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Abstract

INTRODUCTION: Sleep duration has been associated with dementia and stroke. Few

studies have evaluated sleep pattern–related outcomes of brain disease in diverse

Hispanics/Latinos.

METHODS: The SOL-INCA (Study of Latinos-Investigation of Neurocognitive Aging)

magnetic resonance imaging (MRI) study recruited diverse Hispanics/Latinos (35–

85 years) who underwent neuroimaging. The main exposure was self-reported sleep

duration. Ourmain outcomeswere total and regional brain volumes.

RESULTS: The final analytic sample included n = 2334 participants. Increased sleep

was associatedwith smaller brain volume (βtotal_brain =−0.05, p<0.01) and consistently

so in the 50+ subpopulation even after adjusting for mild cognitive impairment status.

Sleeping>9 hourswas associatedwith smaller gray (βcombined_gray =−0.17, p<0.05) and

occipital matter volumes (βoccipital_gray =−0.18, p< 0.05).

DISCUSSION: We found that longer sleep duration was associated with lower total

brain and gray matter volume among diverse Hispanics/Latinos across sex and
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background. These results reinforce the importance of sleep on brain aging in this

understudied population.

KEYWORDS

Alzheimer’s disease, magnetic resonance imaging, sleep

Highlights

∙ Longer sleep was linked to smaller total brain and graymatter volumes.

∙ Longer sleep duration was linked to larger white matter hyperintensities (WMHs)

and smaller hippocampal volume in an obstructive sleep apnea (OSA) risk group.

∙ These associations were consistent across sex andHispanic/Latino heritage groups.

1 INTRODUCTION

Sleep patterns can have important public health implications and can

lead to increased health care costs. Short (<7 hours) and long sleep-

ers (>8 hours) spend $1278 and $2994 (respectively) more on health

care compared to average duration sleepers.1 Sleep patterns vary

among demographic groups including by race/ethnicity.2 This may

partly reflect cultural practices and beliefs around sleep.3 Recent work

using self-reported sleep data from the National Health and Inter-

view Survey suggests that Hispanics/Latinos, on average, were more

likely to report shorter sleep duration compared to Whites.4 Hetero-

geneities in sleep patterns amongHispanic/Latino subgroups have also

been documented in the Hispanic Community Health Study/Study of

Latinos (HCHS/SOL). Patel et al.5 reported that Hispanics/Latinos of

Dominican andPuertoRican (CaribbeanLatinos) heritage reported sig-

nificantly shorter sleep duration compared to other Hispanic/Latino

groups. More recently, Gonzalez et al.6 found that Caribbean Latinos

are more likely to meet criteria for insomnia relative to other His-

panic/Latinos subgroups. Important demographic modifiers (e.g., sex)6

for sleep disorders within Hispanics/Latinos may also exist. For exam-

ple, Seicean et al.7 found thatMexicanmen had longer sleep compared

to women in a young cohort (40 years on average); however, it is

unclear whether these sex/gender differences are consistent across

other Hispanic/Latino heritages.

Longer sleep duration is associated with increased risk of adverse

health outcomes. Compared to average sleep duration (7–9 hours),

longer (>9 hour) sleep is associated with increased risk for hyper-

tension, cardiovascular disease, and obesity.8,9 Sleep patterns also

influence downstream outcomes in older adults including cogni-

tion. Both short and long sleep have been linked with worse cog-

nitive performance.10 Recent meta-analyses have validated these

associations.11,12 Sleep disruption is a common complaint among per-

sons with dementia.13 The Neurological Disorders in Central Spain

Studies (NEDICES) found an increased risk of dementia mortality for

long sleepers (≥9 hours) compared to those sleeping between 6 and

8hours.14 Long sleephas also been linked to an increased risk of stroke,

a major pathway for disablement and dementia.15 The pathways in

which sleep could lead to dementia have been explored; for example,

Winer et al. found short sleep, but not long sleep, was associated with

increased amyloid burden and worse cognitive performance.16 These

findings suggest that sleep duration might be a clinically important

metric in at-risk individuals.

We used data from a large and diverse community-based cohort of

middle-aged and older Hispanic/Latino adults to fill existing gaps in the

literature on sleep and brain health. We did so by (1) examining the

associations between sleep duration and total and regional brain vol-

umes, (2) surveying different subpopulations of interest, and (3) exam-

iningmodifications by sex andHispanic/Latino background groups.We

hypothesized that short (<6 hour) and long (>9 hours) sleep durations

(also tested continuously) will be associated with smaller brain vol-

umes (defined below) and larger white matter hyperintensity (WMH)

volumes. Furthermore, we proposed that these associations will be

more pronounced in Puerto Ricans, Dominicans, and women because

they have been reported to experience short sleep duration, frag-

mented sleep, and insomnia-like symptoms compared tomenandother

Hispanic/Latino subgroups.6

2 METHODS

2.1 Data

HCHS/SOL is a community-based prospective cohort study of diverse

Hispanic/Latinos. HCHS/SOL used a complex survey design and

recruited n = 16,415 self-reported Hispanics/Latinos (ages 18–74;

2008–2011) from four major metropolitan cities: San Diego, CA;

Chicago, IL; Bronx, NY; Miami, FL. Each center recruited ≈4000

community-dwelling diverse Hispanics/Latinos. Sampling design and

methods for HCHS/SOL are published elsewhere17 and can also be

found at the HCHS/SOL website https://sites.cscc.unc.edu/hchs. The

SOL-INCA (Study of Latinos-Investigation of Neurocognitive Aging)

study, an ancillary study of the HCHS/SOL, aims to assess cognitive

performance among participants who were 45–74 years of age at visit

1 (n= 6377).

SOL-INCAMRI leverages theHCHS/SOLcohort andneurocognitive

data fromtheSOL-INCAtoexaminebrainhealth in theHispanic/Latino
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GONZÁLEZ ET AL. 3

population, which is underserved and faces disparities in vascular

risk factors. SOL-INCA MRI seeks to examine brain health and the

role of vascular risk factor burden on cerebrovascular pathology and

Alzheimer’s disease (AD) risk using state of the science magnetic reso-

nance imaging (MRI) techniques. Approximately 2400 participants will

be recruited from SOL-INCA with participant selection enriched for

individuals with cognitive impairment (González et al. 2019) and the

remaining cognitively healthy subjects randomly sampled with sex and

field center matching to the participants with cognitive impairment. In

addition,≈400 younger (between 35 and 50 years of age at visit 2) par-

ticipants will be selected randomly from the parent HCHS/SOL study

to achieve a lifespan perspective on Hispanic/Latino brain health. The

complete sample of participants who underwent imaging and hadMRI

data processed successfully include n = 2667 participants (weightings

male= 43%, female= 56%, ages 35–85 years).

2.2 MRI data acquisition

Participants were scanned using a GE 3T 750 (three sites) and a Philips

3TAchieve TX (one site). The sequences include: (1) T1 volume:≈1mm3

resolution; (2) three-dimensional fluid-attenuated inversion recovery

(3D FLAIR); (3) T2*GRE (gradient echo): 2D, long T2*GRE; and (4)

resting-state functional MRI (fMRI): 10-min duration, 3 s repetition time

(TR). All images are quality checked visually at every step of the seg-

mentation process and minor errors are fixed; failed images are not

processed further. Skull stripping, or removal of non-brain tissue, was

performed using a convolutional neural network model.18 Gray mat-

ter volumes were calculated using an expectation-maximization (EM)

algorithm.19 We created the initial space of the EM algorithm using

the template-space warps of previous segmented images. We then

calculated mean and SD of the image intensities, which we used as

parameters for the Gaussian model. The Gaussian model is used to

generate segmentations, which are then used as input for a Markov

Random Field (MRF) model. The MRF model will help us produce fur-

ther mean and SD values from refined segmentation. This process

is repeated until convergence.19 WMH volume was obtained by per-

forming amodified Bayesian probability structure–based algorithm on

FLAIR and 3D T1 images.20 The likelihood values from the Bayesian

model are dichotomized (3.5 standard deviation threshold) to cre-

ate a binary WMH mask. WMH volume is then log-transformed to

account for variance. Hippocampal volume was calculated using an

atlas-based diffeomorphic approach,21 with an additional European

Alzheimer’s Disease Consortium-Alzheimer’s Disease Neuroimaging

Initiative (EADC-ADNI) mask to help standardize outputs.22 Finally,

we performed intensity-based label refinement to generate final

outputs.

2.3 Cognitive testing

Cognitive testing was administered only to participants middle aged

and older (45–74 years) in their preferred language at HCHS/SOL

RESEARCH IN CONTEXT

1. Systemic review: Authors surveyed literature regarding

sleep duration and brain magnetic resonance imaging

(MRI) volumes as well as sleep differences across sex and

ethnic groups using traditional sources (e.g., PubMed).

2. Interpretation: Most participants (79%) slept between 6

and 9 hours. One hour increase in sleep was associated

with smaller total brain volumes. Compared to the 6- to 9-

hour group, participants who slept >9 hours had smaller

total gray and occipital gray matter volumes. We did not

find evidence for non-linear relationships between sleep

duration and brain measures. In a high-risk obstructive

sleep apnea (OSA) group, we found that a 1-hour increase

in sleep was associated with larger white matter inten-

sities (WMHs) and smaller hippocampal volume. Results

were consistent across sex and background.

3. Future directions: Future research should use longitudi-

nal sleep data and consider links between sleep duration

and other clinically important brain markers (e.g., amy-

loid) to further understand how sleep affects risk for

Alzheimer’s disease and related dementia’s.

Visit 1 (older than 50 at MRI). The Neurocognitive Reading Center

trained technicians to ensure generalizability of testing across centers.

Bilingual/bicultural technicians administered the following cognitive

battery at each of the Field Centers: (1) Brief-Spanish English Ver-

bal learning Test (B-SEVLT; Sum = learning, Recall = memory),23,24

(2) Word Fluency (WF),25 and( 3) Digit Symbol Subtest (DSS; pro-

cessing speed).26 Global cognitive function at visit 1 was assessed by

averaging the four normalized (Z-Score) cognitive measures. Detailed

information about cognitive testing andmethods at visit 1.27

2.4 Mild cognitive impairment

Mild cognitive impairment (MCI) was assessed only in individuals over

the age of 50 at SOL-INCA MRI (unweighted n = 255) using the

National Institute on Aging–Alzheimer’s Association (NIA-AA) four

core criteria: (1) cognitive performance in the mild impairment range

for any of the tests (⪙−1 SD) compared to SOL-INCA norms (age, edu-

cation, sex, and Picture Vocabulary Test score adjusted); (2) Global

cognitive decline exceeding −0.55 SD/year between the two visits; (3)

any subjective cognitive decline, over the past 10 years, as assessed by

the Everyday Cognition-12 rating questionnaire; and (4) no clear evi-

dence of functional impairment using instrumental activities of daily

living.28 Individuals scoring less than 2 SD relative to SOL-INCA norms

or who met criteria for MCI (criteria 1–3 above) but had evident

functional impairment (criteria 4 above) were considered as meeting

criteria for suspected severe cognitive impairment.
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2.5 Analytic sample

A total unweighted n = 2667 participants had MRI data available. We

excluded n = 333 participants who did not participate in the baseline

sleep module or who had missing data on model covariates for a final

analytic sample of n= 2334.

2.6 Exposure

Themain exposurewas self-reported sleep duration assessed at visit 1.

Participantswere asked to report, in hours, their usual awake and sleep

times during the week and weekend. Participants were not told how

manyhours of sleep constituted “good” sleep.Daily average sleepdura-

tion was obtained by averaging through the typical sleep duration for

an entire week (five weekdays and two weekend days). Sleep duration

was treated as a categorical and continuous measure. The categori-

cal cutoffs for sleep duration (<6 hours, 6–9 hours, >9 h) were chosen

basedonprevious researchon sleepduration andMRImeasures,29 and

our ownHCHS/SOL data using these categories of sleep.30

2.7 Outcomes

included brain volumes, measured in cm3, of the following: total brain,

combined gray, frontal gray matter, occipital gray matter, temporal

gray matter, parietal gray matter, lateral ventricle, WMHs, and hip-

pocampus. All outcomes were residualized to total cranial volume and

standardized. Both WMHs and lateral ventricle were log transformed

before residualizing due to non-normal distributions.

2.8 Covariates

included continuous age at MRI, time between visits (in years), sex

(male, female), categorical education (less thanhigh school, high school,

more than high school), language preference (Spanish, English), His-

panic/Latino background (Dominican, Puerto Rican, South American,

Mexican, Central American, Cuban), continuous body mass index

(BMI), continuous depression symptom score (Center for Epidemio-

logicDepressionScale, CESD31), a binarymeasure for hypertension (no

hypertension, hypertension) measured according to National Health

andNutritionExamination Survey (NHANES; systolic or diastolic blood

pressure > = 140/90 mm Hg or antihypertensive medication use),

testing center (San Diego, Miami, Chicago, Bronx), and continuous res-

piratory event index (REI; number of apnea and hypopnea events per

hour). We also controlled for self-reported sleep quality using a binary

measure based on a question probing the respondent’s assessment of

their “typical night sleep during the past four weeks” (restless, very

restless = 0; average quality, sound or restful, and very sound or rest-

ful=1). The sleep quality questionwas askedbefore asking about sleep

duration to avoid bias in response. Except for age, all covariates were

assessed at visit 1. To assess respiratory events, participants used an

ARES unicorder 5.2; B-Alert (Carlsbad, CA) during visit 1.32

2.9 Statistical analysis

All analyses were generated using STATA 17 software. First, we gen-

erated descriptive statistics of the target population by categorical

sleep duration (Table 1). We reported means and SDs for continuous

measures and percent and standard errors for categorical measures.

To test differences across groups, we performed analysis of variance

(ANOVA) and chi-square tests for continuous and categorical (respec-

tively) indicators. Second, we performed linear regressions on each

brain outcome using (1) crude; (2) age, sex, education, background; (3)

and full covariate adjustedmodels.We ran eachof thesemodels using a

categorical (using6–9hours as the reference), and continuousmeasure

of sleep (Tables 2–3). For both models, we plotted marginal estimates

to ease interpretation of findings (Figures 1, 2). Models not included in

themain figures can be found in Figures S1 and S2.

In sensitivity models, we tested the nonlinear relationship between

sleep duration and brain volumes by adding a quadratic measure of

sleep duration (sleep duration * sleep duration i.e., sleep duration2).

Results from these models can be found on Table S1. Next, we reran

three separate sets of models, treating sleep duration as a continuous

measure, using the following subpopulations: (1) middle-age and older

participants (50+ years), (2) youngparticipants (<50years), and (3) ele-

vated risk obstructive sleep apnea (OSA) participants (REI>=5). In the

middle-age and oldermodels (50+ years), we ran three additionalmod-

els that adjust for (1) baseline global cognition at visit 1 and excluded

from analysis those with suspect severe cognitive impairment (n= 18),

(2)MCI status (n= 215) and excluded from analysis those with suspect

severe cognitive impairment, and (3) MCI status without excluding the

suspect severe cognitive impairment. Beta estimates for these mod-

els are included in Tables S2–S4, respectively. In addition, we tested

modifications by background and sex in the full sample. Results from

ANOVA F-tests for those can be found in Tables S5 and S6, respectively.

3 RESULTS

3.1 Descriptive statistics

Descriptive statistics by sleep duration category are reported in

Table 1. On average, participants in the <6 hour group (n = 182; 6.9%)

were less likely to have more than high school education and had the

lowest rate of good sleep quality of the three groups. Those in the

6–9 hour group had the highest rates of education, lowest level of

depression, the highest proportion of Spanish speakers, performed the

highest on the word fluency test, and had the highest rate of sleep

quality of the three groups. Those in the >9 hour group skewed male

and had education and sleep quality measures between the other two

groups.
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TABLE 1 Baseline sociodemographic and sleep characteristics of SOL-INCAMRI participants by sleep duration.

<6 h 6–9 h >9 h Total p-value

UnweightedN 182 1825 327 2,334

% 6.9 78.5 14.6 100

Mean± SD

Age 64.02± 11.06 64.35± 11.22 62.48± 12.47 64.05± 11.44 p= 0.358

BMI 30.05± 6.23 29.60± 5.14 30.41± 5.98 29.75± 5.36 p= 0.310

REI 6.95± 11.83 7.81± 11.35 8.53± 16.25 7.86± 12.27 p= 0.661

Depression score 8.72± 7.20 6.72± 5.77 8.24± 6.36 7.08± 6.00 p= 0.001

Time between visits in years 10.24± 1.54 10.32± 1.54 10.03± 1.40 10.27± 1.52 p= 0.102

B-SEVLT Sum 22.70± 5.85 23.11± 5.55 22.30± 5.72 22.98± 5.61 p= 0.272

B-SEVLT Recall 8.33± 2.92 8.38± 2.84 8.22± 3.13 8.36± 2.89 p= 0.870

WF 18.56± 8.58 19.68± 7.02 17.82± 8.00 19.35± 7.30 p= 0.072

DSS 33.71± 14.33 35.26± 12.79 31.94± 12.56 34.70± 12.92 p= 0.013

% (SE)

Language preference

Spanish 82.46 (3.65) 87.26 (1.30) 79.83 (3.50) 85.84 (1.23) p= 0.023

English 17.54 (3.65) 12.74 (1.30) 20.17 (3.50) 14.16 (1.23)

Sex

Female 49.86 (5.05) 55.76 (2.03) 60.53 (3.89) 56.05 (1.68) p= 0.279

Male 50.14 (5.05) 44.24 (2.03) 39.47 (3.89) 43.95 (1.68)

Education

Less than high school 46.80 (5.35) 34.57 (2.01) 35.65 (3.77) 35.57 (1.76) p= 0.022

High school or equivalent 21.69 (3.77) 19.65 (1.38) 27.88 (4.50) 20.99 (1.27)

More than high school 31.51 (4.53) 45.78 (2.03) 36.47 (4.23) 43.44 (1.76)

Background

Dominican 9.85 (2.65) 8.57 (1.09) 8.43 (1.99) 8.64 (1.02) p= 0.204

Central American 13.42 (4.19) 7.10 (0.88) 6.08 (1.83) 7.38 (0.85)

Cuban 11.62 (3.51) 24.29 (2.88) 23.09 (4.20) 23.24 (2.54)

Mexican 31.94 (5.13) 35.53 (2.38) 38.30 (4.37) 35.69 (2.15)

Puerto Rican 22.76 (4.28) 15.84 (1.56) 13.77 (2.44) 16.01 (1.33)

South American 7.20 (3.45) 5.72 (0.85) 4.19 (1.35) 5.60 (0.74)

Other 3.22 (2.12) 2.95 (0.63) 6.15 (3.21) 3.44 (0.71)

SleepQuality

Restless/very restless 29.72 (4.72) 18.11 (1.48) 24.86 (3.80) 19.90 (1.41) p= 0.012

Average/restful/very restful 70.28 (4.72) 81.89 (1.48) 75.14 (3.80) 80.10 (1.41)

Hypertension

No hypertension 62.03 (5.27) 58.16 (2.12) 53.66 (4.66) 57.76 (1.81) p= 0.483

Hypertension 37.97 (5.27) 41.84 (2.12) 46.34 (4.66) 42.24 (1.81)

Mild Cognitive Impairment (MCI)

NoMCI 84.90 (4.61) 87.10 (1.61) 84.79 (3.48) 86.64 (1.39) p= 0.150

MCI 15.10 (4.61) 12.90 (1.61) 15.21 (3.48) 13.36 (1.39)

Suspect severe cognitive impairment 0.24 (0.25) 0.97 (0.34) 3.67 (2.51) 1.27 (0.43)

Abbreviations: BMI, bodymass index; B-SEVLT SEVLT, Brief Spanish English Verbal Learning Test; CESD, Center for Epidemiologic Studies Depression Scale;

DSS, Digit Symbol Substitution Test;MCI, mild cognitive impairment;MRI, magnetic resonance imaging; REI, respiratory event index; SD, standard deviation;

SE, standard error;WF, word fluency.
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GONZÁLEZ ET AL. 7

TABLE 3 Associations betweenMRImeasures and continuous sleep duration (N= 2334).

TCB Combined gray Frontal gray

β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI]

M1 M2 M1 M2 M1 M2

Continuous

sleep

−0.05** [−0.09;−0.01] −0.05** [−0.08;−0.01] −0.02 [−0.07; 0.02] −0.02 [−0.06; 0.02] −0.01 [−0.06; 0.03] −0.01 [−0.05; 0.03]

Occipital gray Temporal gray Parietal gray

β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI]

M1 M2 M1 M2 M1 M2

Continuous

sleep

−0.00 [−0.04; 0.04] −0.00 [−0.04; 0.04] −0.03 [−0.08; 0.02] −0.03 [−0.07; 0.02] −0.01 [−0.06; 0.04] −0.01 [−0.06; 0.03]

Lateral ventricles WMH Hippocampus

β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI] β [95%CI]

M1 M2 M1 M2 M1 M2

Continuous

sleep

0.04 [−0.00; 0.08] 0.03 [−0.01; 0.07] 0.01 [−0.02; 0.05] 0.01 [−0.03; 0.05] −0.04 [−0.09; 0.00] −0.05 [−0.09; 0.00]

Note: M1 model includes time between visits (in years), continuous age, sex (male, female), Hispanic/Latino background (South American, Central American,

Mexican, Cuban, Puerto Rican, and Dominican), a trichotomous indicator for education (less than high school, high school or equivalent, more than high

school). M2 model additionally includes language preference (English, Spanish), continuous measure for body mass index, a dichotomous indicator for sleep

quality (Restless/very restless, Average/restful/very restful), continuous depression, a binary measure for hypertension (no hypertension, yes hypertension),

a categorical measure for testing center (San Diego,Miami, Chicago, Bronx), and continuous respiratory event index.

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging; TCB, total cranial volume;WMH, whitematter hyperintensity.

**p< 0.01.

F IGURE 1 Associations between brainmeasures and categorical sleep duration (N= 2334). Notes: M0model includes time between visits (in
years). M1model includes time between visits (in years); continuous age, sex (male, female), Hispanic/Latino background (South American, Central
American, Mexican, Cuban, Puerto Rican, and Dominican); and trichotomous indicator for education (less than high school, high school or
equivalent, more than high school). M2model additionally includes language preference (English, Spanish), continuousmeasure for bodymass
index, a dichotomous indicator for sleep quality (Restless/very restless, Average/restful/very restful), continuous depression, a binarymeasure for
hypertension (no hypertension, yes hypertension), a categorical measure for testing center (San Diego,Miami, Chicago, Bronx), and continuous
respiratory event index. Std= standardized; TCB, total cranial volume;WMH, white matter hyperintensity.
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8 GONZÁLEZ ET AL.

F IGURE 2 Associations between brainmeasures and continuous sleep duration (N= 2334). Notes: M0model includes time between visits (in
years). M1model includes time between visits (in years); continuous age, sex (male, female), Hispanic/Latino background (South American, Central
American, Mexican, Cuban, Puerto Rican, and Dominican), a trichotomous indicator for education (less than high school, high school or equivalent,
more than high school).M2model additionally includes language preference (English, Spanish), continuousmeasure for bodymass index, a
dichotomous indicator for sleep quality (Restless/very restless, Average/restful/very restful), continuous depression, a binarymeasure for
hypertension (no hypertension, yes hypertension), a categorical measure for testing center (San Diego,Miami, Chicago, Bronx), and continuous
respiratory event index. TCB, total cranial volume; Std, standardized;WMH, white matter hyperintensity.

3.2 Regression models

Results from categorical and continuous models are found in Tables 2

and 3 and average marginal estimates for the brain outcomes are

displayed in Figures 1 and 2. A 1-hour increase in sleep was asso-

ciated with smaller total brain volumes (βtotal_brain = −0.05 [−0.08;

−0.01], p < 0.01) even after full covariate adjustment. In categori-

cal models, those in the >9-hour sleep group had smaller gray matter

(βcombined_gray =−0.17 [−0.31;−0.02], p< 0.05) and occipital graymat-

ter (βoccipital_gray = −0.18 [−0.33; −0.04], p < 0.05) volumes compared

to the 6–9 hour group. In quadratic models (Table S1), we found a lin-

ear and a quadratic association between sleep duration and WMHs;

however, this associationwas explained away in the fully adjustedmod-

els. Associations with all other considered brain outcomes were not

statistically significant.

Results derived from focusing on the middle-age and older (50+

years) cohort were consistent with findings from the overall study

(Table S2). These results were robust to adjustment for baseline

cognitive function, exclusion of individuals with suspect severe cog-

nitive impairment, as well as correction for MCI status. Total brain

associations were not significant in the young (<50 years) cohort

after full covariate adjustment, but we found significant decrements

in combined gray (βcombined_gray = −0.14 [−0.22; −0.06], p < 0.001)

frontal (βfrontal_gray = −0.15 [−0.24; −0.05], p < 0.01), and parietal

(βparietal_gray = −0.13 [−0.22; −0.03], p < 0.01) gray matter volume per

hour increase in sleep (Tables S3).

Results from analyses focused on the high-risk OSA (REI > = 5)

group showed that a 1-hours increase in sleep was associated with

smaller total brain volume (βtotal_brain =−0.06 [−0.10;−0.01], p<0.05),

larger WMHs (βWMH = 0.06 [0.01; 0.10], p < 0.05), and smaller hip-

pocampal volume (βhippocampus =−0.07 [−0.14;−0.01], p<0.05) in fully

adjustedmodels (Tables S4).

3.3 Modification effects

Modifications by background and sex are included in Tables S5 and S6,

respectively. We did not find evidence for significant modifications by

either of these groups in the consideredmodels.

4 DISCUSSION

Among Hispanic/Latino adults, we presented evidence for differential

neuroimaging outcomes based on sleep duration. Long sleep dura-

tion was linearly associated with smaller total brain matter volumes.

When sleep duration was treated categorically to distinguish between

short, typical, and long sleepers, we found that long sleep was addi-

tionally associated with smaller gray matter and occipital gray matter

volumes. Given the lack of evidence for curvilinear associations, we

re-fit continuous models for subpopulation analysis. We found that

continuous models were consistent for individuals in the middle-age
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GONZÁLEZ ET AL. 9

and older cohort even after adjusting for MCI status. In addition,

young participants (<50 years) showed negative associations in gray

matter areas including frontal, parietal, and total gray matter. In the

high-risk OSA group (REI > = 5), a 1-hout increase in sleep was asso-

ciated with smaller brain and hippocampal volume, as well as larger

WMHs volume. Other work that has examined sleep dysfunction–

relatedmarkers of brain disease suggestmixed findings. Data from122

middle age and older (56–86 years) individuals in the Baltimore Longi-

tudinal Study of Aging Neuroimaging Study showed that compared to

sleeping 7 hours a day, longer and shorter sleep were both associated

with frontotemporal gray matter loss.33 This is consistent with more

recent work demonstrating an inversed-U shape relationship between

sleep duration and gray matter volumes, with larger values among

those that slept between 6.7 and 7 hours.34 Other studies have found

null results. The Atherosclerosis Risk in Communities (ARIC) Study

found no association between short sleep duration and brainmeasures

in a middle-aged cohort (n = 312).35 Our research expands on previ-

ous work by (1) linking subjective sleep duration to brain volumes in

a large diverse Latino/Hispanic population and (2) testing for possi-

ble sex and background interactions. In previous HCHS/SOL studies,

we have found both short and long sleep to be linked with worse cog-

nitive performance in word fluency, memory, and processing speed.36

TheMemory andAgingProject linked these to decrements in graymat-

ter volumes.37 Our findings suggest that sleepmight followa “J” shaped

relationship with MRI brain volumes. Furthermore, our subpopulation

analysis highlights the importance of sleep duration as an important

marker for brain health. Young participants (<50 years) were 24–39

years during their sleep visit and presented additional decrements in

gray matter volume compared to middle-aged and older participants.

Onepossible explanation for these findings is that long sleepduration is

amarker for underlying cardiovascular or psychological conditions, and

these could have stronger effects in younger adults. For example, one

study found that affective disorders in young participants is associated

with decreased frontal gray matter.38 Another possible contributor is

drinking, which has also been linked to decreased total gray and frontal

gray matter in young adults.39 Finally, our results in the high-risk OSA

group (REI ≥5) complement other studies that have found sleep apnea

to be linkedwith increasedWMHs volume40 and changes in hippocam-

pal volumes.41 These findings suggest that, regardless of the number

of respiratory events, sleep duration could be an important factor for

understanding brain health in this at-risk population.

Subjective sleep duration could be a surrogate for slow wave sleep.

Slow wave sleep, also known as N3 sleep, is believed to serve many

important functions during sleep,42 and reduced N3 sleep has been

associated with smaller brain and larger WMH volumes.43 Short sleep

has also been linked to increased amyloid beta (Aß) deposition,44

which can lead to smaller gray matter volumes.45 Sleep duration could

interact with brain volumes through cerebrovascular and cardiovas-

cular pathways. A meta-analysis found self-reported sleep to have

a J-shaped relationship with mortality and incident cerebrovascular

disease (CVD): those who slept less or more than 7 to 8 hours had

increased risk of CVD and mortality, and these effects were stronger

for those with longer sleep.46 Lifestyle factors, such as reduced physi-

cal activity,47 could partly explain the association between long sleep

duration and smaller brain volumes.48 Increased WMHs in the high-

risk OSA population could suggest sleep disruptions may be linked to

cardiovascular or cerebrovascular pathways. Indeed,WMHshavebeen

found to be potentially crucial biomarkers for CVD.49 Because we did

not assess the temporality of CVD and sleep, it is possible that short or

long sleep are health sequalae of CVD (or other factors) and thus serve

more as a marker of other complications rather than a risk factor for

brain atrophy.

Despite notable brain differences betweenmen and women, we did

not find evidence for sex modification in sleep duration. Men, on aver-

age, have larger brain and cranial volume as well as white and gray

matter volumes.50 Recently, Stickel et al.51 reported that althoughHis-

panic/Latino men on average have bigger brain volumes at younger

ages, this relationship, relative to Hispanic/Latina women, shifts in

older age. Sex differences, although not found in the limited context

of this study, deserve further focus. Kim et al., for example, found evi-

denceof curvilinearity in parietal, frontal, and total graymatter formen

but notwomen.34 Previous SOL-INCAMRI found thatmen, on average,

have largerWMHvolumes compared towomen.52 Although not statis-

tically significant, the interaction model with WMHs had a low p value

(p < 0.10). We also did not find Hispanic/Latino background modifica-

tions. DeCarli et al.53 reported that Dominicans and Puerto Ricans had

the largest residualized gray matter volumes, whereas Cuban, South

Americans, and Central Americans had the smallest. Our results sug-

gest that despite these differences, the associations between sleep

duration and brain MRI volumes are not modified by Hispanic/Latino

groups.

4.1 Strengths and limitations

This study has many strengths. SOL-INCA MRI is the largest and

most representative sample of diverse Hispanics/Latinos with neu-

roimaging markers of brain health. This has allowed us to validate

our findings in clinical meaningful subpopulations. Our study also

benefits from multimodal measures, thus allowing us to adjust for

important confounders such as REI, depression, baseline global cogni-

tion, and cardiovascular disease. This study also has several limitations.

Sleep durationwasmeasured subjectively. Subjectivemethods tomea-

sure sleep duration are correlated moderately with actigraphy-based

methods,54 although they tend to overreport total sleep.55 Despite

using self-reportedmeasures, we used well-validated questionnaires.5

Future research should validate these results with actigraphy-based

methods, or withmeasures of sleep architecture.We have used proba-

bilityweights soour results canbegeneralized to the target population.

Finally„ MRI data acquisition was performed using multiple scan-

ners, but we accounted for this by adjusting for testing center in

models.

5 CONCLUSIONS

Sleep duration was an important independent indicator for under-

standing brain health and managing healthy brain aging across sex
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10 GONZÁLEZ ET AL.

and background groups. These effects could have significant clinical

implications and help guide future guidelines and treatment.
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