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Abstract

Although coronavirus disease 2019 (COVID-19) affects the respiratory system, it can also

have neurological consequences leading to cognitive deficits such as memory problems.

The aim of our study was to assess the impact of COVID-19 on working memory function.

We developed and implemented an online anonymous survey with a working memory quiz

incorporating aspects of gamification to engage participants. 5428 participants successfully

completed the survey and memory quiz between 8thDecember 2020 and 5th July 2021

(68.6% non-COVID-19 and 31.4% COVID-19). Most participants (93.3%) completed the

survey and memory quiz relatively rapidly (mean time of 8.84 minutes). Categorical regres-

sion was used to assess the contribution of COVID status, age, time post-COVID (number

of months elapsed since having had COVID), symptoms, ongoing symptoms and gender,

followed by non-parametric statistics. A principal component analysis explored the relation-

ship between subjective ratings and objective memory scores. The objective memory

scores were significantly correlated with participants’ own assessment of their cognitive

function. The factors significantly affecting memory scores were COVID status, age, time

post-COVID and ongoing symptoms. Our main finding was a significant reduction in mem-

ory scores in all COVID groups (self-reported, positive-tested and hospitalized) compared to

the non-COVID group. Memory scores for all COVID groups combined were significantly

reduced compared to the non-COVID group in every age category 25 years and over, but

not for the youngest age category (18–24 years old). We found that memory scores gradu-

ally increased over a period of 17 months post-COVID-19. However, those with ongoing

COVID-19 symptoms continued to show a reduction in memory scores. Our findings dem-

onstrate that COVID-19 negatively impacts working memory function, but only in adults

aged 25 years and over. Moreover, our results suggest that working memory deficits with

COVID-19 can recover over time, although impairments may persist in those with ongoing

symptoms.
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Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV-2), which causes coronavirus dis-

ease 2019 (COVID-19), mainly affects the respiratory system, but can also impact neurological

function [1,2]. Reports in the media have indicated that many people with COVID-19 experi-

ence ‘brain fog’ with problems remembering, concentrating, and performing daily tasks. Of

growing concern are the number of people suffering continued COVID-19 symptoms for

months after infection (‘long COVID’). Scientific investigations have provided evidence that

COVID-19 can give rise to cognitive deficits including memory loss [2–6] which can persist

for at least six months post-COVID [7]. A systematic review and meta-analysis of individuals

with suspected or laboratory-confirmed coronavirus [SARS, Middle East respiratory syn-

drome (MERS), or SARS-CoV-2] has shown that ~20% had memory impairments in the post-

illness phase [8].

Working memory, a form of short-term memory, is the dynamic process by which infor-

mation is stored and retrieved while performing a task [9–12]. Working memory is critically

important in daily living; it is involved in tasks such as problem solving, reasoning, reading

comprehension, having a conversation, and is highly correlated with measures of cognitive

function [12]. Working memory is short-lasting, has a limited capacity, and declines with age

[12–14]. A systematic review of the impact of COVID-19 on cognitive function found thirteen

studies which reported deficits in working memory [6].

Researchers investigating the impact of COVID-19 on cognitive abilities have typically

utilized researcher-led surveys and tests [5,15–19]. Using this methodological approach,

short-term memory deficits have been reported for COVID-19 in some studies, although

these investigations have been limited to small cohorts (6–87 patients) [5,15,16,18,19].

Despite the usefulness of such survey methods they are time-intensive, require a dedicated

investigator, may be subject to selection biases due to issues such as lack of anonymity or

ability to travel, limiting the number and breadth of participants recruited. By comparison,

online surveys do not require a researcher, can reach a larger and broader sample of the pop-

ulation, and can be completed at the participant’s own convenience and timescale. For exam-

ple, some online studies of COVID-19 and cognitive function have successfully recruited

larger numbers of participants from the general population [20], presenting a range of tasks

to test cognition along with other aspects of brain function [20,21]. However, these online

tasks took a relatively long period of time to complete as participants were required to under-

take numerous cognitive/memory tests in addition to answering various questionnaires on

demographics and other factors. Such long duration online surveys with multiple tasks are

likely to increase fatigue levels and decrease completion rates especially in those with

COVID-19 or with continued symptoms. In addition, incorporating multiple tasks may have

reduced statistical power, led to unknown interactions between tasks, and complicated data

interpretation.

The primary aim of our study was to investigate the impact of COVID-19 on working

memory function. We designed and utilized an online survey with a single working memory

quiz which could be completed rapidly by participants (<15 minutes) via a variety of platforms

including smartphones, tablets or personal computers (PCs). We anonymized the survey and

memory quiz to maintain privacy and to increase participant recruitment. To motivate partici-

pants, we implemented aspects of gamification into the working memory quiz. In our analysis

we evaluate the impact of COVID-19 status (non-COVID, and self-reported, positive tested or

hospitalized with COVID), recovery time, COVID-19 symptoms, ongoing symptoms, age and

gender on objective memory scores.
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Materials andmethods

Ethics

The study was carried out in conformity with the Declaration of Helsinki (World Medical

Association, 2013) [22]. Local ethical approval was given by the Hull York Medical School Eth-

ics Committee (Reference 20 62). Anyone who was 18 years old and over was invited to com-

plete the survey and memory quiz regardless of whether they had COVID-19. The COVID-19

Online Rapid Objective Neuro-Memory Assessment (CORONA) survey and memory quiz

was made publicly available from the 8th of December 2020 and disseminated mainly via direct

communication through personal and professional contacts as well as through local intranets

and social media. Only participants who gave their active digital written informed consent

were allowed to complete the survey and memory quiz. The CORONA survey and memory

quiz was fully anonymous, no personal contact details were collected, and was in compliance

with General Data Protection Regulations (GDPR). The data collected were stored on

the Qualtrics platform where all the data were encrypted, and access authorization was

restricted. Participants did not receive any compensation for completing the survey and mem-

ory quiz.

Survey and memory quiz design

The survey/memory quiz was designed to be globally accessible, completed quickly, and

engaging in order to maximize recruitment and completion. The online survey and memory

quiz was developed using the Qualtrics platform accessed via a University of York license. The

survey was accessible via a Uniform Resource Locator (URL) or a quick response (QR) code

and was designed to work on smartphones, tablets, laptops and PCs with internet access. Fig 1

gives examples of the survey questions asked and the memory quiz. The survey component

consisted of a series of Yes/No questions asking participants about their COVID-19 status

(positive test for COVID-19, hospitalization, self-reported COVID-19 without a positive test),

and the month and year when they first had or may have had COVID-19. All participants were

Fig 1. The COVID-19 Online Rapid Objective Neuro-Memory Assessment (CORONA) as presented on a smartphone. a) Selected
sample questions from the survey, and image examples of the animal, number, fruit and object categories presented in the memory quiz.
b) Example showing the timing of a single trial presentation during the objective memory quiz.

https://doi.org/10.1371/journal.pone.0269353.g001
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then asked to select if they had no symptoms (no symptom group) or if they experienced any

of the following symptoms during the COVID-19 pandemic: a high temperature, a new con-

tinuous cough, loss of smell or taste, diarrhea, difficulty breathing, tiredness or other symp-

toms (symptom group). If any symptoms were selected, participants were then asked which of

them they still had (ongoing symptoms group). The next part of the survey asked participants

to rate their responses subjectively (using ‘None’, ‘Mild’, ‘Moderate’ or ‘Severe’) to the follow-

ing 16 questions: ‘During the COVID-19 pandemic, have you had MORE problems with:

Remembering things, Concentrating on simple tasks, Concentrating on complex tasks,Having a

conversation, Thinking quickly, Thinking clearly, Getting tired easily after mental effort, Low

mood, Fatigue.’ In addition, we used the same scale to assess whether they had more problems

with vision, hearing, smell, taste, touch or pain, balance, and dizziness. Finally, they were

asked to select their age range (18–24, 25–34, 35–44, 45–54, 55–64, 65–74, 75–84 and 85+),

gender, and country of current residence. No time limit was imposed upon participants to

complete the survey questions.

We developed a visual working memory/recall task based upon modifications of the estab-

lished and widely utilized visual simple picture span and the digit span tasks [23,24]. The

working memory quiz required minimal levels of English language proficiency and education

level to complete. The images and categories we selected were easily identifiable and non-

threatening. We applied elements of gamification into our working memory quiz including a

simple to understand task, familiar and engaging images, increasing levels of difficulty, feed-

back on answers, and reward via points scored. Four categories of images comprising animals,

numbers, fruits, and objects were presented to participants (Fig 1A). The stimuli set comprised

of 55 unique images, consisting of animals (15 unique images), fruits (15), objects (15) and sin-

gle-digit whole numbers (10; 0 to 9). Color photographs for three of the categories (animals,

fruits and objects) were taken from two open-source image databases (Pixabay, https://

pixabay.com/ and Unsplash, https://unsplash.com/) and from the researcher’s personal image

gallery. All images were edited using Adobe Photoshop CC 2015 software. Images of single-

digit whole numbers were generated by the researchers using Comic Sans MS regular font.

The backgrounds of all images were removed, and each image was rescaled and centralized

onto a 500 x 500 pixel white background square with a black outline.

After completing the survey questions, participants were next asked to complete the objec-

tive working memory quiz. To improve concentration and compliance, participants were

instructed to ‘Please complete the quiz in a QUIET place WITHOUT DISTRACTIONS.’ The

animal category was presented first to encourage participants to engage with the memory task,

followed by either the number or fruit categories (randomized). Based upon pilot testing, the

object category was found to be relatively more difficult, so we opted to present this category

last. For each image category, two different random images were shown consecutively. Each

image was presented for 500ms and the interstimulus interval was randomly varied between

500-600ms (Fig 1B). Next, a grid of six images was presented and participants were instructed

to select the two images viewed previously. No time limit was imposed upon participants to

make a response. To keep participants engaged and challenged, this process was repeated with

participants tasked to recall three, four and five images shown resulting in a total of four trials

per category. A score of 1 was given for each correct trial, yielding a possible maximum objec-

tive memory score of 16. Participants were given immediate feedback after each trial, either

‘That is correct.Well done!’ or ‘That is not correct.’ Following completion of the memory quiz,

participants were given their total percentage correct score along with the percentage scores

for each image category.
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Data analysis

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS Ver-

sion 27.0, IBM Corporation, Armonk, N.Y., USA). To determine the relative contribution of

each independent variable to the objective memory scores we used categorical regression

(Optimal scaling-CATREG, SPSS). First, we assessed the contributions of COVID status (x2

groups: non-COVID, COVID), symptoms (2 groups: symptoms, no symptoms), ongoing

symptoms (2 groups: ongoing symptoms, no ongoing symptoms), age (8 groups: 18–24, 25–

34, 35–44, 45–54, 55–64, 65–74, 75–84 and 85+) and gender (2 groups: female, male). A second

categorical regression was performed on the COVID group only to evaluate the effects of time

post-COVID (17 groups:�1 to 17 months) along with symptoms, ongoing symptoms, age and

gender. Based upon the categorical regression analysis, we next examined the impact of the sig-

nificant individual variables on objective memory scores utilizing non-parametric statistics:

MannWhitney U test and Kruskal-Wallis test with Dunn’s pairwise comparisons (Bonferroni

corrected). Finally, we explored the relationship between subjective ratings in the survey and

objective memory quiz scores. To reduce dimensionality of the 16 subjective questions, a prin-

cipal component analysis (PCA) with orthogonal (varimax) rotation was performed. Relation-

ships between variable pairs were evaluated using the Kendall’s tau-b correlation coefficients.

All testing was two-tailed, and p values less than 0.05 were considered to be statistically

significant.

Results

Participant demographics

A total of 5428 participants fully completed the CORONA survey and memory quiz between

8thDecember 2020 and 5th July 2021. Of these, 3722 participants reported not having had

COVID-19, and 1706 participants reported having had COVID-19 between January 2020 and

July 2021. Table 1 lists the age, gender and country of residence of the participants recruited.

Participants were recruited in each age range, with the highest number recruited in the 45–54

age group (1385 participants). Most of the study participants selected the United Kingdom

Table 1. Participant demographics.

Age (Years) N

18–24 657

25–34 687

35–44 978

45–54 1385

55–64 1149

65–74 458

75–84 109

85+ 5

Gender

Female 4313

Male 1088

Other 11

Prefer not to say 16

Countries

UK 4957

Non-UK 471

https://doi.org/10.1371/journal.pone.0269353.t001
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(UK) as their current place of residence (4957 participants), and 471 participants were

recruited outside the UK from 43 different countries. The duration to complete the entire sur-

vey and memory quiz was recorded in 5391 participants (37 participants did not click on the

closing screen which meant that the duration time was not recorded). Of these, 5028 partici-

pants (93.3%) completed the survey and memory quiz within 15 minutes [Mean (M) ± Stan-

dard error of the mean (SEM), 8.84 ± 0.03 minutes; range 5.05–15 minutes].

Categorical regression and objective memory scores

For all participants (non-COVID and COVID groups), a categorical regression was used to

determine the contributions of COVID status, COVID symptoms, ongoing symptoms, age

and gender on memory scores. The analysis generated an overall regression coefficient of mul-

tiple determination of R2 = 0.035, and p< 0.001. Table 2 shows that there was a significant

effect for COVID status, ongoing symptoms (while completing the survey and memory quiz)

and age (all values of p< 0.001), but not for symptoms (anytime during the pandemic) and

gender (p> 0.05). The standardized regression coefficient for each independent variable

showed that the memory quiz scores are mostly affected by age (51.1%), followed by COVID

status (26.9%), and ongoing symptoms (24.1%).

For the COVID group only, a categorical regression was used to determine the contribu-

tions of time post-COVID (recovery time), COVID-19 symptoms, ongoing symptoms, age

and gender on memory scores. The regression coefficient of multiple determination was R2 =

0.04, with p< 0.001. Table 3 shows that there was a significant effect of time post-COVID,

ongoing symptoms, and age (all values of p< 0.05), but not for symptoms and gender

(p> 0.05). The standardized regression coefficient for each independent variable showed that

Table 2. Categorical regression analysis and objective memory scores for non-COVID and COVID participants combined.

Regression coefficient R2 = 0.035, Fisher’s F-test = 17.615, p < 0.001

Independent Variables Beta F p Importance
(Pratt)

COVID status 0.098 39.421 < 0.001 0.269

Symptoms 0.023 2.493 0.114 -0.038

Ongoing symptoms 0.085 26.441 < 0.001 0.241

Age -0.139 69.284 < 0.001 0.511

Gender 0.023 3.493 0.062 0.017

Significant p-values are given in bold.

https://doi.org/10.1371/journal.pone.0269353.t002

Table 3. Categorical regression analysis and objective memory scores for participants in the COVID group only.

Regression coefficient R2 = 0.04, Fisher’s F-test = 5.180, p < 0.001

Independent Variables Beta F p Importance
(Pratt)

Time post-COVID 0.075 3.972 0.003 0.138

Symptoms 0.026 3.341 0.068 0.039

Ongoing symptoms 0.098 14.792 < 0.001 0.342

Age -0.132 35.298 < 0.001 0.455

Gender 0.026 2.189 0.139 0.026

Significant p-values are given in bold.

https://doi.org/10.1371/journal.pone.0269353.t003
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the memory quiz scores are mostly affected by age (45.5%), followed by ongoing symptoms

(34.2%), and time post-COVID (13.8%).

Since the categorical regressions revealed that the main factors affecting objective memory

scores were COVID status, age, time post-COVID and ongoing symptoms, we evaluate these

factors in more detail below. We used non-parametric statistics in all these subsequent analyses

as a Kolmogorov-Smirnov test revealed that objective memory scores were not normally dis-

tributed [D(5428) = 0.25, p< 0.05].

Effect of COVID status on objective memory scores

Fig 2A shows that the objective memory scores are significantly reduced in the COVID group

(M = 14.74 ± 0.04) compared to the non-COVID group (M = 15.00 ± 0.02, Mann–Whitney

U = 2902729.50, z = –5.36, p< 0.001, r = –0.07). Next, we divided the COVID group into sub-

groups: those who were not tested but suspected they may have had COVID (self-reported),

those who tested positive for COVID, and those who were hospitalized with COVID. Fig 2B

shows that objective memory scores were highest in the non-COVID group, but significantly

reduced in each of the COVID sub-groups, with the lowest scores in the hospitalized COVID

group. A Kruskal-Wallis test revealed a significant difference between the mean memory

scores across groups [H(3) = 43.42, p< 0.001]. Dunn’s pairwise comparison tests with Bonfer-

roni correction revealed significant differences between the non-COVID group (M = 15.00 ±

0.02) and the self-reported (M = 14.80 ± 0.05, p = 0.002), positive-tested (M = 14.73 ± 0.06,

p< 0.001), and hospitalized (M = 13.46 ± 0.41, p< 0.001) COVID groups. In addition, there

was significant differences between the self-reported (M = 14.80 ± 0.05) and hospitalized

(M = 13.46 ± 0.41, p = 0.001) COVID groups, and between positive-tested (M = 14.73 ± 0.06)

and hospitalized (M = 13.46 ± 0.41, p = 0.002) COVID groups. There was no significant differ-

ence between positive-tested (M = 14.73 ± 0.06) and self-reported (M = 14.80 ± 0.05,

p = 1.000) COVID groups.

Effect of age on objective memory scores

We found that objective memory scores decreased with age for both the non-COVID and

COVID groups. A Kendall’s tau-b correlation showed a negative relationship between mean

Fig 2. The effect of COVID status on objective memory scores. a)Non-COVID group versus all COVID groups combined, and b)Non-COVID
group compared to each COVID sub-group. All differences between group pairs are significant except between self-reported COVID and positive-
tested COVID. Error bars represent standard error of the mean. � p< 0.01, �� p< 0.001, ns: no significant difference.

https://doi.org/10.1371/journal.pone.0269353.g002
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memory score and age for both the non-COVID (τb = –0.118, p< 0.001) and COVID (τb = –

0.114, p< 0.001) groups across all eight age categories. All participants above 55 years old

were combined to increase sample size due to the lower numbers of participants who com-

pleted the memory quiz in the higher age categories. Fig 3 shows the effect of age on memory

scores for COVID and non-COVID groups for five age categories. A Kruskal-Wallis test

revealed that the mean memory score differed significantly across age groups for non-COVID

and COVID groups combined [H(4) = 88.77, p< 0.001]. Planned comparisons with Bonfer-

roni correction revealed that the mean memory score of the COVID group was significantly

lower compared to the non-COVID group in each age group 25 years old and over (Mann–

Whitney U, all adjusted values of p< 0.05, Table 4). However, within the age range 18–24,

there was no significant difference between the mean memory scores for COVID and non-

COVID groups (Mann–Whitney U, p> 0.05).

Effect of time post-COVID on objective memory scores

We found that within the COVID group, objective memory scores increased with time (num-

ber of months) post-COVID. A Kendall’s tau-b correlation revealed a positive correlation

between the number of months (�1 to 17) since having had COVID and objective memory

scores (τb = 0.04, p = 0.037). Fig 4 illustrates the change in objective memory scores since hav-

ing had COVID. Table 5 lists the results of planned individual comparisons for the objective

memory scores between each post-COVID group and the non-COVID group. Mann-Whitney

Fig 3. The effect of age on objective memory scores in the COVID and non-COVID groups. Sample sizes are given
in brackets for each data point. Error bars represent the standard error of the mean. Asterisks indicate significant
differences compared to the non-COVID group for each age category. � p< 0.05, �� p< 0.01, ��� p< 0.001, ns, no
significant difference.

https://doi.org/10.1371/journal.pone.0269353.g003
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U tests revealed that there were significant differences between the non-COVID group and the

0–3 month post-COVID group, and between the non-COVID group and the 8–11 month

post-COVID group when correcting for multiple comparisons (Table 5). Scores for the group

4–7 months post-COVID were lower than those in the non-COVID group, but this was not

Table 4. Mann-Whitney U comparisons for objective memory scores between COVID and non-COVID groups for each age range.

Age
Groups

N Mean Rank Z U p Adjusted p�

18–24

COVID 259 329.80 -0.095 51333.5 0.924 >1.000

Non-COVID 398 328.48

25–34

COVID 244 311.21 3.449 62046.0 0.001 0.006�

Non-COVID 443 362.06

35–44

COVID 348 443.66 3.993 125571.0 <0.001 <0.001�

Non-COVID 630 514.82

45–54

COVID 433 636.93 3.709 230387.5 <0.001 <0.001�

Non-COVID 952 718.50

55+

COVID 422 801.79 2.943 299077.5 0.003 0.018�

Non-COVID 1299 880.24

� Represents significant difference between COVID and non-COVID groups.

https://doi.org/10.1371/journal.pone.0269353.t004

Fig 4. Objective memory scores over time post-COVID. Sample sizes are given in brackets for each data point. Error
bars represent the standard error of the mean. Asterisks indicate significant differences compared to the non-COVID
group, �� p< 0.001 (corrected for multiple comparisons). Note that for the 12+ group only, there was no significant
difference compared to the non-COVID group whether or not adjusted for multiple comparisons (see Table 5).

https://doi.org/10.1371/journal.pone.0269353.g004
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significant after correcting for multiple comparisons. There was no significant difference in

memory scores for the 12+ month group compared to the non-COVID group, whether or not

correcting for multiple comparisons (Table 5).

Effect of ongoing symptoms on objective memory scores

Fig 5A shows that, irrespective of whether participants had COVID or not, there was a signifi-

cant reduction in the mean memory scores for those with ongoing symptoms compared to

those without ongoing symptoms (no ongoing symptoms: M = 14.99 ± 0.03; ongoing symp-

toms: M = 14.72 ± 0.04; U = 1164131.50, z = 3.75, p< 0.001, r = 0.07). Fig 5B shows the partic-

ipants with and without ongoing symptoms subdivided into the non-COVID and COVID

groups. Of the COVID group, 797 participants had no ongoing symptoms, and 811 partici-

pants (~50%) reported having ongoing symptoms while completing the survey and memory

quiz: high temperature, new continuous cough, loss of smell or taste, diarrhea, difficulty

Table 5. Mann-Whitney U comparisons for objective memory scores between the non-COVID group for each time period post-COVID.

Groups
N

Mean Rank
Z U p

Adjusted p�

Non-COVID
compared to:

3722 1991.11

0–3months post-COVID 501 1909.79 -4.184 831053.50 < 0.001 < 0.001�

4–7months post-COVID 204 1809.03 -2.119 348132.00 0.034 0.204

8–11months post-COVID 754 2083.89 -3.812 1286614.50 < 0.001 < 0.001�

12+months post-COVID 247 1892.95 -1.382 436929.50 0.167 1.002

� Represents significant difference between the post-COVID and non-COVID group.

https://doi.org/10.1371/journal.pone.0269353.t005

Fig 5. The effect of ongoing symptoms on objective memory scores. a) All participants (non-COVID and COVID combined), with and without ongoing
symptoms, and b) non-COVID and COVID participants with and without ongoing symptoms (high temperature, new continuous cough, loss of smell or taste,
diarrhea, difficulty breathing, tiredness or other self-reported symptoms). Error bars represent the standard error of the mean. � p< 0.001.

https://doi.org/10.1371/journal.pone.0269353.g005
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breathing, tiredness or other self-reported symptoms. A Kruskal-Wallis test found a significant

effect on the mean memory score [H(3) = 43.36, p< 0.001]. Dunn’s pairwise comparisons

with Bonferroni correction revealed that the mean memory scores of the COVID group with

ongoing symptoms (M = 14.53 ± 0.06) were significantly lower compared to non-COVID with

ongoing symptoms (M = 14.93 ± 0.05, p< 0.001) or without symptoms (M = 15.09 ± 0.04,

p< 0.001), and compared to the COVID group with no ongoing symptoms (M = 14.92 ± 0.04,

p< 0.001). There were no statistically significant differences found for the other comparisons

(all values of p> 0.05).

Correlations between subjective ratings and objective memory scores

To reduce dimensionality and assess the intercorrelation between the subjective ratings of the

16 survey questions, a PCA with orthogonal (varimax) rotation was performed on. The Kaiser-

Meyer-Olkin (KMO) measure verified the sampling adequacy for the analysis, KMO = 0.913,

and all KMO values for individual items were> 0.670, which is well above the acceptable limit

of .5 [25]. Bartlett’s test of sphericity, χ2 (120) = 50790.90, p< 0.001, indicated that correlations

between items were sufficiently large for PCA. An initial analysis was run to obtain eigenvalues

for each component in the data. Three components had eigenvalues over Kaiser’s criterion of

1 and in combination explained 63.49% of the variance. Table 6 shows the factor loadings after

rotation, sorted in order from highest to lowest loadings for each component. The questions

that cluster on the same components suggest that component 1 primarily represents cognitive

function, component 2 primarily reflects sensory function other than smell and taste, and

component 3 primarily captures smell and taste function. Next, we determined the relation-

ship between participants’ subjective ratings for each of these three components with objective

Table 6. Principal component analysis of subjective questions in the CORONA survey (N = 5428).

Subjective Questionsa Principal Componentsb

Cognitive Sensory Smell/ Taste

Thinking clearly 0.835 0.238 0.087

Concentrating on complex tasks 0.832 0.193 0.082

Thinking quickly 0.799 0.256 0.094

Concentrating on simple tasks 0.790 0.174 0.081

Having a conversation 0.762 0.264 0.067

Getting tired easily after mental effort 0.736 0.271 0.115

Remembering things 0.716 0.279 0.070

Fatigue 0.706 0.262 0.149

Low mood 0.646 0.129 0.029

Balance 0.222 0.757 0.161

Dizziness 0.231 0.702 0.222

Vision 0.242 0.631 -0.012

Hearing 0.175 0.605 -0.029

Touch or pain 0.248 0.598 0.219

Taste 0.123 0.153 0.936

Smell 0.126 0.144 0.933

Eigenvalues 7.127 1.801 1.231

% of variance 44.544 11.253 7.695

aEach subjective question was preceded by the introductory phrase “During the COVID-19 pandemic, have you hadMORE problems with:”.
bRotated factor loadings over 0.50 appear in bold.

https://doi.org/10.1371/journal.pone.0269353.t006
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memory quiz scores. For all participants (non-COVID and all COVID groups combined), a

Kendall’s tau-b correlation showed a negative relationship between the objective mean mem-

ory score and the mean subjective rating for each component (cognitive component, τb = –

0.052 p< 0.001; sensory component, τb = –0.086 p< 0.001; smell/taste component, τb = –

0.067 p< 0.001). In other words, participants who reported more severe subjective ratings had

lower objective memory scores. For each principal component (cognitive, sensory, and smell/

taste), Fig 6 illustrates the average subjective ratings plotted against the objective memory

scores for the non-COVID, self-reported COVID, positive-test COVID and hospitalized

COVID groups. The figure demonstrates that the non-COVID group reported the least severe

ratings, while those who were hospitalized with COVID reported the most severe ratings.

Discussion

Our online approach led to the successful recruitment of 5428 participants over a period of

seven months (68.6% non-COVID-19 and 31.4% with COVID-19). Our study indicates that

the factors most affecting objective memory scores were COVID status, age, time post-COVID

and ongoing symptoms. The main finding was that objective memory scores were significantly

reduced in the self-reported, positive-tested and hospitalized COVID groups compared to the

non-COVID group. These results suggest that COVID-19 affects working memory function.

With respect to age, we found that memory scores for the COVID group were reduced com-

pared to the non-COVID group in every age category 25 years and over, but not for the youn-

gest age category (18–24 years old). For the COVID group, memory scores increased as the

number of months elapsed since having had COVID-19, indicating that working memory def-

icits can recover over time. However, scores were reduced for those with ongoing COVID-19

symptoms suggesting that working memory impairments can persist in those who continue to

suffer the effects of COVID-19.

Our key discovery was a significant reduction in memory quiz scores in the COVID group

(N = 1706) compared to the non-COVID group (N = 3722). This finding provides quantitative

evidence that COVID-19 negatively impacts working memory function. The reduction in

Fig 6. Subjective ratings versus objective memory scores for each principal component. a) Cognitive, b) Sensory and c) Smell/Taste components. The mean
objective memory score is plotted against the mean subjective rating for each of the following groups: non-COVID (N = 3722), self-reported COVID
(N = 1015), positive-tested COVID (N = 654) and hospitalized COVID (N = 37). Vertical error bars represent the standard error of the mean for memory
scores, horizontal error bars represent the standard error of the mean for subjective ratings across each group.

https://doi.org/10.1371/journal.pone.0269353.g006
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memory scores is consistent with the short-term memory deficits reported in smaller scale

studies using screening questionnaires, paper-based assessments or in-person testing [5–

7,15,16,18,19,26]. Given the importance of working/short-term memory for everyday tasks,

such as having a conversation, decision-making, reading comprehension, performing a

sequence of actions, it is reasonable to conclude that COVID-19-induced working memory

deficits may compromise performance in daily life.

Although the difference in objective memory scores between the COVID and non-COVID

group was statistically significant it was small. However, a small change in working memory

might substantially impact performance of everyday tasks. To support this, we found that

objective memory scores correlated strongly with participants’ own assessment of their cogni-

tive function; participants who reported more severe subjective ratings for cognitive questions

had lower objective memory scores. Moreover, participants who were hospitalized for

COVID-19 showed a marked drop in objective scores and an increase in severity in the subjec-

tive ratings. In line with these results, one study reported that 55% of hospitalized patients had

working memory deficits [18], and others found that working memory impairments can per-

sist 2–4 months after hospital discharge [19,27]. Moreover, other investigations of hospitalized

patients found a greater deficit in cognitive function with increasing COVID severity

[5,8,15,16].

In contrast to our findings, a large-scale study found that complex cognitive functions (rea-

soning, planning and problem-solving tasks) were generally more affected while simpler cog-

nitive functions (basic working memory tasks) were relatively spared in those with COVID-19

[20]. Nevertheless, this study did find that performance on a spatial span working memory

task was significantly affected in the least severe COVID group (symptoms without respiratory

symptoms). In another study with more limited participant numbers, short-term memory was

compared between the COVID (N = 36) and control (N = 44) groups, and found no significant

difference in accuracy for either word or object immediate memory tasks [21]. However, these

studies required participants to complete a number of different cognitive tasks, potentially

increasing the chance of false negative results. In addition, multiple cognitive tests may have

unintended interactions thereby affecting data interpretation. Performing a battery of tests

could also lead to participant fatigue and boredom. To avoid such unintended interactions, in

the current study we used a single dedicated working memory task, making interpretation

straightforward and uncontaminated by other tasks.

In our study we found that objective memory scores declined with age regardless of

COVID status. This shows that our memory quiz is sensitive to the well documented steady

decline in working memory beyond early adulthood as has been reported in a range of other

memory tasks [13,14]. Interestingly, the memory scores for the COVID group were signifi-

cantly reduced compared to the non-COVID group but only in participants 25 years old and

over. There was no significant difference in the memory scores between the COVID and non-

COVID groups for those in the 18–24 age group. These results suggest that COVID-19 reduces

working memory in most adults except for those in the youngest age group (18–24 years old).

While previous studies have reported that cognitive function is impaired in COVID-19 partici-

pants regardless of age, either controlling for age or using age-matched samples [16,20,21], our

study shows that it is important to consider age. We recommend that future investigations of

COVID-19 on working memory should not simply factor out age but examine the relationship

between COVID-19 and individual ages. For example, studies could determine which factors

protect younger adults from memory deficits with COVID-19, with the aim of designing inter-

ventions to protect older adults.

In terms of recovery from COVID-19, objective memory scores in the COVID group

increased in the months following COVID. This suggests that working memory decline due to
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COVID-19 is not permanent but does have the capacity to improve over time. In addition, our

data indicates that it takes approximately 12 months to recover from the decline in working

memory to the point that scores are not significantly different to those who do not have

COVID-19. Similarly, a steady recovery over 12 months was found in a study of COVID-19

survivors (N = 24) using a delayed episodic memory task [21].

Approximately 50% of our COVID group reported having ongoing COVID symptoms

while completing the survey and memory quiz. This substantial percentage has implications

on the burden upon people with COVID-19 symptoms, health service providers and society.

Similar ongoing symptoms have been reported in those with long COVID [26,28]. For the

COVID group only, we found that ongoing symptoms resulted in a significant decrease in

memory scores compared to participants without ongoing symptoms. This result demon-

strates that working memory is affected in those with COVID-19 and with ongoing symptoms.

In support of our finding, a questionnaire study reported a ~50% probability of persistent

memory issues with COVID-19 [7]. Moreover, in another study of long COVID, patients with

persistent symptoms performed significantly worse on a working memory task compared to a

normative group [26].

One limitation with our survey and memory quiz was that it was not conducted under con-

trolled laboratory conditions. For instance, the presence of a researcher may encourage a par-

ticipant to take the survey more seriously and answer the questions accurately. However,

requiring the presence of a researcher would make the study more practically challenging and

would limit the number of participants that could be recruited. Furthermore, the presence of a

researcher does not necessarily ensure that participants will complete all aspects of the survey

and memory quiz accurately. It is also possible that participants may have been distracted dur-

ing our memory quiz thereby affecting the scores. We attempted to mitigate against this possi-

bility by instructing participants to complete the quiz in a quiet place without distractions.

Nevertheless, the large number of participants in both the COVID and non-COVID groups

was able to provide sufficient power to reveal a highly significant difference. Another limita-

tion in our study is the possibility that the non-COVID group could have included participants

who were COVID-19 positive but were asymptomatic.

In our study, 31.4% of participants reported having had COVID-19 between January 2020

and July 2021. These included those who self-reported, tested positive and were hospitalized

with COVID-19. Since COVID-19 tests were not commonly available in the earlier stages of

the pandemic, we allowed participants to self-report whether they thought they may have had

COVID-19. We cannot be certain whether these participants in fact had COVID-19. However,

we found no significant difference in memory scores between the self-reported COVID group

and those who tested positive for COVID, whereas there was a significant difference in mem-

ory scores between the self-reported COVID group and the non-COVID group. Therefore, it

would be reasonable to consider that most self-reports of COVID-19 are likely to be correct.

The majority of participants (93.3%) were able to finish our survey and the memory quiz

within a relatively short period (mean time of 8.84 minutes). In contrast, most other investiga-

tions of COVID-19 presented multiple cognitive tasks and questionnaires [6,7,18–21]. For

instance, participants were required to complete nine [20] or twelve [21] cognitive tasks in

addition to multiple questionnaires and demographic questions. In another study, participants

were required to answer 257 questions taking a median time of ~70 minutes to complete [7].

However, using a vigilance task to monitor attention levels, it has been shown that accuracy

decreases and fatigue increases over a period of ~9 minutes particularly in those who have had

COVID-19 [21]. Since our survey and single memory task takes a relatively short time to com-

plete, it has the potential for utility in a broader range of the population. For example, it could

be used to test people with limited attention spans or those with physical or cognitive deficits
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who might find long testing periods fatiguing and challenging including those with long

COVID.

While our study provides evidence that working memory is negatively impacted by

COVID-19, the underlying mechanisms for this are unknown. Several pathophysiological

mechanisms underlying the neurological impact of COVID-19 have been proposed, including

neuroinflammation, vascular dysfunction (e.g., endothelial inflammation/lesions), coagulopa-

thy, and pre-existing co-morbidities [1,3,29,30]. It is possible that some of these mechanisms

may affect brain areas involved in working memory and cognitive function. Structural and

functional alterations in the brain could be investigated using techniques such as structural/

functional magnetic resonance imaging (MRI), electroencephalography, magnetoencephalog-

raphy, functional near-infrared spectroscopy, positron emission tomography (PET) and tran-

scranial magnetic or electrical stimulation. A recent MRI study comparing longitudinal brain

images between COVID-19 patients and controls found structural changes in several brain

areas primarily involved in olfactory function [31]. Another study found frontoparietal hypo-

metabolism using PET imaging along with cognitive impairment assessed by neuropsychologi-

cal testing in COVID-19 patients [32]. However, the links between pathophysiological

mechanisms, brain changes, and deficits in working memory function remain to be elucidated.

Interestingly, it may be possible to use transcranial electrical brain stimulation as an interven-

tion in the management of acute and longer-term COVID-19 symptoms [33].
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