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Purpose: We investigated whether daytime sleep behaviors (DSBs) such as frequent daytime sleepiness or napping are associated
with worse cognitive performance, and whether HIV infection moderates this relationship.
Methods: Among 502,507 participants in the UK Biobank study, we identified 562 people living with HIV infection (PLWH; Mage=
50.51±7.81; 25.09% female; 78.83% white) and extracted 562 uninfected controls who matched on age, sex, ethnic background,
social-economic status, and comorbidities. DSB burden was assessed based on answers to two questions on DSBs. Participants who
answered “sometimes” or “often/usually” to one of them were considered to have poor DSB burden, or otherwise were considered not
having any. A composite cognition score was computed by averaging the available standardized individual test results from four
neurocognitive tests: ie, a reaction time test for information processing speed, a pairs matching test for visual episodic memory, a fluid
intelligence test for reasoning, and a prospective memory test. Mixed-effects models with adjustment for the variables used in
extracting matched uninfected controls were performed to test the hypotheses.
Results: Having poor DSB burden was associated with a 0.15 – standard deviation (SD) decrease in cognitive performance (p =
0.006). People living with HIV infection (PLWH) also performed worse on the cognitive tasks than uninfected controls, with an effect
size similar to that of having poor DSB burden (p = 0.003). HIV infection significantly modified the negative association between DSB
burden and cognition (p for interaction: 0.008). Specifically, the association between DSB burden and cognition was not statistically
significant in uninfected controls, whereas PLWH who reported having poor DSB burden had a 0.28 – SD decrease in cognitive
performance compared to PLWH who did not.
Conclusion: HIV infection significantly increased the adverse association between DSBs and cognitive performance. Further studies
are needed to investigate the potential mechanisms that underlie this interaction effect and whether poor DSBs and worse cognitive
performance are causally linked.
Keywords: aging, cognition, daytime napping, daytime sleepiness, risk factors, sleep

Plain Language Summary
People living with HIV infection (PLWH) commonly experience daytime somnolence that may adversely synergize to increase
comorbidity burden, reduce the quality of life, and reduce adherence to complex medical regimens. PLWH also frequently report
cognitive complications such as cognitive decline. We studied whether daytime sleep behaviors, ie, daytime sleepiness or napping, are
related to cognitive performance and whether the association is more profound in PLWH. From the UK Biobank cohort, we identified
562 PLWH and extracted 562 demographically similar uninfected people. They reported daytime sleepiness and napping frequencies
and completed four cognitive tests. Firstly, among all 1124 participants, those with frequent daytime sleepiness or napping behaviors
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had worse cognitive functions than those without. Secondly, PLWH had worse cognitive functions than their uninfected counterparts.
And thirdly, the association between frequent daytime sleepiness/napping behaviors and worse cognitive performance was much
stronger in PLWH than in uninfected people. These results highlight the importance of sleep health in the context of HIV infection and
imply complex mechanisms among HIV infection, daytime sleepiness/napping, and cognition, which need to be investigated further.
Practitioners may use frequent daytime sleepiness/napping as an early phase signal for potential cognitive complications in PLWH.
The current study also helps in identifying potential targets in terms of optimizing daytime sleep for cognitive benefits should a causal
link be confirmed in future studies.

Introduction
The advent of effective antiretroviral therapy (ART) has substantially increased the life expectancy of people living with
HIV infection (PLWH). As PLWH age, cognitive impairment becomes an increasing clinical concern. Up to 50% of older
(ie, aged > 60 years) PLWH experience cognitive impairment,1,2 compromising adherence to complex medical regimens,
successful independent living,3,4 and overall quality of life.5,6 It is thereore a critical need to identify mid- to late-life (ie,
aged 40–69 years) risk factors predisposing PLWH to cognitive impairment.7

Sleep disturbance is highly prevalent in PLWH, affecting up to 70% of this population.8 Epidemiological studies have
demonstrated higher prevalence of insomnia and obstructive sleep apnea syndrome in PLWH than in the general
population.8 Prior evidence has also related sleep disturbance to cognitive impairment or dementia in populations such
as older adults,9–13 as well as in PLWH.14 Daytime sleepiness and daytime napping, important aspects of the 24-hour
sleep-wake cycle, are common in the general older population and particularly in aging PLWH.15 Excessive daytime
sleepiness and napping can be a direct consequence of nighttime sleep disturbances, as well as factors separate from
nighttime sleep, such as underlying disease processes and mood disorders.16,17 While a link between excessive daytime
sleepiness or daytime napping and adverse health consequences including cognitive outcomes in the general population
has been reported,16,18–21 such associations in aging PLWH have not been directly addressed.

We aimed to investigate: (1) whether poor daytime sleep behavior (DSB) burden (ie, more frequent daytime
sleepiness or napping) is associated with worse cognitive performance in both PLWH and uninfected people, (2) whether
PLWH have worse cognitive performance than uninfected people, and (3) whether HIV infection exacerbates the
association between DSBs and cognition.

Materials and Methods
Study Design and Participants
This case-control study was based on individual-level data from the UK Biobank cohort.22 More than 500,000 middle- to
older-aged participants (ie, aged 40–69 years) were recruited between 2006 and 2010 from 22 assessment centers across
the United Kingdom. PLWH were identified at study baseline based on (1) HIV-1 antigen test (if seropositive; the tests
cover 9,690 participants), (2) the International Classification of Disease version 10 (ICD-10; if with codes: B20-B24,
F02.4, O98.7, R75, Z11.4, Z20.6, Z21, Z71.7, Z83.0, or with the keyword “HIV”; ICD records cover 437,506
participants), or (3) self-reported non-cancer illness (if with code 1439 or with keyword “HIV” or “AIDS”; this self-
reported record covers 386,094 participants). The remaining UK Biobank participants who did not meet the above
criteria were considered uninfected people. Participants who had missing data for the exposure variable (see details
below), did not complete any cognitive tests (see details below), or were diagnosed with dementia were excluded.

At baseline, 502,507 participants were assessed in the UK Biobank. Among them, 2,386 had missing data for the
exposure variable, or did not complete any one of the four cognitive tests. They were excluded. Afterwards, 226
participants with dementia were further excluded. In the remaining 499,895 participants, 18 were HIV seropositive; 313
had the ICD-10 codes related to HIV infection; and 465 self-reported themselves infected with HIV. After considering
overlapped cases, the total number of unique PLWH participants was 567. Five of them were further excluded because of
missing data in the variables used for propensity score (PS) matching (see details in “Extraction of matched uninfected
people”), resulting in 562 PLWH included in the following analysis. From the remaining participants without identified
infection, 562 matched uninfected people were extracted. Table 1 summarizes the covariates used in the PS model, as
well as the exposure, and the outcome variables between the two groups. Supplemental Table 1 summarizes the
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additional three covariates, ie, education level, smoking behavior, and alcohol consumption behavior between the two
groups.

Ethical approval for the UK Biobank study was received from the Northwest Multi-Center Research Ethics
Committee. All participants provided written informed consent through electronic signature at study baseline. Data
were collected and deidentified by the UK Biobank staff; they were transferred to and analyzed at the Brigham and
Women’s Hospital. The Mass General Brigham institutional review board approved this specific study protocol with
a final decision of not human subject study.

Table 1 Demographics and Other Covariates Involved in the Propensity Score Matching, and Exposure and Outcome Variables for
PLWH and Matched Uninfected People

Variables Group p value

PLWH (n = 562) Matched Uninfected (n = 562)

(A) Demographics and other covariates involved in the propensity score matching

Age 50.51 (7.81) 49.98 (7.76) 0.180

Sex 0.317
Female 141 (25.09%) 154 (27.40%)

Male 421 (74.91%) 408 (72.60%)

Ethnicity 0.183
White 443 (78.83%) 460 (81.85%)

Non-White 119 (21.17%) 102 (18.15%)

Townsend deprivation index 2.44 (3.57) 2.47 (3.53) 0.813

Diseases of circulatory system 0.816

No 461 (82.03%) 458 (81.49%)

Yes 101 (17.97%) 104 (18.51%)

Mental/behavioral disorders 0.547

No 517 (91.99%) 522 (92.88%)

Yes 45 (8.01%) 40 (7.12%)

Diseases of nervous system 0.910

No 520 (92.53%) 519 (92.35%)

Yes 42 (7.47%) 43 (7.65%)

(B) Exposure and outcome variables

Poor DSB burden 0.002

No (0) 187 (33.27%) 235 (41.81%)

Yes (1) 375 (66.73%) 327 (58.19%)

DSB burden score 0.003

0 187 (33.27%) 235 (41.82%)

1 175 (31.14%) 178 (31.67%)

2 200 (35.59%) 149 (26.51%)

Composite cognitive score −0.17 (0.95) 0.01 (0.80) 0.0006

Notes: Values are expressed as mean (standard deviation) or number (%). The paired t-test was used to for comparisons of continuous variables and the Bowker’s test was
used for comparisons of categorical variables.
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Extraction of Matched Uninfected People
To extract matched uninfected people, a PS model predicting PLWH based on age, sex, ethnicity, social-economic status,
and comorbidities (ie, mental behavioral disorders, diseases of the nervous system, and diseases of the circulatory
system) was developed. For each PLWH, an uninfected person was extracted based on the nearest neighbor of PS without
replacement.

Ethnicity was dichotomized as white (those who reported “British”, “Irish”, or “any other white background”) or non-
white. Social-economic status was based on Townsend deprivation index (TDI)23 at recruitment. The ICD-10 records
were parsed to identify diseases of circulatory system (code I00-I99), mental/behavioral disorders (code F00-F99), and
diseases of nervous system (code G00-G99). More detailed information regarding the ICD-10 codes and specific diseases
within each of the categories can be found in Supplemental Methods. The three conditions were dichotomized as yes or
no depending on whether any of these corresponding codes appeared in participants’ ICD-10 records prior to their dates
of assessment. Participants who had missing data in any one of these variables were excluded prior to performing the
analysis.

Assessment of Cognitive Function
Results from four cognitive tests that covered a majority of the UK Biobank participants24 were used in the current study,
namely reaction time (RT) test, pairs matching test (PT), fluid intelligence (FI) test, and prospective memory (PM) test.
They were administered at baseline through computerized touchscreen test batteries that were designed specifically for
the UK Biobank to allow population-scale testing without examiner supervision.9,24,25

Reaction Time (RT) Test
This test was delivered as a timed test of symbol matching. It requested participants to respond with a button press when
they identified the appearance of matching symbols in one pair of cards out of 12 pairs. The test score was the mean
response time in milliseconds across four trials. Results under 50 ms (which was considered to be due to anticipation
rather than reaction) or over 2,000 ms (since the cards would have already disappeared by then) were excluded when
computing the average response time. The RT test is a simple measure of information processing speed.

Pairs Matching Test (PT)
During this test, participants were shown six pairs of cards for five seconds. Cards were then turned over, and participants
were asked, from recall, to locate the position of as many matching pairs of cards as possible. The test score was the
number of errors that each participant made. The PT assesses the visual episodic memory.

Fluid Intelligence (FI) Test
Participants were presented with 13 logic/reasoning questions with multiple response options during this test. They had to
answer as many as they could within two minutes. The score of this test was the total number of correct answers, ranging
between 0 and 13, that represents a measure of verbal-numerical reasoning.

Prospective Memory (PM) Test
Participants were asked to engage in a specific behavior after the assessment. Specifically, they were presented with the
instruction:

At the end of the games we will show you four colored symbols and ask you to touch the blue square. However, to test your
memory, we want you to actually touch the orange circle instead.

The test result was either correct (1) or incorrect (0) depending on whether the participant touched the orange circle on
the first attempt or not. PM refers to the ability to carry out future intentions at a specific time or in response to a specific
event.

Individual test scores were z-score transformed based on the corresponding mean and standard deviation (SD) of all
UK Biobank participants at baseline. The signs of the z-scores for RT and PT were reversed, so that a higher z score for
each cognitive task represents better performance. A composite measure for cognitive performance was then constructed
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by averaging the available z-scores for each participant.26 Therefore, for this score, zero represents the mean and 1
represents 1 SD above the mean of the baseline score of all UK Biobank participants. A negative z-score means that
someone has an overall score that is lower than the average of the entire cohort at baseline (ie, worse cognitive
performance).

Assessment of Daytime Sleep Behavior Burden
Daytime sleepiness was ascertained through self-report using the questions “How likely are you to doze off or fall asleep
during the daytime when you don’t mean to?” with responses “never/rarely”, “sometimes”, “often”, and “all of the time”.
To assess daytime napping, participants were asked “Do you have a nap during the day?” with responses “never/rarely”,
“sometimes”, and “usually”. We examined DSB burden using two approaches. First, a composite dichotomized measure
for DSB burden was constructed by re-coding the answers for the two questions: “Not having poor DSB burden (0)” if
participants answered “never/rarely” for both questions, and “Having DSB burden (1)” if otherwise.27,28 It was
considered missing when participants did not answer (or prefer not to answer) both questions, or answered one of
them whereas answered “never/rarely” for the other question. Additionally, we further divided those who have DSB
burden (ie, being scored “1” using the above dichotomized coding approach) into two groups. Specifically, participants
who answered “sometimes” for both questions, or answered “often/usually” for at least one of them were scored “2”,
otherwise they kept the score “1”. This alternative code approach thus resulted in an ordinal DSB burden score ranging
from 0 to 2.

Statistical Analysis
Characteristics of covariates, the exposure variable, ie, DSB burden (0/1) or DSB burden score (0/1/2), and the composite
measure for cognitive performance were summarized between PLWH and matched uninfected as percentage for
categorical variables and mean ± SD for continuous variables. To examine the differences in these variables between
PLWH and matched uninfected, paired t-test was carried out for continuous variables and Bowker’s test was carried out
for categorical variables.

To examine whether poor DSB burden is associated with worse cognitive performance in both PLWH and uninfected
people (hypothesis 1), a mixed-effect model was performed with the composite measure for cognitive performance as an
outcome, DSB burden as a fixed-effect predictor, and the matched flag as a random-effect predictor. To examine whether
PLWH have worse cognitive performance than uninfected people (hypothesis 2), a mixed-effect model was performed
with the composite measure for cognitive performance as an outcome, group (ie, PLWH or uninfected) as a fixed-effect
predictor, and the matched flag as a random-effect predictor. To test whether HIV infection exacerbates this association
(hypothesis 3), we augmented the mixed model for hypothesis 1 by including group and an interaction item between
group and DSB burden as additional predictors. All models were adjusted for the variables used in the PS matching.
Additionally, we also accounted for education level, smoking behavior, and alcohol consumption behavior by adjusting
for these variables in the models. Methods to derive these additional covariates are provided in Supplemental Methods.
As secondary analysis, we examined domain-specific associations by replacing the outcome variable, the composite
cognitive score, with the score from each domain of cognitive performance (ie, RT, PT, FI, and PM). Note that since the
PM test resulted in either “yes (1)” or “no (0)”, the link function of the corresponding mixed-effect model was changed to
logit function and the distribution was changed to binominal (ie, a logistic regression model). Statistical significance was
accepted at alpha level of 0.05 (two-sided). The retrieval of data from the UK Biobank and the PS matching was
performed using MATLAB (version R2020a, the MathWorks Inc., Natick, MA, USA). Other statistical analyses were
performed using JMP Pro (version 15.1.0, SAS Institute, Cary, NC, USA).

Results
Having poor DSB burden was associated with worse cognitive performance in PLWH and matched uninfected.
Specifically, the composite score of cognitive performance was −0.15 (−0.25, −0.04) [estimate (95% CI) unless
otherwise indicated] in those who had DSB burden compared with those who did not (p = 0.006; Table 2,
Hypothesis 1). Using the alternative coding approach (ie, three levels varying from 0 to 2) for DSB burden, we found
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that the decrease in the composite cognitive score occurred mainly in the participants whose DSB burden was scored 2
[compared with 0: estimate = −0.22 (-0.35, -0.10), p = 0.0004], then in participants whose DSB burden was scored 1
[estimate = −0.08 (−0.20, 0.04), p = 0.2; Table 3, Hypothesis 1]. A DSB burden of 2 was also significantly worse than
a burden of 1 [estimate = −0.14 (−0.28, 0.00), p = 0.03; based on post-hoc test on results shown in Table 3,
Hypothesis 1].

PLWH showed lower cognitive performance than uninfected controls. Specifically, PLWH had a score of −0.15
(−0.25, −0.05) in the composite score for cognition compared with uninfected controls (p = 0.003; Table 2,
Hypothesis 2).

The cognitive performance in people who had poor DSB burden was even worse in PLWH. Specifically, in PLWH
who had poor DSB burden, the difference was −0.28 (−0.45, −0.11) compared to PLWH without a DSB burden whereas
it was only −0.01 (−0.15, 0.13) in uninfected people who had poor DSB burden (p for interaction = 0.008; Table 2,
Hypothesis 3; Figure 1A). Using the alternative coding approach, the additional reduction was also observed in PLWH
whose DSB burden was scored 1 [compared with uninfected: estimate = −0.24 (−0.47, −0.01), p = 0.04] or 2 [compared
with uninfected: estimate = −0.29 (−0.52, −0.06), p = 0.02; Figure 1B].

All observations above were consistent after we further adjusted for education level, smoking behavior, and alcohol
consumption behavior. Detailed results are summarized in Supplemental Tables 2 and 3.

In secondary analyses, we found that having poor DSB burden was significantly associated with increased RT
[estimate = 0.05 (0.02, 0.07) (unit, log ms), p = 0.0002] and lower FI score [estimate = −0.50 (−0.96, −0.03), p = 0.04].
The worsened cognitive performance in PLWH is mainly driven by increased RT [estimate = 0.04 (0.01, 0.06), p = 0.002]
and potentially also by increased number of incorrect matches in PT [estimate = 0.08 (−0.01, 0.16) (unit: log number)],
although not statistically significant (p = 0.07). HIV infection did not interact with DSB burden to affect any individual
cognitive test results (all p’s for interaction > 0.1).

Discussion
The current study showed that people who reported poor DSB burden (ie, having “sometimes or frequent daytime
napping or sleepiness”) had worse cognitive performance than those who did not. This association was also dose specific
as suggested by the monotonic decline in cognitive performance with the increase of DSB burden score. While looking

Table 2 Poor DSB Burden (Yes/No) and Cognitive Performance in PLWH and Matched Uninfected People

Variable Estimate (95% CI), p value

Hypothesis 1 Hypothesis 2 Hypothesis 3

Intercept 0.12 (0.03, 0.21), 0.007 0.11 (0.03, 0.19), 0.008 0.11 (0.00, 0.22), 0.05

Poor DSB burden (Yes) −0.15 (−0.25, −0.04), 0.006 – −0.01 (−0.15, 0.13), 0.9

PLWH (Yes) – −0.15 (−0.25, −0.05), 0.003 0.03 (−0.13, 0.19), 0.7

Poor DSB burden (Yes) × PLWH (Yes) – – −0.27 (−0.47, −0.07), 0.008

Age −0.02 (−0.03, −0.01), < 0.0001 −0.02 (−0.03, −0.02), < 0.0001 −0.02 (−0.03, −0.01), < 0.0001

Sex (Female) 0.07 (−0.04, 0.18), 0.2 0.08 (−0.03, 0.19), 0.2 0.06 (−0.05, 0.18), 0.3

Ethnicity (Not white) −0.57 (−0.70, −0.44), < 0.0001 −0.59 (−0.72, −0.46), < 0.0001 −0.56 (−0.69, −0.43), < 0.0001

Townsend deprivation index −0.03 (−0.04, −0.01), 0.0003 −0.03 (−0.04, −0.02), < 0.0001 −0.03 (−0.04, −0.01), 0.0003

Disease of circulatory system (Yes) 0.00 (−0.13, 0.13), > 0.9 0.00 (−0.13, 0.13), > 0.9 0.00 (−0.13, 0.13), > 0.9

Mental and behavioral disorders (Yes) −0.13 (−0.32, 0.06), 0.2 −0.14 (−0.33, 0.05), 0.1 −0.11 (−0.30, 0.08), 0.2

Disease of nervous system (Yes) −0.04 (−0.22, 0.15), 0.7 −0.04 (−0.23, 0.15), 0.7 −0.04 (−0.23, 0.15), 0.7
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into different cognitive tests, this association was found to be statistically significant for RT and FI. Besides, this study
also showed that PLWH had worse cognitive performance than uninfected people, and this association appeared to be
mainly driven by RT, and potentially, PT as well. Intriguingly, the association between DSB burden and cognition was
considerably stronger in PLWH when compared to uninfected people.
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Figure 1 HIV infection interacts with poor DSB burden to worsen cognition. Shown are predicted mean values (uninfected: square; PLWH: diamond) and 95% confidence
intervals. DSB burden is coded as (A) a dichotomized variable with “Yes” meaning having poor DSB burden and “No” meaning having no poor DSB burden, and (B) a higher
score means higher DSB burden.

Table 3 DSB Burden Score (2/1/0) and Cognitive Performance in PLWH and Matched Uninfected People

Variable Estimate (95% CI), p value

Hypothesis 1 Hypothesis 3

Intercept 0.12 (0.03, 0.21), 0.008 0.11 (0.00, 0.22), 0.06

DSB burden score

1 −0.08 (−0.20, 0.04), 0.2 0.03 (−0.13, 0.19), 0.7

2 −0.22 (−0.35, −0.10), 0.0004 −0.07 (−0.24, 0.10), 0.4

PLWH (Yes) – 0.03 (−0.13, 0.19), 0.7

DSB burden score × PLWH (Yes)

1 – −0.24 (−0.47, −0.01), 0.04

2 – −0.29 (−0.52, −0.06), 0.02

Age −0.02 (−0.03, −0.01), < 0.0001 −0.02 (−0.03, −0.01), < 0.0001

Sex (Female) 0.07 (−0.04, 0.18), 0.2 0.06 (−0.05, 0.18), 0.3

Ethnicity (Not white) −0.57 (−0.69, −0.44), < 0.0001 −0.56 (−0.68, −0.43), < 0.0001

Townsend deprivation index −0.02 (−0.04, −0.01), 0.0007 −0.02 (−0.04, −0.01), 0.0007

Disease of circulatory system (Yes) 0.01 (−0.12, 0.14), 0.9 0.01 (−0.12, 0.14), 0.9

Mental and behavioral disorders (Yes) −0.11 (−0.31, 0.08), 0.2 −0.10 (−0.29, 0.09), 0.3

Disease of nervous system (Yes) −0.03 (−0.22, 0.16), 0.8 −0.03 (−0.22, 0.15), 0.7
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Cognitive impairment is a critical emerging issue in older persons and in the clinical management of aging PLWH.7

Prior studies showed both subcortical and cortical involvements in the clinical neuropsychological presentation of HIV-
associated cognitive impairment;4 learning and executive function were found to be the most affected domain in the post
ART era.7,29 As a higher level cognitive construct, executive function is associated with a wide range of measurable
cognitive functions, including RT, an index of information processing speed.30,31 The current findings that HIV infection
adversely affects cognition specially in terms of RT performance expands on observations in previous studies using
smaller sample sizes.32,33

However, information processing speed can represent a cognitive construct separate from executive functions.
A previous study employing samples from the United States with pre-ART era and post-ART era data reported that
slow information processing speed was more commonly found in the PLWH pre-ART rather than post-ART era.29

While lacking information of ART administration in the UK Biobank, it remains unclear whether the observed
performance decline in RT was due to a lumped effect of early treatment and infection history (eg, a legacy effect
of potential central nervous system damage due to HIV sustained before the administration of ART). Given that
therapies for HIV management have continued to evolve in the past decade, further studies are needed to determine
whether advancement in treatment attenuates the observed exacerbated association between poor DSB burden and
cognition in PLWH.

While the information processing speed is among the seven abilities outlined in the current nosology of HIV-
associated neurocognitive disorders,34 the current findings also suggest episodic memory (as assessed by the PT) be
potentially added to the repository of potential neurocognitive functions adversely affected by HIV infection. Although
episodic memory partially contributes to the integrity of executive functions, there are different neuroanatomical
correlates.35 Newly identified evidence may help refine the current criteria for screening HIV-associated neurocognitive
impairment, improving particularly the domain specificity that is lacking.36

It is reported that over 55% of PLWH experience daytime sleepiness/drowsiness.15 In this current study, the
prevalence of having poor DSB burden was over 60% in PLWH, which is substantially greater than that in uninfected
people. Such increase may be a direct effect of disturbance in nocturnal sleep or sleep disorders that is common in PLWH
(ie, the prevalence was reported to be >50% in PLWH versus <30% in the general population).37 Prior mechanistic
studies have also been conducted. For example, cytokine activity secondary to immune response of HIV infection38 that
is involved in induction of non-rapid eye movement sleep may influence nighttime sleep patterns.39 Chronic inflamma-
tion in PLWH is another hypothesized mediator of sleep disturbance in PLWH,14 potentially influencing biochemical
regulation of sleep patterns.40 As a result, those biological mechanisms may lead to daytime sleepiness and fatigue
indirectly through disturbed nocturnal sleep.40 Future studies evaluating the potential role of inflammatory factors and
aging in outcomes from this study population are warranted.

The current study replicated and expanded upon previous observations in smaller-scale data that excessive daytime
sleepiness and daytime napping were linked to poorer cognitive performance;16,18–21 it also documented this association
in PLWH, and perhaps most importantly, suggested that HIV infection adversely moderated this association. While exact
mechanisms linking daytime napping and cognitive performance remain unclear, prior studies in the general population
have examined several potential pathways. For example, excessive daytime sleepiness and prolonged daytime napping
can be secondary to nighttime sleep disturbance or sleep disorders that lead to cognitive impairment; they may also be
sequelae to underlying pathophysiological processes (eg, chronic inflammation) that cause cognitive impairments.
Notably, direct contributions of these daytime sleep behaviors have also been reported.16,18–21 To test whether nighttime
sleep disturbances also interact with HIV infection to influence cognitive performance or whether they mediate the
observed association between DSBs and cognition in PLWH, nighttime sleep assessment through, for example, poly-
somnography, is needed, which is a costly measurement and not feasible for large-scale cohort studies. Luckily, the UK
Biobank monitored the rest-activity patterns of around 1/5 of all participants (including around 100 PLWH) using
actigraphy that provides a proxy for studying sleep,41 for example, sleep fragmentation,42 which can potentially be
studied in the future.

It is worth noting that there is a greater proportion of men living with HIV in our studied cohort. This is consistent
with the sex ratio in the UK back to 10 years ago when this cohort was established43 and even now.44 The sex ratio is in
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keeping with prior PLWH cohorts (for example, The Antiretroviral Therapy Cohort Collaboration conducted
a collaborative analysis of 13 HIV cohorts to study prognosis of ART and cause of death, and among total 39,272
participants from the 13 cohorts, male participants made up more than 70%).45,46 Gender disparities in virological
outcomes including survival likely contribute to this.47,48 For example, there is a growing evidence showing that HIV+
men live longer than HIV+ women (whereas in the general population, women have longer life expectancy).49 In
a PLWH cohort of the UK, findings show consistent poorer virological outcomes in women living with HIV even in the
modern ART era.47 Risk factors of death including substance use, psychological and mental health conditions, multi-
morbidity, and polypharmacy that affect men and women differently may also interact with HIV infection, which may
partially explain the different survival rates.47,48,50–52

Future studies are required to identify mechanisms underlying the interaction effect of chronic HIV infection and
frequent daytime sleepiness/napping in cognitive performance. It is possible that the pathophysiological processes
mentioned above—sleep disturbance, inflamm-aging, and increased comorbid burden—as a result of HIV infection
synergize with the effect of sleepiness and napping during daytime. Moreover, sleep behaviors usually worsen over time,
underscoring a complex relationship with cognitive decline and dementia.53 In the context of aging PLWH, how to
optimize sleep is clinically relevant. Separately, excessive sleepiness and napping may cause poor adherence to complex
medical regimens related to comorbidities in PLWH and lack of social engagement, and subsequently increase the
propensity of cognitive impairment. Independent influences of excessive sleepiness/napping on cognition and direct
modifying effects of HIV infection on these influences are also worth further investigation. Studies that target various
candidate drivers of cognitive impairment are also encouraged.

A major limitation of this study is that the UK Biobank is not an HIV-focused cohort, limiting the ability to document
the exact history of acquired immunodeficiency syndrome and early treatment information. However, the current study
leverages large-scale population level data to answer questions relevant to neurocognitive performance in the context of
HIV infection with rich hospital records to reduce potential bias. Potential moderating effects through adherence to ART
or the treatment itself should be addressed in future studies. Besides, it also needs further attention whether the observed
exacerbated effect of HIV infection on the association between poor DSB and worse cognitive performance depends on
the duration of the infection. Methodologically, the ICD-10 codes offered a well-structured system to identify uninfected
controls that matched PLWH broadly in terms of the three umbrella comorbid conditions. We did not attempt to match
for presence of a specific disease. Future studies using quantitative assessment of daytime sleep are encouraged by
observations in this study. In addition, future studies should also investigate whether daytime sleep behaviors are
associated with prospective longitudinal cognitive decline and whether sleep interventions can help maintain cognitive
status in PLWH.

Abbreviations
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