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Abstract

Background

More than a year after recovering from COVID-19, a large proportion of individuals, many of
whom work in the healthcare sector, still report olfactory dysfunctions. However, olfactory
dysfunction was common already before the COVID-19 pandemic, making it necessary to
also consider the existing baseline prevalence of olfactory dysfunction. To establish the
adjusted prevalence of COVID-19 related olfactory dysfunction, we assessed smell function
in healthcare workers who had contracted COVID-19 during the first wave of the pandemic
using psychophysical testing.

Methods

Participants were continuously tested for SARS-CoV-2 IgG antibodies since the beginning
of the pandemic. To assess the baseline rate of olfactory dysfunction in the population and
to control for the possibility of skewed recruitment of individuals with prior olfactory dysfunc-
tion, consistent SARS-CoV-2 IgG naive individuals were tested as a control group.

Results

Fifteen months after contracting COVID-19, 37% of healthcare workers demonstrated a
quantitative reduction in their sense of smell, compared to only 20% of the individuals in the
control group. Fifty-one percent of COVID-19-recovered individuals reported qualitative
symptoms, compared to only 5% in the control group. In a follow-up study 2.6 years after
COVID-19 diagnosis, 24% of all tested recovered individuals still experienced parosmia.
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Conclusions

In summary, 65% of healthcare workers experienced parosmia/hyposmia 15 months after
contracting COVID-19. When compared to a control group, the prevalence of olfactory dys-
function in the population increased by 41 percentage points. Parosmia symptoms were still
lingering two-and-a half years later in 24% of SARS-CoV-2 infected individuals. Given the
amount of time between infection and testing, it is possible that the olfactory problems may
not be fully reversible in a plurality of individuals.

Introduction

Olfactory dysfunction is the most specific symptom of acute COVID-19 [1-3] and our ability
to smell can be heavily impacted by the disease [4]. In many patients, olfactory function is
regained after the acute phase [5], yet a non-negligeable proportion of patients exhibits chronic
dysfunction [6]. Estimations of the prevalence of olfactory dysfunction 6 months after
COVID-19, the threshold for chronicity of olfactory dysfunction, vary widely [5,7-13]. A
recent assessment of olfactory dysfunction based on subjective reports suggests that a stagger-
ing 61% still experience olfactory dysfunction two years after infection [6].

Despite the clear evidence that COVID-19 can result in long-term olfactory dysfunction,
there are several caveats in current prevalence estimates that may account for the large differ-
ences in reported estimates. First, most of the estimations are based on self-reported olfactory
dysfunction which is notoriously unreliable [14,15]. Second, COVID-19 status is seldom deter-
mined by biological assays but rather by self-reported status, which can bias the estimations.
Third, the prevalence of olfactory dysfunction unrelated to COVID-19 is usually not consid-
ered. In fact, olfactory dysfunction in the general population was estimated to be around 20%
before the pandemic [16-19], with leading causes being sinonasal diseases, traumatic brain
injuries, and viral infections of the upper respiratory tract [20]. Thus, an accurate estimate of
the prevalence of olfactory dysfunction after COVID-19 infection requires consideration of
the prevalence of olfactory dysfunction in a sample where COVID-19 infection can be ruled
out.

Olfactory dysfunction encompasses various impairments to the sense of smell, categorized
into quantitative dysfunction, involving a reduction or loss of olfactory function (hyposmia or
anosmia) [19], and qualitative dysfunction, which involves altered odor perception such as
parosmia or phantosmia. Standardized assessments of parosmia and phantosmia can currently
only be carried out using questionnaires [21] due to their subjective nature. While self-evalua-
tion questionnaires are commonly used to assess quantitative dysfunction, their precision war-
rants caution in interpretation [14,15]. Therefore, when estimating the prevalence of olfactory
dysfunction after COVID-19, a comprehensive approach should incorporate both question-
naires and well-validated gold standard psychophysical tests [22,23] for a more accurate assess-
ment of objective and subjective aspects.

Healthcare workers may be particularly affected by long-term consequences of COVID-109.
For example, mental health disorders were particularly high in this population both during
and following COVID-19 [24,25]. In line with this, nearly half of infected healthcare workers
reported reduced chemosensory abilities one year after COVID-19 [5], which is considerably
higher than in the general population [26]. It is therefore particularly valuable to study the
long-term effects of COVID-19 on olfactory function in this group. We designed this study to
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assess olfactory dysfunction in a sample of healthcare workers where continuous serum assess-
ments of SARS-CoV-2 infection were available. Specifically, we included two groups of partici-
pants; one group that had undergone SARS-CoV-2 infection and a control group that had not,
as confirmed by the continuous serum testing. Our objective was to establish the prevalence of
olfactory dysfunction due to COVID-19 up to 15 months after infection by evaluating olfac-
tory dysfunction with validated olfactory tests in both groups. We hypothesized that the group
who had undergone SARS-CoV-2 infection would be afflicted by a significantly higher preva-
lence of olfactory dysfunction compared to the control group.

Materials and method
Participants

All participants were recruited from the ongoing COMMUNITY (COVID-19 Immunity)
study that enrolled 2149 healthcare workers employed at Danderyd Hospital, Stockholm in
April 2020. All participants were tested for SARS-CoV-2 IgG antibodies every four months
since the beginning of the pandemic [2], see https://ki.se/en/kids/community for more infor-
mation. We screened out individuals with acute nasal congestion/rhinorrhea, neurodegenera-
tive diseases, and other conditions associated with reduced olfactory function. All participants
gave written informed consent, and the study was approved by the Swedish Ethical Review
Authority (dnr 2021-02052).

We recruited healthcare workers that had contracted COVID-19 during the first wave in
Stockholm between January and May 2020. Of a total of 320 SARS-CoV-2 IgG positive indi-
viduals, 100 participated in the current study. Two were excluded due to an inability to per-
form the tests, leaving a final sample of 98 COVID+ participants (average age: 48 years; SD
+12; 84 women; average time since infection 447, SD +73, days). All participants had experi-
enced mild COVID-19 and had not required hospitalization. We further invited an equal
number of SARS-CoV-2 naive, meaning SARS-CoV-2 IgG negative during all sampling time-
points since enrollment, healthcare workers from the same cohort with a similar age profile. A
total of 44 individuals were included, with 3 individuals subsequently excluded due to olfac-
tory-related sickness, excessive construction noise during testing precluding concentration,
and refusal to perform some tests. This resulted in a final control sample of 41 COVID- partic-
ipants (average age: 51 years; SD +11; 38 women).

Chemosensory assessments

Quantitative olfactory dysfunction. Quantitative olfactory dysfunction was assessed
using two different approaches. First, we assessed subjective quantitative olfactory function
using a 10-point visual analog scale. Participants responded to the question “How has your
sense of smell been during the last three days?”; the scale ranged from 0 (no smell) to 10 (very
good sense of smell). Second, we assessed objective quantitative olfactory function psycho-
physically, using the Sniffin” Sticks test battery [23]. This test is based on felt-tip pen-like odor
dispensing devices and allows for separate assessments of the ability to discriminate (D) and
identify (I) odors as well as an olfactory detection threshold (T). To assess odor quality dis-
crimination, 16 triplets of pens were presented to the participant. Each triplet consisted of two
pens with identical odorants and one with an odorant of different quality. To evaluate odor
identification abilities, we used a forced-choice cued identification task using 16 different
odorants. Each odor was presented together with a cue card listing four alternative odor labels,
and the participant picked the label that best described the quality of the perceived odor. To
estimate odor detection thresholds, we used the odor n-Butanol in a three-alternative forced-
choice staircase procedure with seven reversals in a 16-step binary dilution series. The
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individual sub-scores were then combined to a global TDI score, for which normative data are
available and allows for the diagnosis of normosmia, hyposmia, and functional anosmia [27].

Qualitative olfactory dysfunction. Qualitative olfactory dysfunction was assessed using a
questionnaire containing four items [21]. The questionnaire addressed aspects of qualitative olfac-
tory dysfunction with regards to alterations in food perception, the presence of odors in absence
of an odor source, pleasantness of perceived odors, and the impact of the perception of altered
odors; participants could respond using a 4-point scale ranging from 1 (never) to 4 (always). We
analyzed the questionnaire in two ways: first, we calculated the sum score of all four items (Paros-
mia score). Then, we counted the number of participants who responded always, often, or rarely
to the question “the biggest problem is not that I do not or weakly perceive odors, but that they smell
different than they should vs those who responded never (Parosmia presence).

Serological analyses of antibodies

A detailed description of serological analyses has been presented elsewhere [2]. Briefly, IgG
reactivity was measured towards three different SARS-CoV-2 virus protein variants, Spike tri-
mers, Spike S1 domain, and Nucleocapsid protein, and analyzed using a multiplex antigen
bead array in high throughput 384-plates form at using a FlexMap3D (Luminex Corp) [28].
To be assigned to the SARS-CoV-2 IgG positive group, reactivity against at least two of the
three different variants of the viral antigens was required, calculated to have 99.2% sensitivity
and 99.8% specificity [2]. We did not determine individual virus variants but random sam-
pling of the Stockholm population during the time participants in this study were infected
showed that three main strains of Variants Being Monitored (VBM) of the SARS-CoV-2 domi-
nated, namely the Wildtype, and to a lesser extent, the B.1.1/B.1.1.29 and B.1.1.1/C.14 [29].

Procedure

Olfactory dysfunction data were collected between June and November 2021. Upon inclusion,
participants responded to a questionnaire containing the VAS and the parosmia questions
before the Sniffin” Sticks test battery was administered. The total testing time was 1.5 h and
participants received monetary compensation for their participation.

Follow-up

To further estimate the persistence of qualitative olfactory dysfunction, participants diagnosed
with established parosmia were contacted approximately one year after their initial participa-
tion for a follow-up conducted via phone. Out of the 48 participants contacted, 41 individuals
responded to the follow-up assessment (with an average time since infection of 963 days, i.e.,
over 2.6 years since onset; SD +64 days), which featured identical questions and response
options as those used during the initial assessment.

Statistics

To assess whether an infection with SARS-CoV-2 correlated with long-term quantitative and/
or qualitative olfactory dysfunction we compared scores on the (a) parosmia questionnaire (4
COVID+ and 3 COVID- individuals refrained from answering this questionnaire), (b) quanti-
tative subjective olfactory dysfunction scale, and (c) Sniffin’ Sticks test between COVID+ and
COVID- groups. To correct for the uneven sample size between the two groups as well as the
non-normal distribution of the variables, we performed non-parametric statistical group com-
parisons using a two-sided Wilcoxon rank sum test with continuity correction. We also com-
pared frequencies between groups using chi-square tests.
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Results

First, we assessed quantitative olfactory dysfunction. To do so, we explored potential differ-
ences in subjective performance: here, participants from the COVID+ group (N = 98) evalu-
ated their olfactory function as significantly worse, 6.9 (SD £2.5) out of a total of 10 points
compared to the COVID- group (N = 41), 8.9 points (SD +1.2; W = 955; N = 139, p < .0001).
In line with the subjective experience, the average Sniffin’ Sticks TDI score was also signifi-
cantly lower in the COVID+ group according to a Wilcoxon rank sum test, 30.9 points (SD
+5.9), compared to the COVID- group, 34.0 points (SD +3.4; W = 1416.5; N = 139, p = .006;
Fig 1A). Interestingly, upon separate analysis of the TDI subscales, only discrimination

(W =1293; N = 139, p = .0008; Fig 1C) and identification (W = 1213.5; N = 139, p = .0002; Fig
1D) subscores were significantly lower in the COVID+ group (D = 11.66 £ 2.5,1=12.11 £ 2.5)
compared to the COVID- group (D =13.19 £ 1.9, I = 13.68 + 1.3). However, no statistically
significant difference (W = 2107; N = 139, p = .65; Fig 1B) was observed for the threshold sub-
score between the two groups (COVID+ =7.10 + 2.4, COVID- = 7.11 + 2.0). We then assessed
the proportion of individuals with a clinically relevant quantitative olfactory dysfunction.
Based on the TDI score, the frequency of quantitative olfactory dysfunction was significantly
higher (X2 (1,N = 139) = 6.28, p =.01) in the COVID+ group compared to the COVID-
group. A total of 37% of the COVID+ group suffered quantitative olfactory dysfunction, with 4
individuals exhibiting anosmia (TDI score = 14.88 + 2.0) and 32 individuals exhibiting hypos-
mia (TDI score = 26.11 + 3.9). In the COVID- group, 20% (N = 8) showed quantitative olfac-
tory dysfunction, all of whom had hyposmia (TDI score = 29.56 + 0.8). The average TDI
scores for individuals with normosmia were 34.38 (SD = 2.6) and 35.06 (SD = 2.8) for the
COVID+ and the COVID- groups, respectively. Last, we investigated whether the degree of
quantitative olfactory dysfunction was influenced by the time since COVID-19 infection and
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Fig 1. Quantitative olfactory dysfunctions for COVID-19 positive (COVID+, N = 98) and COVID-19 naive (COVID-, N = 41) groups. (A) Mean TDI
scores for COVID+ and COVID- groups with error bars denoting standard deviation (SD) as well as values for each participant indicated by circles. Dashed
lines indicate cut-off scores for the clinical diagnoses Hyposmia (threshold score: 30.75) and Anosmia (threshold score: 16.25). Higher TDI scores (possible
range 1-48) indicate better olfactory performance. TDI subscale scores for the COVID+ and COVID- groups are presented with error bars denoting standard
deviation (SD) for (B) Threshold, (C) Discrimination, and (D) Identification scores separately.

https://doi.org/10.1371/journal.pone.0306290.g001
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A)

individuals” age. A Spearman correlation test indicated that the TDI score of individuals from
the COVID+ group was not significantly affected by the number of days since infection
(N=71,r=-.1, p = .43; see S1A Fig). However, TDI significantly declined with age in the
COVID+ group (Spearman correlation test, r = -.28, p = .005, S1B Fig). It’s worth noting that
in the COVID- group, a similar negative relationship between TDI and age was observed,
although it did not reach statistical significance (r = -.27, p = .09, S1B Fig).

Next, we assessed to what level individuals in the respective groups experienced qualitative
olfactory dysfunction using the 4-item parosmia scale. The average score was significantly
higher in the COVID+ group, 2.8 points (SD +2.8), compared to the COVID- group, 0.7 points
(SD +1.2; Wilcoxon rank sum, W = 2595; N = 132, p < .0001; Fig 2A). Correspondingly, we
found that significantly more individuals from the COVID+ group reported parosmia (48 of
94 participants, 51%) relative to individuals from the COVID- group (2 of 38 participants, 5%;
X*(1,N =132) = 22.2, p < .0001). To understand the degree of symptom severity, we also
assessed the answers to the parosmia severity question in each group. As can be seen in Fig 2B,
slightly more than half of the individuals in the COVID+ group who reported parosmia symp-
toms experienced only minor symptoms (None 49%, Mild, 28%, Medium 16%, Severe 7%).
This means that about a quarter of all individuals in the COVID+ group experienced medium
to severe parosmia symptoms 15 months after COVID-19.

Further, we followed up with 48 individuals from the COVID+ group with established par-
osmia 2.6 years after COVID-19 infection. Of the 41 individuals who responded, 23 (56% of
sub-sample, 24% of total initial COVID+ sample) still experienced parosmia. In fact, 41% indi-
cated that they experienced medium to severe parosmia symptoms (None 43.9%, Mild, 14.6%,
Medium 31.7%, Severe 9.8%). This long-lasting qualitative olfactory dysfunction was also
reflected by a high parosmia score (3.1 £ 2.3 points).

As to be expected, there was a considerable comorbidity between diagnoses. While 35% of
the COVID+ group (total N = 94) experienced no olfactory dysfunction at all, 14% experi-
enced anosmia/hyposmia but no parosmia, 29% experienced parosmia but no anosmia/hypos-
mia, and 22% experienced both anosmia/hyposmia and parosmia. In other words, a total of
65% of COVID+ participants experienced some form of olfactory dysfunction on average 15
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Fig 2. Distribution of parosmia score. A) Distribution of scores per patient group (N = 94), COVID-19 positive (COVID+) and COVID-19 naive (COVID-,
N = 38), on the Landis parosmia questionnaire. B) Percentage of individuals in each patient group, grouped by reported parosmia severity score. C) Proportion
of COVID+ participants (N = 94) in each olfactory dysfunction classification group.

https://doi.org/10.1371/journal.pone.0306290.g002
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months after COVID-19 (Fig 2C). This frequency was lower in the COVID- group (N = 38)
where only 24% experienced some form of olfactory dysfunction, 76% experienced no olfac-
tory dysfunction, none had anosmia, 18% experienced hyposmia but no parosmia, 3% experi-
enced parosmia but no hyposmia, and 3% experienced both hyposmia and parosmia). As
expected, the frequency of combined quantitative and qualitative olfactory dysfunction was
significantly lower in the COVID- group compared to the COVID+ group (X* (1, N = 132) =
32.4, p <.0001). This means that COVID-19 increased olfactory dysfunction (parosmia,
hyposmia, or parosmia and hyposmia) with 41 percentage points (COVID+: 65%; COVID-:
24%) 15 months after COVID-19 onset.

Discussion

More than a year after recovering from COVID-19, nearly two thirds (65%) of participating
healthcare workers still exhibited some form of olfactory dysfunction with more than a third
(37%) showing a clinically reduced sense of smell. In comparison, approximately a quarter
(24%) of individuals without prior SARS-CoV-2 infection displayed clinically altered sense of
smell. Further, amongst the individuals who experienced SARS-CoV-2 infection, about half
(51%) experienced parosmia, compared to only 5% in the SARS-CoV-2 naive group; an
increase of parosmia due to COVID-19 with 46 percentage points. More specifically, the first
wave of COVID-19 nearly doubled the prevalence of olfactory dysfunction in this population
from 20% to 36% and increased the prevalence of any form of olfactory dysfunction by a full
41 percentage points compared to individuals whose immune system was never exposed to the
virus. Perhaps even more striking, 24% of all tested COVID-19 survivors still experience paros-
mia 2.6 years after COVID-19 diagnosis, nearly half of which experience medium to severe
symptoms.

Olfactory dysfunction is common also in the general population. Before the COVID-19
pandemic, the rate of quantitative olfactory dysfunction was consistently estimated to approxi-
mately 20% [16,19]. In our control sample of COVID-19 naive individuals, we found a similar
percentage with 20% of the participants exhibiting quantitative olfactory dysfunction. As out-
lined above, olfactory dysfunction can have different etiologies, including sinonasal disease,
traumatic brain injury, neurodegenerative diseases, and more [20,30]. It is therefore crucial to
assess the prevalence of olfactory dysfunction due to COVID-19 against this background of
olfactory dysfunction in the population. Our data suggests that COVID-19 roughly doubles
the prevalence of quantitative olfactory dysfunction in the general population. A different and
bleaker picture emerges when considering also qualitative olfactory dysfunction, i.e., parosmia
and phantosmia. These conditions are relatively rare in the general population, which is also
reflected by the prevalence of 5% in the COVID-19 naive group aligning with prior assess-
ments of Swedish samples [31,32]. However, nearly half of the COVID+ group exhibited quali-
tative olfactory dysfunction on average 15 months after contracting the disease.

Our study shows that 37% of COVID+ individuals still experienced reduction in their olfac-
tory performance, even on average 15 months after COVID-19 onset. This percentage is
higher compared to similar studies, see among others [13]. Notably, while there was a signifi-
cant difference in overall olfactory functions between the two groups, as operationalized by the
TDI scores, this difference was restricted to performance on the odor quality discrimination
and odor identification subtests, but not in odor detection threshold This finding suggests that
a potential underlying driver of the differences is the large difference in parosmia that might
distort the odor quality of the odors included in the two-odor subtest.

It is not yet completely understood how a SARS-CoV-2 infection leads to olfactory dysfunc-
tion. The leading explanation of the acute olfactory dysfunction seen in patients is linked to
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the ability of the virus to infect human cells that co-express ACE2 and TMPRSS2 proteins,
such as the sustentacular cells of the olfactory mucosa [33]. Upon infection, these cells degen-
erate, which disturbs the local environment and crucially results in cell death of olfactory
receptor neurons and consequently olfactory dysfunction [33,34]. The olfactory system dem-
onstrates however a very good ability to regenerate [35], which might explain why most
SARS-CoV-2 infected individuals regain olfactory abilities within weeks following the acute
phase [5,9]. It is not yet clear why some individuals do not completely regain their olfactory
abilities.

Recent data from the verbal track-and-trace program in the United Kingdom suggests that
fewer individuals report subjective olfactory dysfunction after infection with the later Omicron
(BA.1. and BA.2) variants than the original virus variants [36]. We do not know what specific
virus variants individuals in our sample was infected with or exactly what proportions of virus
variants dominated in our specific sample, but random sampling of the Stockholm population
at the time indicated that the Wildtype and, to a lesser extent the B.1.1/B.1.1.29 and B.1.1.1/
C.14 strains, dominated [29]. Although tentative data suggest that fewer individuals report
subjective olfactory dysfunction after Omicron variant infection, these are based on subjective
data collected only a day or two after testing positive. Whether potential lower numbers of
olfactory dysfunction after Omicron or other later variants could be due to a delay in onset of
olfactory dysfunction that in turn might affect long-term outcomes, remains to be determined.
Future studies should address differences between virus variants in effects on olfactory
function.

A significant strength of the present study is that all participants were continuously serolog-
ically monitored from the onset of the pandemic, meaning that it can be firmly established not
only that all participants in the COVID+ group had undergone a SARS-CoV-2 infection, but
also when. Critically, we can firmly claim that no participants in the COVID- group, a control
group from the same cohort, had seroconverted at any point before sensory testing, thereby
giving us a true baseline for existing olfactory dysfunction prevalence. Likewise, most studies
assessing olfactory dysfunction in a general population suffer from collider bias, i.e., that indi-
viduals that experience olfactory problems are more likely to volunteer for the study in the first
place, thereby erroneously increasing the prevalence of dysfunction. By using a control group
undergoing the same recruitment strategy as the target group and the population being health-
care professionals, possibly better informed and willing to participate in research without per-
sonal gain, it can be assumed that collider bias acts in equal strength across groups. It can be
argued that healthcare workers, in general, are a group consisting of generally more healthy
individuals than the general population. Olfactory problems and their underlying mechanisms
therefore could be different than other populations. However, the fact that we obtained identi-
cal prevalence of olfactory dysfunction in the COVID- group as the only two previously pub-
lished prevalence studies in a Swedish sample do not support this notion [31,32]. That said, the
strengths mentioned come from the fact that we sampled from a smaller group of closely mon-
itored individuals with a profession that was unfortunately highly taxed for time during a pan-
demic. This meant that obtaining data from a large and diverse sample was not possible. In
addition to the relatively small sample sizes, the COVID+ group had nearly double the partici-
pants compared to the COVID- groups, which we aim to statistically control for by using
methods such as the Wilcoxon rank sum test. These tests do not assume equal sample sizes
and are therefore robust against differences in sample size. Another weakness is that the sex
ratio in both groups were skewed with more women participating, which, however, also
reflects the underlying population of healthcare workers. Women are also known to be slightly
more prone to experiencing long-term effects on olfactory function after upper respiratory
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infections [37]. Whether the skewed sex ratio of our sample affects the generalization of our
results to other populations of healthcare workers is not known.

Conclusion

We show that COVID-19 nearly doubles the already large prevalence of quantitative olfactory
dysfunction to approximately 37% in a sample of healthcare workers. Furthermore, about half
of the COVID-19 survivors exhibit qualitative olfactory dysfunction. Finally, nearly two thirds
(65%) of COVID-19 survivors in this group of healthcare workers exhibit olfactory dysfunc-
tion of some form 15 months and 24% reported parosmia 2.6 years after infection. Given the
length of time, it is possible that these olfactory problems may not be fully reversible in a plu-
rality of individuals.

Supporting information

S1 Fig. Scatterplot illustrating the association between TDI score and (A) days since infection
or (B) age of individuals who had had COVID-19 (COVID+, in orange) and COVID-19 naive
individuals (COVID-, in blue). Spearman correlations showed that TDI score was not signifi-

cantly affected by the number of days since infection (N =71, r = -.1, p = .43), but significantly
declined with age in the COVID+ group (r = -.28, p = .005) but not in the COVID- group (r =
-27,p = .09).
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