to normative

data on the four cognitive scores already identified as being
4 Cell Reports Medicine 3, 100750, October 18, 2022
significantly lower in the COVID+ cohort: reasoning, verbal, pro-

cessing speed, and overall performance (all corrected p < 0.05;

Table S5). A similar pattern was not apparent when data were re-

grouped by the F2 factor scores.

Linear regression models were used to test the unique

contribution of each factor in predicting cognitive perfor-

mance, within the COVID+ group. F1 (the physical factor) ex-

hibited strong and statistically reliable linear associations

with three cognitive scores—verbal, processing speed, and

overall performance (all adjusted p < 0.05; Table 4)—when

controlling for F2. The directions of these coefficients in Table 4

revealed positive relationships; that is, better physical health

(and milder COVID severity) was associated with better verbal

and overall performance and faster processing speed. In

contrast, F2 did not exhibit a linear relationship with any mea-

sure of cognitive performance after accounting for physical

health (Table 4). The same pattern of results was observed

even when controlling for additional covariates, including the

socio-demographic variables (that had already been ac-

counted for using the normative data) and the presence of a

preexisting condition (see Table S6).

Does hospitalization explain physical/cognitive
associations?
Next,we testedwhether thepattern of results found in theCOVID+

cohort were driven by more severe cases of COVID-19 that

required hospitalization. Comparisons of hospitalized and non-

hospitalized subgroups revealed significant differences in terms

ofF1 (t(88.55) =�3.92,padj < 0.001,d=0.50)withhospitalizedcases

reporting worse overall physical health than non-hospitalized

cases (Figure 3A). However, these two groups did not significantly

differ in terms of their F2 or cognitive performance (Table S7).



Table 3. Results of comparisons between COVID+ and normative groups on 5 composite cognitive scores

Score Difference t Df padj CI

STM 0.06 1.38 543.80 1.000 (�0.064 to 0.177)

Reasoning �0.20 �4.26 530.10 <0.001 (�0.334 to �0.061)

Verbal �0.18 �4.07 540.49 <0.001 (�0.318 to �0.051)

Processing speed �0.29 �6.67 527.97 <0.001 (�0.423 to �0.164)

Overall �0.16 �3.96 532.52 0.001 (�0.284 to �0.041)

The cognitive measures were adjusted for nuisance covariates. The mean difference is between groups, COVID+ versus norms, and measured in units

of standard deviations (i.e., analogous to Cohen’s d). p values and confidence intervals are Bonferroni corrected for 15 comparisons. The bold entries

indicate significant effects (padj < 0.05). t, t statistic; df, degrees of freedom; padj, adjusted p value; CI, confidence interval; STM, short-term memory.
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Comparisons of each of these subgroups to the normative

group showed that the non-hospitalized group performed signif-

icantly worse in the reasoning and verbal domains and in terms

of speed of processing and overall performance, and the hospi-

talized group performed significantly worse in the reasoning

domain and in processing speed (Figure 3B, all corrected

p < 0.05; Table S8). In contrast, the STM scores for both groups

were not significantly different from normative data.

We included hospitalization status in our regression analyses

to see whether it explained away the relationships between F1

and cognitive performance. The pattern of results remained

similar: There were positive relationships between F1 and verbal

domain performance, speed of processing, and overall cognitive

performance (all p < 0.05 corrected for 15 comparisons;

Table S9), showing that physical health predicted cognitive per-

formance evenwhen accounting for mental health measures and

hospitalization.

Relationships between cognition and other variables
Exploratory analyses examined whether any of the socio-demo-

graphic variables (age, gender, post-secondary education, and

SES, amount of exercise, or use of various drugs) were related

to cognitive performance. Given that the cognitive scores were

already corrected for these variables using parameters esti-

mated from the normative sample data, a significant effect of

one of these variables would suggest that this effect differed be-

tween the normative and COVID+ groups (i.e., a group by demo-

graphic-variable interaction). However, no significant associa-

tions were found between any of these variables and cognitive

scores (Figure S5). This suggests that (1) using the normative da-

taset to estimate and remove the effects of these potential con-

founders from cognitive scores was successful, (2) the cognitive

differences associated with these variables did not differ be-

tween the normative and COVID+ datasets, and hence that (3)

the impact of COVID-19 infection on cognition did not differ be-

tween males and females or depend on age.

DISCUSSION

In this study, we present data from a cohort of 478 individuals

who self-reported having a confirmed positive COVID-19 test

and who were assessed using a comprehensive and widely vali-

dated battery of cognitive tests that measures aspects of mem-

ory, attention, verbal abilities, problem solving, and reasoning.

Cognitive scores in multiple broad domains were related to par-
ticipants’ self-reported COVID-19 physical andmental health ex-

periences, including infection severity, extent of recovery, and

measures of anxiety and depression.

The results support the existence of cognitive impairments in

the aftermath of COVID-19 infection and include several impor-

tant additional findings. First, there is striking specificity in the

domains that were affected. Speed of processing, verbal,

reasoning, and global cognition scores were impaired, whereas

a measure of memory performance was unaffected. Second,

when all of the physical, cognitive, and mental health factors

were considered, two distinct patterns of subjective symptoms

emerged. On the one hand, there exists a collection of mostly

physical health symptoms, including fatigue, pain, and limita-

tions in performing everyday physical activities, that tend to

vary together and are strongly associated with COVID-19 infec-

tion severity. Thus, unsurprisingly, more severe disease and

older age are associated with poorer physical well-being

post-infection. On the other hand, there exists a second set

of mental health symptoms that include depression, anxiety,

and self-reported limitations in emotional well-being that tend

to co-occur and are unrelated to disease severity. Third, the

cognitive deficits are strongly and consistently associated

with the physical sequelae of the disease, rather than the

mental health symptoms. That is, better physical health was

correlated with faster processing speed, better verbal ability,

and overall cognitive performance, while no associations

were found between these measures and the mental health

and wellness factor.

It is possible that our normative data do not make a good

comparative group because these data were collected before

the global pandemic, and some unmeasured confounding fac-

tor, such as job security, financial instability, social isolation, an

elevated sense of community fear, or anything that undoubtedly

affects the well-being of people throughout the world, irrespec-

tive of whether they have received a positive COVID-19 diag-

nosis, could underlie the cognitive differences observed in the

COVID+ group. However, two critical observations suggest

otherwise. First, we also found cognitive differences within the

infected group that were tightly coupled to illness severity and

physical symptoms. Second, the subgroup of participants with

better than average physical health (relative to the entire

COVID+ group) performed similarly to normative data on all

cognitive measures. The mutually reinforcing nature of these re-

sults, specifically, between-group differences that were repli-

cated within the patient group along a dimension tied to illness
Cell Reports Medicine 3, 100750, October 18, 2022 5



Figure 2. Within-group associations be-

tween physical health and cognition

Participants in the COVID+ sample were grouped

into tercile bins based on their F1 scores: Below

average (‘‘worse’’; left group, green traces), average

(center group, blue traces), and above average

(‘‘better’’; right group, purple traces) physical health

(F1). Cognitive scores (corrected for nuisance vari-

ables) are relative to the normative sample mean

(Y = 0.0). Boxes span from the 1st to 3rd quartiles,

horizontal lines within a box indicate the median,

whiskers span 1.5 times the interquartile range

(limited to minimum/maximum of the sample), and

points outside the whiskers (i.e., outliers) are indi-

vidually plotted. Double asterisks below a box trace

indicate a significant difference between that

COVID+ subgroup and the norms (p < 0.05 cor-

rected for 15 comparisons).
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severity, strongly suggests that these cognitive differences, and

the physical/cognitive associations identified here, are specif-

ically related to COVID-19 infection itself.

It is important to understand that we are not describing two

types of people in the post COVID-19 infection population, but

two distinct factors that contribute to and characterize the

post-COVID-19 syndrome. That these measures were clearly

dissociable in terms of the demographic variables that they

correlated with suggests that they represent two distinct and

separable, although not mutually exclusive, effects of COVID-

19 infection. For example, physical health was negatively corre-

lated with age (with an average decline of approximately 0.1 SDs

per decade), whereas the other factor, mental health and well-

ness, increased with age (by 0.1 SDs for every 10 years). It is

perhaps to be expected that older COVID-19 survivors would

be most affected in terms of their physical and cognitive out-

comes (given the greater likelihood of comorbidities in that

group), but we also observed the young were more severely

affected in terms of their mental health and well-being—a finding

that is entirely consistent with research on mental health out-

comes during the early stages of the pandemic.41,42 Completion

of post-secondary education was also associated with signifi-

cantly better mental health, but not physical health outcomes,

andmales reported better physical health than females, yet there

was no difference betweenmales and females in terms of mental

health and wellness. Again, the differing patterns of correlations

between socio-demographic variables and the physical and

mental health factors further confirm the existence of two distinct

outcomes of COVID-19 infection that are dissociable in multiple

ways.

The fact that an aggregate measure of mental health encom-

passing anxiety, depression, role limitations, and fatigue was

not associated with cognitive outcomes in the context of the

COVID-19 pandemic is surprising, as numerous studies have

shown an association between anxiety, depression, and cogni-

tion in the pre-pandemic era.31,32 However, it is important to

clarify that those results come from studies that focused on clin-

ical populations—that is, patients who have been diagnosed
6 Cell Reports Medicine 3, 100750, October 18, 2022
with a major mental health condition, such as depression or anx-

iety. In our study, the fact that no association was observed be-

tween measures of mental health and cognition may be due to a

predominance of detectable, yet subclinical, mental health is-

sues among the COVID-19 survivors. It may be the case that

mental health is associated with cognitive performance such

as physical health, but to a lesser degree, as is suggested by

the observation that our F1 factor included small but non-zero

contributions from the GAD2, PHQ2, and variables that may

also be thought to have some emotional association (i.e., fatigue

and subjective evaluations of cognition). It is also possible that

measures of anxiety and depression that are more sensitive to

symptom severity, compared to the two-item screeners used

in this study, could reveal a relationship between psychopathol-

ogy and cognitive performance. Importantly, we are not stating

that psychopathology is not a consequence of COVID-19 infec-

tion, but rather that those particular symptoms are not correlated

with objective measures of cognitive function in our sample.

Regardless, our study highlights the importance of carefully

examining the relationship between physical wellness, mental

health, and cognition in other patient populations, to determine

what may be driving any observed cognitive impairments.

We also found that lower cognitive performance was not

driven by the more severe cases of COVID-19: both hospitalized

and non-hospitalized COVID+ subgroups had significantly lower

cognitive performance than normative data on some measures,

and the correlations between physical health and these cognitive

scores persisted evenwhen controlling for hospitalization. This is

an important observation because long-lasting cognitive deficits

have been reported in non-COVID-19 patients following treat-

ment in the ICU, suggesting that factors such as mechanical

ventilation, sedation, drug therapy, and disturbed sleep may

contribute to the emergent cognitive profile, independent of

infection.8 Indeed, several preliminary studies have suggested

that cognitive impairments following COVID-19 infection are

dependent on the level of medical assistance received,2,23

although at least one study has reported no correlation between

hospitalization and cognitive impairments.25 Our findings



Table 4. Linear regression results from models that included both overall physical health (F1) and mental health and wellness (F2)

factor scores as simultaneous predictors of cognitive scores

DV IV b T df padj CI DR2 f2

STM F1 0.03 0.72 475 1.000 �0.088 to 0.146 0.001 0.001

F2 0.01 0.19 475 1.000 �0.109 to 0.125 0.000 0.000

Reasoning F1 0.09 1.90 475 0.861 �0.047 to 0.219 0.008 0.008

F2 0.04 1.00 475 1.000 �0.088 to 0.178 0.002 0.002

Verbal F1 0.14 3.23 475 0.020 0.012–0.269 0.021 0.022

F2 �0.02 �0.35 475 1.000 �0.144 to 0.114 0.000 0.000

Processing speed F1 0.15 3.48 475 0.008 0.022–0.273 0.025 0.025

F2 �0.06 �1.41 475 1.000 �0.185 to 0.065 0.004 0.004

Overall F1 0.14 3.43 475 0.010 0.019–0.253 0.024 0.025

F2 0.03 0.69 475 1.000 �0.090 to 0.144 0.001 0.001

p values and confidence intervals are Bonferroni corrected for 15 comparisons. The bold entries indicate significant effects (padj < 0.05). DV, dependent

variable; IV, independent variable; b, estimated coefficient; f2, Cohen’s f.
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support the hypothesis that cognitive impairments are a conse-

quence of COVID-19 infection, rather than a secondary effect

(e.g., due to intensive treatments).

Although the present study provides clear evidence for

cognitive impairment following COVID-19 infection, the effect

was, at least to some extent, domain specific. That is, signifi-

cant differences were found relative to the norms in speed of

processing and in the reasoning and verbal domains, but not

in STM performance. These findings shed some light on the na-

ture and extent of the subjective experience of COVID-19 sur-

vivors, often called long COVID, the expression now used

widely to describe the subjective symptoms that include a

sense of cognitive impairment following COVID-19 infection.

Specifically, that the cognitive sequelae of COVID-19 in this
A B

Figure 3. Does hospitalization explain physical/cognitive associations

(A) Distributions of health factor scores—physical (F1) andmental (F2) health—in th

axis (Y = 0) corresponds to the COVID+ sample mean. The brace and asterisks i

(B) Cognitive scores (corrected for nuisance variables), for which Y = 0 indicates

differences between the COVID+ subgroup and the normative sample (p < 0.05 co

non-hospitalized groups were significant at a corrected level. Boxes span from the

span 1.5 times the interquartile range (limited to minimum/maximum of the samp
context includes processing (or ‘‘thinking’’) speed, reasoning,

and verbal abilities, but leaves short-term memory relatively

spared. Indeed, the pattern of this functional dissociation is

consistent with that observed in a smaller sample of COVID-

19 survivors.2

In conclusion, we have shown clear cognitive impairments

following COVID-19 infection. These are likely not the result

of a ‘‘global’’ impact on cognitive processing, as STM perfor-

mance was relatively preserved. Crucially, in the domains that

were affected, cognitive performance was related to a factor

that varied most strongly with variables related to physical

health and COVID severity, but not to a factor that broadly

described mental health. This has implications from a clinical

viewpoint, as survivors who exhibit increased anxiety or
?

e hospitalized (N = 66) and non-hospitalized (N = 412) COVID+ subgroup. The x

ndicate a significant group difference (p < 0.001).

the normative sample mean. Double asterisks below boxes indicate significant

rrected for 10 comparisons). No cognitive differences between hospitalized and

1st to 3rd quartiles, horizontal lines within a box indicate the median, whiskers

le), and points outside the whiskers (i.e., outliers) are individually plotted.
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depression may or may not have cognitive deficits, whereas

cognitive difficulties may be more likely in patients who experi-

ence a greater physical toll from the illness. Our findings under-

score the fact that the physical, emotional, mental, and cogni-

tive sequelae of COVID-19 are not bound together as a single

neurocognitive syndrome and that executive function and ver-

bal abilities are key domains that can be affected in COVID-

19 survivors.

Limitations of the study
There are, of course, limitations to this study and the conclusions

drawn from our results. Notably, due to online recruitment

methods, our sample is likely biased to include individuals who

were concerned about their health and well-being post-COVID

(i.e., selection bias). This may reduce the generalizability of our

findings to the broader population of people who have had

COVID, and we cannot speak to the prevalence of the cognitive

effects of COVID-19.We also cannot conclusively demonstrate a

causal link between COVID-19 infection and cognitive out-

comes. As discussed previously, some of our results in the

COVID-19 cohort were observed relative to a historical norma-

tive dataset, and that may have influenced those apparent differ-

ences. However, this seems unlikely given that there were strong

associations between cognitive performance and physical

symptoms within the COVID+ group, and that the subgroup of

participants with good physical health performed ‘‘normally’’

on all cognitive measures. Future research could address this

more directly by recruiting true contemporaneous control sub-

jects with confirmed negative COVID-19 tests, or even by

comparing individuals’ cognitive performance to their pre-

pandemic selves by linking historic datasets to those collected

during the pandemic. Another limitation to our approach is that

there are many other outcomes of COVID-19 that we did not

measure, such as post-traumatic stress disorder (PTSD), that

may be interrelated with the sets of symptoms described here.

However, regardless of whether cognitive effects are directly

caused by COVID-19 or indirectly through another factor, such

as PTSD, the fact remains that these impairments are symptoms

experienced by survivors of COVID-19 in the weeks to months

following infection.
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31. Gayete, S., Giné, A., Miret, M., Ayuso-Mateos, J.L., Haro, J.M., and Olaya,

B. (2020). Cognitive function associated with different diagnoses of anxi-

ety disorders over the lifespan: results from a Spanish representative sam-

ple. J. Anxiety Disord. 75, 102296.

32. Semkovska, M., Quinlivan, L., O’Grady, T., Johnson, R., Collins, A.,

O’Connor, J., Knittle, H., Ahern, E., and Gload, T. (2019). Cognitive func-

tion following a major depressive episode: a systematic review and

meta-analysis. Lancet Psychiatr. 6, 851–861.

33. Parsey, C.M., and Schmitter-Edgecombe, M. (2019). Using actigraphy to

predict the ecological momentary assessment of mood, fatigue, and

cognition in older adulthood: mixed-Methods study. JMIR Aging 2, 1–12.

34. Lagogianni, C., Thomas, S., and Lincoln, N. (2018). Examining the relation-

ship between fatigue and cognition after stroke: a systematic review. Neu-

ropsychol. Rehabil. 28, 57–116.

35. Taquet, M., Luciano, S., Geddes, J.R., and Harrison, P.J. (2021). Bidirec-

tional associations between COVID-19 and psychiatric disorder: retro-

spective cohort studies of 62 354COVID-19 cases in the USA. Lancet Psy-

chiatr. 8, 130–140.
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Further Information and requests for resources should be directed to and will be fulfilled by the lead contact, Conor J. Wild (cwild@

uwo.ca, conorwild@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d De-identified data (i.e., cognitive test data and questionnaires) collected for this study are publicly available as a part of this

record1 at Borealis: https://doi.org/10.5683/SP2/ZQR9QQ as of the date of publication. They can be used to recreate all sta-

tistics, tables, and figures in this manuscript.

d All original code, including a notebook that recreates all analyses, has been deposited in Github: https://github.com/

TheOwenLab/2021-Wild-et-al-COVID-Cognition, archived at Zenodo: https://doi.org/10.5281/zenodo.7015795, and is pub-

licly available as of the date of publication.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants
Data for this study were collected entirely online, from human volunteers, during the period June 23rd 2020 to February 2nd 2021, and

95% of participants signed up before October 14th 2020. During this time, the original SARS-CoV-2 virus was the only (or dominant)

strain and PCR testing was the most commonly available form of COVID screening. The study was advertised through online social

media channels and mainstream media outlets and reached potential participants around the world. Recruitment was targeted to-

wards individuals who currently had (or previously had) COVID-19, and materials specifically mentioned the potential longer-term

effects of COVID-19. Visitors to the study website (www.covidbrainstudy.com) could sign up if interested, and there was no compen-

sation for volunteering. Participants had to be older than 18 years of age, have had a confirmed case of COVID-19 (i.e., self-reported

positive test), and be fluent in either French, English, or Spanish – all study materials were available in these languages. The study

procedures and materials were approved by Western University’s Health Sciences Research Ethics Board, and participants could

withdraw at any point.

Normative cognitive data came from by adult volunteers who had participated in a similar online study from 2017 (well before the

onset of the COVID-19 pandemic) that examined the effects of sleep on cognition using the same 12 cognitive tasks and a subset of

the same demographic questionnaire items.43 Like in the current study, participants in 2017 were recruited from around the world

using a variety of mainstream and social media advertisements. This dataset did not comprise a true control sample for the current

COVID + group because the same health-related questionnaires (i.e., SF-36, GAD/PHQ-2, and obviously COVID-19 history) were not

collected. Details about the final pre-processed samples for both groups are reported in Table 1.

METHOD DETAILS

After consenting to participate in the study, volunteers completed an online questionnaire about their health followed by 12 cognitive

tasks (the order of which was randomized across participants) using a laptop or desktop computer. Cognitive testing was adminis-

tered via the Cambridge Brain Sciences (CBS) platform, which we have used for other online studies of cognition.43,44 Mobile devices

were not supported by CBS when data for the current study were collected (in contrast to the 2017 study) because of compatibility
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and support issues for more modern browsers, operating systems, and devices. Participants were not blinded to the nature of this

study, given that recruitment was targeted towards individuals who had, or had had, COVID-19, and the nature of the questionnaire

and cognitive tests being administered.

Health questionnaire
Participants were asked about their COVID-19 history (Table 2), including: presentation of symptoms (according to common

screening tools used at that time), the month and year of their most recent positive COVID-19 test, and hospitalisation status

(e.g., required treatment in hospital, intensive care unit, ventilator, etc.). A COVID severity score, based on the World Health Orga-

nization’s 8-point ordinal scale of COVID-19 severity,45 was assigned to each participant based on these questions; scores ranged

from unaffected to hospitalised with severe disease (Figure S1 and Table S1).

Measures of physical and mental health were captured using the RAND Short-Form Health Survey39 (SF-36) – specifically, the

physical functioning, role functioning (physical), role functioning (emotional), energy & fatigue, and pain scales – and the GAD-2 &

PHQ-2 scales.40,46 The GAD-2 and PHQ-2 were reversed during analysis to make them consistent with the other scales where higher

scores indicated better health. Two additional questions were included for subjective evaluations of cognitive functioning: 1) ‘‘Do you

feel that you are back to your baseline level of cognitive functioning?’’ and 2) ‘‘How would you rate your memory?’’ on a 5-point scale

from ‘‘miserable’’ to ‘‘excellent’’. Statistics about these measures (means and SDs) are reported in Table S2.

Cognitive test battery
Detailed descriptions of the 12 CBS tasks can be found in the supplementary materials of some of our previous studies,43,44 but

briefly they are: 1) Spatial Span (SS; short-termmemory); 2) Monkey Ladder (ML; visuospatial workingmemory), 3) Paired Associates

(PA; episodic memory), 4) Token Search (TS; working memory and strategy), 5) Digit Span (DS; verbal working memory), 6) Odd One

Out (OOO; deductive reasoning), 7) Rotations (RT; mental rotation), 8) Feature Match (FM; feature-based attention and concentra-

tion), 9) Spatial Planning (SP; planning and executive function), 10) Interlocking Polygons (PO, visuospatial processing), 11) Gram-

matical Reasoning (GR, verbal reasoning), and 12) Double Trouble (DT; a modified Stroop task). For tasks 1–5, the primary outcome

measure was the number of items in the hardest problem correctly solved, whereas scores for tasks 6–12 were variations of the sum

of correct, minus incorrect, answers within the given time window. Means and SDs for each primary outcome measure, for the

normative and COVID + groups, are reported in Tables S3 and S4, respectively.

Each task, except for SP, also provided an aggregate measure of reaction time which was the average duration of correctly

answered trials; for tasks 1–5, the individual trial durations were first normalized by the number of items in the problem.

QUANTIFICATION AND STATISTICAL ANALYSIS

Software
All data preprocessing and analysis was done in Python (3.9.12, https://www.python.org/). Specific packages included: Pandas

(1.2.4) for data preprocessing and manipulation, scikit-learn (0.24.1) for estimating and applying data transformations, statsmodels

(0.13.2) for building and fitting general linear models and calculating related statistics, pingouin (0.5.1) for performing t-tests, factor

analyzer (0.3.2) for performing principal component and factor analyses, and Numpy (1.20.2) for all mathematical operations. All fig-

ures were created with custom code written in Python, supported by the Plotly (5.9.0) and Matplotlib (3.4.1) packages.

Data preprocessing
In total, 3,243 people registered to participate in this study. Of those, 1,745 progressed through the questionnaire and 1,456

completed the cognitive tests. One dataset was removed for using an unsupported (i.e., mobile) device and 265 datasets were

omitted for indicating an age less than 18 years (no volunteers reported being older than 100 years). As we have done previously,43

test score outliers were filtered in two iterative passes. First, extreme outliers more than 6 SDs from the mean (e.g., technical/data-

base errors) were removed to obtain reasonable estimates of the test means and SDs; four participants had at least one score greater

than this threshold. Then, outlier scores were identified as being more than 4 SDs from the re-calculated mean, and 18 participants

were excluded for having at least one outlier. 222 cases were excluded because of missing test scores or incomplete (i.e., optionally

omitted) questionnaire responses. Finally, only participants who self-reported having received a positive test for COVID-19 were re-

tained for analysis, resulting in a final dataset of 478 COVID-positive cases (i.e., the COVID + group). In this final step, we discarded

participants’ data if they did not indicate having received a positive test for COVID-19, even if they had indicated symptoms and/or

risks for exposure, due to the uncertainty of their diagnosis. For example, they may have had COVID but not been tested (e.g., no

access to testing), or they have been tested because of COVID-like symptoms but received a negative result.

The normative data were preprocessed in a similar way. From 26,256 participants, 7,833 were removed for using a mobile device

(because mobile devices were not supported by the present study), 1,831 participants indicated an age less than 18 or greater than

100 years, and 7,594 hadmissing test scores or questionnaire items. Cases with outliers were removed (N = 289 with a score >6 SDs,

followed by N = 877 with a score >4 SDs from the mean), yielding a final normative sample 7,832 participants.
e2 Cell Reports Medicine 3, 100750, October 18, 2022

https://www.python.org/


Article
ll

OPEN ACCESS
Health factor and composite cognitive scores
Rather than examine every pairwise relationship between 11 individual heath variables and 12 cognitive test scores, we reduced the

number of independent and dependent variables using factor analysis. Each multivariate dataset was decomposed into a smaller

number of statistically independent underlying, or ‘‘latent’’, factors that summarized the major modes of covariation. This approach

allowed us to simplify interpretations, reduce the total number of model parameters, and avoid multicollinearity between predictors.

The set of health-related measures (i.e., SF-36 scales, GAD-2, PHQ-2, COVID severity, and subjective measures of cognition) from

the COVID+ group was summarized using factor analysis with a Varimax rotation. Factors with eigenvalues greater than 1.0 were

retained for further analysis, and their scores were calculated for each participant by transforming questionnaire responses using

the factor loadings matrix. The resulting factor scores were mean centred (M = 0.0) and had SD = 1.0.

To factorize the 12 cognitive test scores, we performed a PCA with three components and a Varimax rotation as we have done

previously. The solution (Figure 1A) was consistent with our previous findings,44 and these components were interpreted as broadly

representing short-termmemory (STM), reasoning, and verbal ability. Composite scores representing performance in these domains

were calculated by transforming participants’ 12 test scores using the PCA loadings.43,44 We also calculated an ‘‘overall’’ score of

cognitive performance (the mean of the 12 z-scored primary outcomes) and a measure of ‘‘processing speed’’ (the 1st principal

component of the 11 reaction-time based features). Composite scores were positively correlated with higher individual test scores

and faster responses, and a supplementary analysis showed similar factor solutions were derived from both groups.

Prior to the PCA analysis and score calculations, cognitive test data for both groupswere standardized (M = 0.0, SD = 1.0) using the

means and standard deviations from the normative sample. A power transformation47 was applied (again, using parameters esti-

mated from the normative data) to reduce skewness and improve normality of the test score features. The models, parameters,

and transformations for these composite score calculations were derived using norms, and therefore: 1) had M = 0.0 and SD =

1.0 in the normative group, and 2) for COVID + participants represented performance relative to norms in units of standard deviations.

Statistical analysis
Data analysis proceeded in two stages. First, we leveraged the power of our larger normative dataset to estimate the relationship

between each composite cognitive score and confounding variables common to both datasets. A linear regression model was con-

structed for each cognitive score that included the predictors: age as a 2nd-order polynomial, and 10 binary predictors for gender

(male / female), post-secondary education (none / some), SES (above or below poverty level), exercise (at least weekly or not),

and consumption of nicotine (>1 unit per day), alcohol (>7 units per week), cannabis (>1 unit per day), other stimulants (in the

past 4 weeks), or other depressants (in the past 4 weeks). The estimated parameters were then used to regress out the expected

effects of these variables from the COVID+ and normative cognitive data, and the corrected scores were carried forward to subse-

quent analyses. This approach was taken to avoid over-fitting the effects of these nuisance variables on the smaller dataset. For

example, if COVID-19 infection has a greater impact on cognition for older individuals, then simply controlling for age in an analysis

of the COVID + dataset would obscure or reduce this critical finding. Following this, a residual significant relationship between a so-

cio-demographic variable and a corrected score would imply that the effect of that variable differed in the COVID + group (i.e., an

interaction).

In the second step, a general linear model was used to estimate the relationship, in the COVID + group, between each (corrected)

composite score and the health-related factor scores (i.e., five regressionmodels, each of which predicted a cognitive score from the

two health factors). Effect sizes for these continuous predictors included: DR2, the change in variance accounted for by adding the

parameter, and Cohen’s f2, a measure of local effect size.48 Student’s t test was used to test significance of the estimated regression

parameters, whereas group comparisons used Welch’s t-test to account for unequal sample sizes.49 All t-tests (for regression pa-

rameters and group differences) were two-tailed and reported p values and confidence intervals were Bonferroni corrected across

all scores and tests within each analysis set (e.g., 5 cognitive scores3 3 comparisons = 15 statistical tests). Given that the dependent

variables were standardized in units of standard deviations (SDs), the parameter estimates for categorical variables, and differences

between groups, amounted to standardized mean differences – analogous to Cohen’s d. The parametric statistics used in this study

assume the data ormodel residuals are normally distributed, sowhere appropriate we used quantile-quantile plots (i.e., ‘‘qq’’ plots) to

validate this assumption (e.g., see Figure S4).
Cell Reports Medicine 3, 100750, October 18, 2022 e3
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