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This study aimed to determine if 24-h movement behaviors (sedentary time, physical activity, and 
sleep), considered independently and together, were associated with declarative memory and 
hippocampal volume in late early childhood. Observational data were obtained from preschool-aged 
children (timepoint 1: n = 35 children, 3.9 ± 0.5 years; 6 months later: n = 28 children, 4.5 ± 0.5 years). 
Movement behaviors were measured with actigraphy. Outcomes were declarative memory and 
hippocampal subregion volumes. Multilevel models explored movement behaviors independently as 
absolute values, and with both absolute total activity, 24-h sleep duration, and night sleep efficiency. 
Movement behaviors were also explored as compositions in linear regression models. In independent 
models, sleep duration and moderate to vigorous physical activity were positively associated with 
total and right hippocampal volumes, respectively. When examined together, children meeting sleep 
recommendations were more likely to have larger total, right and left hemisphere, body, and tail 
hippocampal volumes. In our sample of preschool children, we observed positive associations between 
sleep duration and hippocampal volume, independent of age. To improve our understanding of the 
connections between 24-h behaviors and brain health in early childhood, larger samples that also 
consider the context and subcomponents of movement behaviors may be warranted.
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Declarative memory and hippocampal development in early childhood
Memory, or the ability to acquire new information and later recall it, is pivotal to learning and development in 
children as it serves as the foundation to gaining new knowledge and skills1. Declarative memory broadly includes 
the explicit ability to recall information about an event or experience (i.e., episodic memory) and retrieve general 
knowledge (i.e., semantic memory)2. These forms of memory contribute to overall cognitive functioning and are 
important for learning and language development in young children3,4. Memory performance depends on three 
primary processing components: (1) encoding (processing information that is taken up by working memory for 
longer-term storage), (2) consolidation/storage (the retention of information after encoding), and (3) retrieval 
(accessing previously learned information)3. The development of the episodic memory system relies on a brain 
network that encompasses the hippocampus and other regions, such as medial temporal cortices and neocortical 
structures4,5. The ability to recall visual and spatial information is strongly connected to declarative memory 
domains and the hippocampus2,6,7.

The hippocampus serves as a major contributor to memory4,5. Markers of the hippocampus that are 
connected to memory include both function (e.g., connectivity) and structure (e.g., volume)5,8–12. Anatomically, 
the hippocampus can be explored bilaterally (i.e., both hemispheres), by hemisphere, and also by subregions 
along the longitudinal axis (e.g., head, body, and tail)8. In both children and adults, memory improvements 
appear connected to the structural development and connectivity of the hippocampus9–11. This region is 
where memories are initially integrated in the short term, and it plays a significant role in the consolidation of 
memories5,7.
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Both declarative memory and hippocampal structure undergo substantial development early in life (i.e., 
infancy through age 5  years). While memory improves markedly5, significant anatomical changes occur in 
the hippocampus throughout early childhood (i.e., under age 6)8,13,14. Whereas some brain regions experience 
rapid changes in the very early years, the hippocampus undergoes protracted development in that the maturity 
relating to synaptic connectivity is not reached until 5–7  years14. Between ages 4 and 8  years, total bilateral 
hippocampal volume follows a cubic growth trajectory, the hippocampal head increases volume in a quadratic 
growth pattern, and the volumes of the body and tail grow linearly8. Additionally, while the hippocampus has 
greater neural plasticity than other brain regions and appears adaptive to environmental factors throughout 
the lifespan, plasticity is the greatest during early childhood15. Development of the hippocampus and cognitive 
performance across childhood, such as memory, can be influenced by a range of environmental factors16,17, and 
there is growing evidence that children’s routines and behaviors of the 24-h cycle are potential correlates18–20.

Potential links between 24-h movement behavior, hippocampal volume, and memory
Over a day, children’s movement behaviors can be broadly classified as sedentary, physical activity, or sleep. 
These 24-h movement behaviors are formative during early childhood and are predictive of healthy activity 
levels and sleep in adolescence and adulthood21–23. Importantly, minimizing time spent sedentary, participating 
in adequate physical activity levels, and achieving sufficient sleep quantity and quality are beneficial to a range 
of physical health outcomes in children24,25. Furthermore, mounting evidence shows that 24-h movement 
behaviors are linked to mental and cognitive health in older children and adolescents19,26–28. Although sedentary 
behavior, physical activity, and sleep measures have been independently associated with memory and brain 
measures in older children and adults, less is known about early childhood. The preschool years may be sensitive 
to the interactive influences of physical activity and sleep on biological and psychosocial aspects of the brain29.

Associations between sleep, the hippocampus, and memory
Sleep appears to be an important influence on functions relating to the hippocampus and the consolidation 
of memories. Although associations between sleep metrics and hippocampal structure in school-age children 
and adolescents have been mixed30–35, literature in early childhood is limited20. However, a recent study by 
Riggins and Spencer36 reported a positive association between habitual sleep duration and hippocampal head 
subfield volume (CA2-4/DG) in 4- to 6-year-old children that was not present in 6- to 8-year-old children. 
There is considerable evidence that sleep benefits cognitive functions such as visuospatial memory encoding 
and consolidation in early childhood7,18,37. For example, during slow-wave sleep, as memories are replayed in the 
hippocampus, a combination of hippocampal and physiological sleep activity helps stabilize memories7.

Associations between physical activity and the hippocampus
In the aging brain, similar to sleep, physical activity appears to be an important agent of hippocampal 
plasticity. For example, hippocampal volume in adults may be increased (or more likely retained in the case 
of older adults) in response to exercise interventions38. In preadolescent children, positive39–41 and mixed42 
associations have been reported in observational studies between cardiorespiratory fitness (a performance 
indicator strongly linked to physical activity) and hippocampal volume or blood flow. However, relations have 
been inconsistent between physical activity and hippocampal measures in older children and adolescents43–45. 
Limited experimental research has been reported in youth and focused only on connectivity46. Overall, research 
regarding sedentary behavior or physical activity concerning the hippocampus in children is limited and, to our 
knowledge, has not been explored in early childhood. Given the sensitive periods for hippocampal development 
in this life phase, hippocampal plasticity and connectivity in younger children may be prone to the influences of 
movement behaviors.

Associations between physical activity and memory
In older adults, physical activity also appears to benefit declarative memory, including visuospatial performance47. 
Although studies reporting on this memory domain are limited in children, findings are promising19. A recent 
review of experimental studies in older children included four acute (single) bout studies and one (chronic) 
intervention study and reported generally favorable effects of physical activity on memory48. Additionally, a few 
intervention studies that explored physical activity integrated into preschool academic lessons demonstrated 
favorable effects on declarative memory performance (i.e., recall of recently learned academic subject-specific 
knowledge or foreign language words)49–53. However, overall, research exploring waking movement behaviors 
and declarative memory is limited54, has not considered sedentary behavior, and importantly, has not accounted 
for sleep duration or quality55. In addition to their influence on one another, given that they occur within a 
24-h or daily cycle (and thus are co-dependent), 24-h movement behaviors could have interactive influences on 
cognitive performance.

The current study
Although there is evidence of co-development between declarative memory and hippocampal volume5, whether 
24-h movement behaviors are associated with these two outcomes in early childhood is unknown. Exploring 
such potential influences would contribute to our understanding of the relations between 24-h movement 
behaviors and cognition and brain health in early childhood, which is necessary to inform comprehensive 
behavior promotion recommendations and interventions for early childhood. Therefore, the purpose of this 
study was to determine if 24-h movement behaviors, considered independently and together, were associated 
with declarative memory and hippocampal volume in early childhood (i.e., ages 4–5 years). For memory, we 
hypothesized that children who had more physical activity, less sedentary time, longer sleep duration, and 
greater sleep efficiency would have better immediate memory performance and less decrements in performance 
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over recall periods. Given the variation in hippocampal volume over this age range, we did not have a priori 
hypotheses for the relations between hippocampal volume measures and 24-h movement behaviors. However, 
it was predicted that children’s overall 24-h time use compositions would be associated with memory measures 
and hippocampal volumes.

Methods
Study overview
Data for the current study stem from a longitudinal study aimed at exploring the development of nap effects on 
declarative memory and hippocampal development. All protocols were approved by the University of Maryland 
Institutional Review Board (Federal-wide Assurance #: FWA00005856). This research adhered to the ethical 
principles outlined in the US National Commission of Human Subjects of Biomedical and Behavioral Research 
Belmont Report. Informed consent and parent permission were obtained from all parents or legal guardians, 
and all child participants provided verbal assent. For the current study, we used data from the first two times—
timepoint 1 and timepoint 2 (data collected 6  months after timepoint 1). The Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) guidelines were followed for this study (Supplemental 
File S1)56.

Participants
Children between the ages of 3 and 6 years who napped regularly (i.e., 5+ naps/week according to parent report) 
at the time of enrollment were eligible to participate in this study, as one of the aims of the parent study was to 
follow participants as they transitioned out of regular napping.

Additionally, inclusion criteria required children to have normal or corrected-to-normal vision and hearing, 
no current or past diagnosis of a developmental disability or sleep disorder, no use of psychotropic or sleep-
affecting medications, be free of fever or respiratory illness at the time of testing, no history of neurological 
injury, and no presence of metal in the body. To be included in the present study, children needed sufficient 
actigraphy data (see Measures: “Actigraphy” section) and data for at least one outcome measure (i.e., memory 
or hippocampal volume) on one or more timepoints. Seventy-four children enrolled in the parent study, and 
among those, 43 had sufficient actigraphy measures (along with at least one memory or hippocampal measure; 
Fig. 1 and Supplemental File S2).

Fig. 1.  Participant flow diagram.
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Protocol
In the parent study, the study period at each timepoint was approximately 16  days and followed the same 
procedure (Fig. 2). Parents or adult caregivers were given online questionnaires and a sleep diary for their child. 
Children were given an actigraphy monitor and instructed to wear it on their non-dominant wrist and wear it 
continuously (i.e., 24-h) for the full study period. Each period included two experimental conditions that were 
implemented at the children’s homes 1 week apart with the order counterbalanced. The conditions included one 
afternoon of nap-promotion and one afternoon of wake promotion, regardless of the child’s typical daytime 
sleep routine. On these two experimental days, memory was assessed in the morning, the same afternoon 
(post-nap or post-wake), and 24 h later (i.e., in the morning). Approximately a week after the second condition 
was implemented, the child visited the campus for an MRI assessment57. In the current observational study, 
actigraphy from the two experimental days were excluded as the experimental conditions (i.e., nap-promotion 
or wake-promotion) may have created changes to a child’s typical routine.

Measures
Actigraphy
Daytime movement behaviors were derived from actigraphy. The current study used Actiwatch Plus monitors 
(Philips Respironics, Ben, OR), which employ triaxial accelerometry to estimate movement. These devices are 
water resistant, have off-wrist and light detection, and include an event marker button. This device is a prevalent 
measurement tool in pediatric sleep research58. Relative to video-polysomnography, one validity study in 28- to 
73-month-old children reported overall agreement, sensitivity, and specificity metrics of 94%, 97%, and 24%, 
respectively59. In a study of preadolescent children, the validity of this device was examined as an estimate 
of daytime energy expenditure relative to indirect calorimetry (r = 0.90, p < 0.001)60. In preschool children, 
Alhassan et al.61 reported moderate positive associations comparing the activity counts output of the Actiwatch 
to direct observation (r = 0.47). Adult caregivers were asked to mark times that the monitor was taken off in the 
sleep diary. Children and adults were instructed to press the event button to mark lights on and off (to indicate 
time in and out of bed to determine bouts of sleep opportunity) for any sleep periods.

Actiwatch data was configured and downloaded in the Actiware software (Philips Respironics, Bend, OR). 
Devices were set with a sampling rate of 32 Hz, sensitivity < 0.01 g, and 15-s epochs for data collection. After data 

Fig. 2.  Study overview. This simplified overview of the parent trial protocol was completed at two 
timepoints, 6 months apart. Notes: Analyses only included memory measures associated with the nap day 
promotion condition (i.e., immediate, same-day delayed, and next-day delayed recall). Actigraphy was 
measured throughout the full period, but only the ‘typical routine’ days were considered in the present study. 
Hippocampal volumes were obtained from the MRI visit.
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were downloaded, Actiware’s default algorithm was used to estimate sleep and wake intervals62. This algorithm 
has been validated in preschool samples58,63. This resulted in the categorization of each 15-s epoch as rest (awake 
in bed), sleep (sleep in bed), or wake (wake out of bed). Next, each rest interval was manually scored using a 
combination of information from Actiware (e.g., epoch classifications, light, event markers, and sleep diaries)64. 
Rest intervals were classified using the sleep diaries and event marker button presses. Sleep onset was defined as 
the first 3 consecutive minutes of sleep, and sleep offset was defined as the last 5 consecutive minutes of sleep if 
neither a diary nor event markers were available.

A valid daily cycle of actigraphy included at least 480 min of waking data and a full overnight of sleep data 
(i.e., no notable off-write intervals before or during the overnight period)65. Although the accelerometry review 
summary by Migueles et al.65 recommended a minimum of 600 min of wear time for activity assessment in 
this age group, the majority of our sample engaged in daytime naps at the first timepoint which reduced the 
number of hours available for waking activity counts. Percent of wake time spent in sedentary behavior and 
moderate to vigorous physical activity (MVPA) were derived using the Ekblom intensity cut point ranges of ≤ 70 
counts and > 262 counts, respectively60. At least two valid daily cycles of data were required for inclusion in the 
present analyses at each timepoint. To account for potential differences in wear periods between participants and 
weekends versus weekdays, for each timepoint, we used random effects models to estimate the individualized 
means for each actigraphy variable (i.e., total activity, sedentary time, light physical activity, MVPA, night sleep 
duration, 24-h sleep duration, and night sleep efficiency). A binary variable of meeting the AASM sleep duration 
recommendations for preschool children (i.e., 10 or more hours)66 was also created.

Memory
A visuospatial memory task used in previous work assessed declarative memory67. Research assistants 
administered this task via a computer or tablet in the participants’ homes on the days of the two conditions (nap 
and wake days). Given that daytime sleep can influence memory performance67, data for the present study was 
only used from the nap condition day. Similar to the game ‘Memory’, children were shown a grid of 12 or 16 
cartoon images on a screen. For the encoding phase, children were asked to name each item, and then research 
assistants asked them questions about the items. The items were then ‘flipped over,’ and a grid of blue squares 
was presented in their place. Items were presented one at a time in a separate window and the children were 
asked to identify locations of the items with feedback provided. This phase continued until children reached 75% 
accuracy. Next, in the immediate recall phase, children were again asked to locate items on the same grid from 
earlier, but this time without feedback. Immediate recall accuracy (%) was calculated as the number of items 
correctly located divided by the number of items on the grid, multiplied by 100. After the participants woke 
from their afternoon nap, the same day delayed recall phase was administered following the same procedure 
as immediate recall. The difference between the delayed and immediate accuracy scores was divided by the 
immediate accuracy score and then multiplied by 100 to calculate the same delay percent change score. Finally, 
next day delayed recall also followed the same procedure as immediate recall, but was completed approximately 
24  h post-encoding. The next day delayed recall score was computed using the same method as the same 
day delay, but with the next delay score in place of the same day delay score. Greater immediate recall scores 
(maximum possible score: 100%) indicated better memory performance. Greater change scores indicated more 
memory retention (or less forgetting) between the delayed recall assessments and immediate recall. Positive 
scores indicate that memory improved, whereas negative scores indicate performance decreased.

Hippocampal volume
During the MRI visit, children first participated in a mock scan to learn how to lie still in the scanner and 
get acclimated to the scanning environment. Motion feedback was provided by the research staff. Actual scans 
then followed the mock scan. Scanning was completed in a Siemens 3.0 T scanner with a 32-channel coil. To 
enhance compliance and reduce motion effects, padding was placed around the children’s heads and children 
watched a movie of their choice. A high-resolution T1 magnetization-prepared rapid gradient-echo sequence 
of 176 contiguous sagittal slices was used to collect data (4:26 min acquisition time, 0.9 mm isotropic voxel size; 
1900 ms TR; 2.32 ms TE; 900 ms inversion time; 9 flip angle; 256 × 256 pixel matrix). Following the scan, research 
staff checked images immediately and if the image was considered too low in quality (e.g., significant blurring or 
banding), a second scan was administered.

Structural data analysis was completed using Freesurfer (Version 6.0.0), a standard automatic segmentation 
program that has been deemed appropriate for use in children 4 and older68. Freesurfer provides automated 
preprocessing of structural T1-weight images, which involves skull stripping, image registration, motion 
correction, smoothing, and subcortical segmentation. To visually review the hippocampal segmentations, 
images were aligned to the anterior–posterior commissure. For slices selected as the end of the hippocampal 
head and the beginning of the hippocampal tail in both the left and right hemispheres, 13 cases were double-
coded, and there was 100% agreement within two slices between raters. Quality inspections of the images 
resulted in exclusion if significant banding or blurring was present.

After the hippocampus was identified from Freesurfer, the segmentations were refined with the Automatic 
Segmentation Adapter Tool (ASAT: nitrc.org/projects/segadapter)69. During this process, each hemisphere 
was inspected for accuracy visually and if necessary, manual edits were made. Subsequently, using anatomical 
landmarks, hippocampal subregions were identified. Specifically, the end of the hippocampal head was marked 
as the slice before the uncal apex was visible, and then the head was identified as all slices prior to that slice70. The 
first slice where the fornix separated from the hippocampus (and became visible) was identified as the first slice 
of the tail71. All slices between the head and tail defined the hippocampal body. Finally, after the hippocampus 
was refined by ASAT, it was segmented (i.e., head, body, and tail) with the identified slice boundaries, and then 
volumes were extracted from Freesurfer. Freesurfer was also used to estimate and extract intracranial volume, 
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total hippocampal volume, bilateral hippocampal volume (collapsed across hemisphere), and bilateral volumes 
for the head, body, and tail subregions. All hippocampal volumes were adjusted for intracranial volume for ICV 
using an analysis of covariance approach, taking into account both age and sex72,73 to ensure that differences in 
hippocampal volumes are not attributable to head size, age, or sex.

Covariates
Other measures were collected as potential covariates to include in our analyses and to describe the characteristics 
of the study sample. Caregivers completed an in-house health and demographics questionnaire. This included 
age (years and months), sex of the child, family income and education (as indicators of socioeconomic status), 
race, and ethnicity. For descriptive purposes, the number of days and nights of actigraphy data were recorded.

Analysis
Descriptive and preliminary analyses
Analyses were conducted in Stata (Version 17.0, StataCorp LLC, College Station, TX) and in R version 4.2.274 
using the compositions package75 with an alpha level of 0.05. Descriptive analyses were completed to characterize 
our sample and inform our models. Variables were first explored for normality and kurtosis. Next, pairwise 
Pearson correlations were run for all continuous variables to identify preliminary associations. Additionally, a 
series of independent t-tests were used to assess for differences in our variables by sex.

Main analyses
Multilevel linear models with restricted information maximum likelihood (i.e., one model for each outcome) 
were conducted to examine associations between movement behaviors as independent variables expressed 
as absolute values (i.e., sedentary time, MVPA, 24-h sleep duration, or night sleep efficiency) and memory 
performance or hippocampal volume as the dependent variables. We used two-level random intercept models 
with individuals nested within timepoints. Given the exploratory nature of our research questions and the level 
of missing data across timepoints, independent variables were grand mean-centered and treated as time-varying 
(by timepoint), and models included only random intercepts. Models were adjusted for sex.

To account for activity levels and sleep in the same model, multilevel models were also run, including total 
physical activity expressed as average activity counts/min (to account for both sedentary time and physical 
activity while avoiding multicollinearity concerns), 24-h sleep duration (as the categorical guideline compliance 
variable), and night sleep efficiency as independent, time-varying variables, with the same dependent variables 
mentioned above. These models were also adjusted for sex.

To explore the 24-h movement behavior as time-use metrics within the same model, we employed a 
compositional data analysis approach utilized in other time-use epidemiology studies76,77. This method enables 
the examination of measures that are interdependent within the same model while alleviating concerns about 
multicollinearity, treating these behaviors as a composition (i.e., each representing a proportion of the daily 
cycle) by converting them into log-ratio coordinates78. A 24-h time-use composition was developed for each 
child, consisting of the minutes spent sedentary, in light physical activity, in moderate to vigorous physical 
activity (MVPA), and in sleep (including both daytime and overnight sleep). The geometric means of these 
behaviors were computed, and the proportions were then normalized to total 1440  min (i.e., 24  h)76,79. 
Subsequently, the four-component time-use composition was transformed into a set of three isometric log-ratio 
(ilr) coordinates79,80. These three ilr coordinates, along with sex, were incorporated into linear regression models 
as independent variables, with a separate model for each outcome. Since each model included four independent 
variables, to maximize the sample size for each outcome, we chose to pool the data into a cross-sectional sample. 
Data from the first time point were prioritized; however, if data were missing, measures from the second time 
point were utilized. To determine whether the composition (i.e., the three ilr coordinate variables collectively) 
was associated with each outcome, multiple regression parameters from the type III analysis of variances were 
analyzed81. If the time-use composition emerged as a significant predictor for any outcome, theoretical time-use 
reallocations would be explored to describe the estimated changes in the outcome should time be added to or 
removed from a behavior82.

Results
Sample characteristics
Participant characteristics at each timepoint are presented in Table 1. Of the participants included in the present 
study, the majority of children were White (63.8%) and non-Hispanic (75.6%), came from families that reported 
an annual household income of over $115,000 (77.0%), and had at least one parent with a post-graduate degree 
(66.7%). Only three participants had household incomes less than $35,000, and all children had at least one 
parent with a high school diploma or higher. The average age at the start of the study was 3.9 ± 0.5 years, and over 
half of the sample was female (60.0%).

Timepoint 1 sample
Along with actigraphy data, at the first timepoint, 35 and 21 children had memory and hippocampal volume 
measures, respectively. Participants wore the Actiwatches for 2–16 daily cycles, with daytime wear time duration 
ranging from 662.0 to 813.4  min. This included 3.1 ± 1.4 weekends for daytime (i.e., daytime on Saturday 
and Sunday) and 2.9 ± 1.3 weekends for overnight sleep (i.e., Friday and Saturday nights). Over a daily cycle, 
children obtained 478.2–674.7 min of sleep duration, with 75% not meeting the AASM recommendations. For 
participants who napped, the average daytime sleep duration was 90.2 ± 19.0 min. Approximately one-third of 
the sample (n = 11) attended a childcare program or preschool outside of the home for 21.1 ± 17.6 h per week.
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Timepoint 1 (n = 35)
Mean (SD) or %

Timepoint 2 (n = 28)
Mean (SD) or %

Cross-sectional (n = 43)
Mean (SD) or %*

Demographics

 Age (years) 3.9 (0.5) 4.5 (0.5) 4.1 (0.6)

 Female 60.0 53.6 55.8

 Race

  White 60.0 71.4 62.8

  Black/African American 14.3 10.7 14.0

  Asian 2.8 3.6 2.3

  Two or more 8.6 3.6 7.0

  Missing 14.3 10.7 13.9

 Hispanic ethnicity

  Yes 2.9 10.7 7.0

  No 82.9 75.0 76.7

  Missing 14.2 14.3 16.3

 Parent education

  High school diploma 5.7 3.6 4.7

  Some college 2.9 0 2.3

  4-year college degree 14.3 7.1 11.6

  Post-graduate degree 65.7 82.1 69.8

  Missing 11.4 7.2 11.6

 Household income

  < $15,000 2.9 0 2.3

  $15,000 to $34,999 5.7 0 4.7

  $35,000 to $54,999 5.7 7.1 7.0

  $55,000 to $74,999 0 0 0

  $75,000 to $114,999 8.6 10.7 9.3

  > $115,000 77.1 82.2 76.7

  Missing 0 0 0

Actigraphy measures

 Total days of wear 11.7 (3.2) 11.8 (3.3) 11.6 (3.7)

 Total nights of wear 10.6 (3.5) 10.6 (3.5) 10.5 (3.7)

 Total activity (counts/min) 600.6 (99.9) 563.7 (108.9) 591.2 (94.6)

 Sedentary time (%) 40.5 (6.7) 42.5 (6.8) 41.5 (7.0)

 Light physical activity (%) 42.8 (4.3) 41.4 (4.0) 42.3 (4.6)

 MVPA (%) 16.7 (4.9) 19.7 (10.9) 16.7 (4.6)

 Night sleep duration (min) 530.4 (44.2) 587.7 (33.6) 547.1 (50.8)

 Night sleep efficiency (%) 83.6 (6.7) 88.3 (2.6) 84.9 (6.5)

 24-h sleep duration (min) 580.1 (38.3) 610.6 (33.9) 591.5 (40.9)

 % meeting sleep guideline 25.7 71.4 41.9

Memory performance

 Immediate recall (%) 77.5 (13.1) 80.9 (13.5) 78.4 (13.2)

 Same day change (%) − 19.7 (18.3) − 13.2 (16.9) − 19.5 (18.7)

 Next day change (%) − 26.3 (23.1) − 17.1 (17.9) − 25.1 (22.1)

Hippocampal volume

 Total (mm3) 5825.81 (498.9) 6056.71 (422.7) 5922.78 (482.0)

 Left hemisphere (mm3) 2928.69 (300.3) 3041.81 (256.9) 2972.35 (274.5)

 Right hemisphere (mm3) 2897.12 (243.9) 3013.89 (198.1) 2850.33 (246.5)

 Head (mm3) 2887.27 (243.9) 3181.23 (402.7) 1510.07 (199.9)

 Body (mm3) 2088.99 (275.5) 1978.76 (219.7) 1458.18 (212.69)

 Tail (mm3) 847.5 (248.7) 896.7 (178.6) 1047.42 (131.9)

Table 1.  Characteristics of the sample across time.
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Timepoint 2 sample
At the second timepoint, along with actigraphy data, 28 children had actigraphy data, and 16 had hippocampal 
volumes. Demographic descriptions and actigraphy measures were similar to the first timepoint.

Cross-sectional sample
To create the pooled cross-sectional sample for our compositional data analyses, data was selected from the first 
timepoint if participants had data for all three variable categories (i.e., actigraphy, memory, and hippocampal 
volumes; n = 21). If a participant was missing data in one variable category but had all three at the following 
timepoint, their data was selected from the second timepoint (n = 8). If one category was missing at both 
timepoints, the first timepoint was given preference (n = 14). Descriptive statistics for this pooled sample 
(n = 43) were similar to those at both timepoints. The compositional means from the 24-h movement behavior 
composition were 328.6, 338.1, 128.8, and 644.4  min for sedentary time, light physical activity, MVPA, and 
sleep duration, respectively. A variation matrix computed with the geometric means indicated the lowest co-
dependence between sedentary time and MVPA (0.200), and the highest co-dependence between light physical 
activity and sleep duration (0.014).

Initial analyses
Bivariate correlations between absolute values for sedentary time, MVPA, and sleep duration and the outcomes 
(i.e., memory and hippocampal measures) at the two timepoints were explored (Supplemental File S3). Total 
physical activity was negatively associated with age at timepoint 1 (r = − 0.37), indicating that older children 
(albeit within a small age range) were likely to be less active. Hippocampal body volume was inversely associated 
with MVPA at the first timepoint and inversely associated with 24-h sleep duration. There were no significant 
associations between 24-h behaviors and memory.

Next, we used independent t-tests to explore if variables of interest differed between males and females 
(Supplemental File S4). Males had 3.7% higher levels of MVPA (p = 0.03) and greater volume in the hippocampal 
head at both timepoints (p = 0.04). Females had better memory performance for immediate accuracy (9% higher, 
p = 0.043) and proportion of change between delayed and immediate recall on the same day (16.1% higher, 
p = 0.046). There were no sex differences in any of the measures at timepoint 2.

Main analyses
Individual behaviors as absolute variables
The first step in our main analyses used multilevel models to explore absolute values of sedentary time, MVPA, 
24-h sleep duration, and night sleep efficiency in separate models adjusted for sex for each outcome of interest 
(Table 2).

None of the 24-h behaviors were associated with memory performance, although sex was a significant 
predictor in multiple models. Higher MVPA levels and greater 24-h sleep duration were associated with greater 
right and total hippocampal volumes, respectively. Specifically, each additional percent of wake time spent in 
MVPA was linked to an estimated increase in 4.1 mm3 in hippocampal head size, and each additional minute 
of sleep was associated with an estimated increase in 3.2 mm3 in total hippocampal size. Sex was significantly 
associated with hippocampal head volume in all 24-h behavior models.

Total activity, sleep guideline compliance, and night sleep efficiency together as absolute variables
Models were next explored for each outcome that included total physical activity (expressed as activity counts/
min), 24-h sleep duration (expressed as a binary guideline compliance variable), night sleep efficiency, and 
sex as independent variables (Table 3). Children who met the sleep guidelines were more likely to have larger 
hippocampal volumes for the total hippocampus (β = 273.6, p < 0.001), left hemisphere (β = 139.9, p = 0.01), right 
hemisphere (β = 127.7, p < 0.001), head (β = 203.7, p = 0.006), and tail (β = 132.9 (p = 0.003). Sex was significantly 
associated with same-day memory recall performance and hippocampal head volume.

Compositional data analyses
Finally, a linear regression model for each model was explored that included the 24-h movement behavior 
composition expressed as three isometric-log ratios, night sleep efficiency, and sex as independent variables 
(Table 4). The 24-h composition was not a significant predictor for any of the outcomes, thus, these relations 
were not further explored with isotemporal time substitutions. Sex was significantly associated with immediate 
memory performance, same-day memory performance, and hippocampal head volume.

Discussion
This study aimed to explore relations between 24-h movement behaviors, both independently and interactively, 
on declarative memory and hippocampal volume in young children. Contrary to our expectations, the 24-h 
behaviors of the children in our sample were not associated with memory performance. When explored 
independently as an absolute value, MVPA was positively associated with the hippocampal volume of the 
right hemisphere, and sleep duration was positively associated with total hippocampal volume. After 24-h 
were combined as absolute values in the same model, sleep guideline compliance was associated with most 
hippocampal measures. Specifically, children who met the daily sleep recommendations were more likely to 
have greater hippocampal volumes for the total structure, left and right hemispheres, body, and tail than children 
who slept less than 10 h. When the time-use measures were treated as a composition, they were not significantly 
associated with any outcomes.

Similar to our non-significant associations, a prior study reported that hippocampal volume was not associated 
with actigraphy-measured absolute sedentary time in a sample of 93 preadolescent children who were classified 
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as overweight or obese45. However, relations between sedentary behaviors and brain health measures may be a 
bit more nuanced than physical activity and fitness measures. Activities that may be categorized as sedentary, 
such as reading, writing, coloring/drawing, and even interactive gaming, could be beneficial for cognitive 
performance and development. Society’s increase in accessibility of technologies may contribute to increases in 
a child’s screen time. Yet some digital games and programming may also provide educational and developmental 
content, which may buffer against the negative effects of sedentary behavior. For example, sedentary time may 
negatively impact cognitive performance when it replaces sleep or physical activity, but the specific components 
of sedentary time (e.g., replacing reading or imaginative play for entertainment-related screen time) may also 
play a role. Thus, a consideration for future work would be to collect contextual information on the time spent 
in various types of sedentary behavior.

Contrary to the non-significant associations between absolute MVPA and total physical activity (that 
accounted for sleep duration) from this observational study, a few experimental studies in young children 
have demonstrated positive acute effects of MVPA on declarative memory performance49–53 and hippocampal 
connectivity83. In the cross-sectional study of 93 overweight or obese preadolescent children mentioned above, 
absolute MVPA was not associated with hippocampal volume in their overall sample45. However, when analyses 
stratified by weight classifications, MVPA was positively associated with the gray matter volume of the right 
hippocampus in children classified with type I obesity, but not in children classified as overweight or obesity 
class II–III, suggesting that weight status is an effect modifier.

Although this study allowed us to take a preliminary look at the relations of physical activity with memory 
and hippocampal volume, some aspects should be considered before extrapolating our findings. For example, 
our sample had generally high levels of physical activity, which may have contributed to a ceiling effect. Related to 
this, our measurement device and approach could have potentially overestimated MVPA. Specifically, although 
the wrist is the preferred wear location for sleep estimation in this age group, the hip or waist is generally more 
accepted and accurate for daytime activity levels45,84. Additionally, although the Ekbolm et al.60 cut points were 
cross-validated in our age group, they were originally developed in an older sample. Indeed, our compositional 

Outcome IV

Sedentary time MVPA 24-h sleep duration Night sleep efficiency

Coeff. 95% CI ICC Coeff. 95% CI ICC Coeff. 95% CI ICC Coeff. 95% CI ICC

Memory performance

 Immediate recall

Behavior − 0.04 − 0.51, 0.43

0.37

0.12 − 0.26, 0.50

0.39

0.02 − 0.06, 0.1

0.37

0.33 − 0.23, 0.89

0.38Female 7.0 − 0.03, 14.1 7.5* 0.25, 14.7 6.8 − 0.25, 13.9 7.9* 0.78, 15.2

Intercept 75.3 75.1 75.4 74.9

 Same-day recall

Behavior − 0.13 − 0.75, 0.5

0.07

− 0.08 − 0.62, 0.45

0.05

0.03 − 0.08, 0.14

0.09

0.39 − 0.35, 1.1

0.09Female 11.7 3.0, 20.5 11.4* 2.5, 20.4 11.4* 2.6, 20.3 12.6* 3.7, 21.5

Intercept − 23.5 − 23.2 − 23.3 − 23.9

 Next-day recall

Behavior 0.11 − 0.66, 0.89

0.01

0.22 − 0.44, 0.88

0.07

0.003 − 0.13, 0.14

0.01

0.67 − 0.23, 1.6

− 0.02Female 7.4 − 3.2, 17.9 8.3 − 2.7, 10.4 7.4 − 3.3, 18.0 8.9 − 1.7, 19.5

Intercept − 25.9 − 26.5 − 24.9 − 26.9

Hippocampal volume

 Total

Behavior 8.8 − 6.2, 23.8

0.89

5.4 − 2.5, 13.4

0.90

3.2* 0.2, 6.1

0.93

14.3 − 7.1, 35.7

0.89Female − 212.7 − 568.6, 143.2 − 203.1 − 561.1, 154.9 − 189.3 − 556.3, 177.7 − 154.9 − 521.1, 211.1

Intercept 6074.48 6074.15 6057.91 6057.18

 Left

Behavior 4.2 − 5.5, 13.9

0.83

1.0 − 4.8, 6.8

0.83

1.6 − 0.3, 3.6

0.91

8.9 3.6, 21.6

0.83Female − 170.4 − 373.8, 33.1 − 170.4 − 376.1, 35.1 − 159.2 − 375.3, 56.9 − 133.1 − 340.7, 74.4

Intercept 3089.17 3090.99 3081.42 3077.13

 Right

Behavior 50.8 − 2.4, 12.6

0.90

4.1* 0.41, 7.7

0.92

1.2 − 0.5, 2.9

0.88

5.7 − 0.5.4, 16.8

0.89Female − 40.5 − 224.4, 143.5 − 31.9 − 213.5, 149.7 − 32.8 − 212.7, 147.1 − 18.9 − 209.1, 171.3

Intercept 2983.4 2981.9 2977.82 2977.81

 Head

Behavior − 1.1 − 14.5, 12.2

0.75

4.0 − 4.2, 12.3

0.77

1.9 − 0.8, 4.5

0.85

6.4 − 10.0, 22.9

0.78Female − 435.4* − 689.6, − 181.2 − 420.8* − 674.6, − 166.9 − 417.4* − 682.4, − 152.4 − 400.6* − 672.4, − 139.9

Intercept 3267.06 3259.35 3252.1 3255.58

 Body

Behavior 6.2 − 2.1, 13.5

0.81

− 0.35 − 5.1, 4.3

0.88

− 1.1 − 2.8, 0.69

0.90

1.9 − 9.9, 13.8

0.89Female 111.1 − 75.7, 297.9 104.4 − 89.9, 298.7 94.6 − 100.6, 289.8 114.4 − 89.7, 318.5

Intercept 1997.36 2003.45 2012.02 1999.8

 Tail

Behavior 2.7 − 4.6, 9.9

0.89

1.5 − 2.7, 5.7

0.87

1.3 − 0.24, 2.9

0.88

4.5 − 5.6, 13.8

0.85Female 113.8 − 56.9, 284.5 167.1 − 51.5, 284.9 125.0 − 38.7, 288.8 123.7 − 39.1, 304.6

Intercept 808.2 807.9 799.5 802.2

Table 2.  Multilevel model results with absolute 24-h movement behaviors as independent covariates, adjusted 
for sex. Significant values are in [bold]. MVPA moderate to vigorous physical activity, ICC residual intraclass 
correlation. *p < 0.05.
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average was over 2 h of daily MVPA, which is higher than other preschool samples85. Additionally, in reports of 
youth studies exploring brain health measures, physical activity appears to have more mixed associations than 
cardiorespiratory fitness39–42. Lubans et al.29 have posited a conceptual model that proposes potential biological, 
psychosocial, and behavioral mechanisms linking physical activity to cognitive function. However, further 
research is needed, particularly in young children, to explore these potential pathways.

Outcome IV Coeff. 95% CI ICC

Memory performance

 Immediate recall

24-h sleep guidelines 1.49 − 4.7, 7.6

0.37
Sleep efficiency 0.34 − 0.25, 0.92

Total activity counts/min 0.005 − 0.02, 0.04

Female 7.9 − 0.44, 15.4

Intercept 74.2

 Same-day recall

24-h sleep guidelines − 2.6 − 11.2, 6.1

0.06
Sleep efficiency 0.46 − 0.31, 1.2

Total activity counts/min 0.01 − 0.03, 0.06

Female 13.7* 4.4, 22.9

Intercept − 23.4

 Next-day recall

24-h sleep guidelines − 6.7 − 17.1, 3.8

0.08

Sleep efficiency 0.69 − 0.26, 1.6

Total activity counts/min − 0.02 − 0.07, 0.04

Female 8.2 − 2.9, 10.3

Intercept − 24.1

Hippocampal volume

 Total

24-h sleep guidelines 273.6* − 168.2, 378.9

0.97
Sleep efficiency 10.2 − 6.8, 27.2

Total activity counts/min − 0.46 − 0.92, − 0.002

Female − 136.3 − 477.3, 204.8

Intercept 58.9

 Left

24-h sleep guidelines 139.8* 34.1, 245.5

0.89
Sleep efficiency 7.1 − 5.1, 19.4

Total activity counts/min − 0.11 − 0.57, 0.36

Female − 124.1 − 331.6, 83.5

Intercept 2992.52

 Right

24-h sleep guidelines 127.7* 63.2, 102.1

0.95
Sleep efficiency 4.8 − 4.5, 14.1

Total activity counts/min − 0.34 − 0.62, − 0.05

Female − 4.2 − 177.5, 169.5

Intercept 2896.54

 Head

24-h sleep guidelines 203.7* 59.7, 347.7

0.88
Sleep efficiency 6.6 − 9.5, 22.6

Total activity counts/min 0.03 − 0.60, 0.67

Female − 380.7* − 649.7, − 111.8

Intercept 2127.6

 Body

24-h sleep guidelines − 46.2 − 152.9, 60.5

0.88
Sleep efficiency 1.3 − 10.6, 13.2

Total activity counts/min 107.2 − 93.1, 307.5

Female 29.1 − 92.8, 151.0

Intercept 202.8

 Tail

24-h sleep guidelines 132.9* 44.3, 221.7

0.86

Sleep efficiency 3.1 − 6.3, 12.6

Total activity counts/min − 0.14 − 0.54, 0.25

Female 144.0 − 13.0, 301.1

Intercept 719.3

Table 3.  Multilevel model results with absolute total activity, night sleep efficiency, 24-h guideline adherence, 
and sex as independent variables (IV). Significant values are in [bold]. ap < 0.016. bp < 0.005.
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Although we did not observe independent relations for sleep duration and sleep efficiency in the initial 
separate models, some of the combined models exploring sleep as a categorical variable aligned with our 
exploratory hypotheses. Previous studies have reported a supporting role of various sleep biomarkers in both 
memory consolidation7,37 and hippocampal development20,36. It is possible that sleep duration itself, however, is 
not as meaningful as other sleep health measures. Although we used actigraphy-measured sleep efficiency as an 
indicator of sleep quality, there is some notable error associated with this metric when derived from actigraphy 
in children86. Other sleep quality variables, as measured through physiological markers via polysomnography, 
appear influential to memory consolidation. Such markers may include the proportion of time spent in slow-
wave (or non-rapid eye movement stage 3 sleep), the number and density of sleep spindles, and the coupling of 
sleep spindles with slow-wave oscillations7,37.

Although there is less evidence regarding the relations of sleep metrics and hippocampal structure, a recent 
study also reported some associations between sleep duration and the hippocampus in 4- to 6-year-old children, 
specifically in the CA2-4 and dentate gyrus subfield of the hippocampal head36. Sleep disturbances may modulate 
some of the developmental processes that affect hippocampal structure (e.g., neural repair and reorganization), 
and thus, additional sleep quality measures may be important to consider in future work beyond sleep duration 
(e.g., sleep physiology or sleep fragmentation). The current study was unable to consider the link between other 
sleep health metrics and our outcomes.

It was important to consider all 24-h behaviors together because (1) in older samples, they have demonstrated 
independent effects and therefore could potentially act synergistically, and (2) one behavior may improve the 
other, which could have an indirect effect on our outcomes19,20. Although there have been some studies that used 
a compositional data analysis approach for other cognitive measures in early childhood, to our knowledge, only 
one study has explored declarative memory54 and none have included brain imaging measures. The current non-
significant associations between the 24-h behavior composition and declarative memory replicate our recent 
finding in this age group54. In the study by Migueles et al.45, sedentary time and physical activity, when expressed 
as compositional components, were not associated with gray matter volume in the left or right hippocampi 
in the full sample of 93 preadolescents. However, sedentary time was negatively associated with gray matter 
volume in the right hippocampus in overweight children. Additionally, in children classified with type I obesity, 
MVPA was positively associated with gray matter volume in the right hippocampus. Future work should aim for 
larger sample sizes in this age group in order to incorporate a 24-h analysis approach while also controlling for 
additional covariates such as anthropometrics and explore potential effect modifications.

As indicated in the conceptual model by Lubans et al.29 factors such as sex, age, weight status, fitness level, 
and physical activity history may directly influence physical activity levels and, in turn, could indirectly relate 
or affect measures of brain health. Relatedly, although Migueles et al.45 did not observe significant associations 
in their full sample of children, weight status appeared to moderate the relations between movement behaviors 
and hippocampal volume in their study. Previous reports have noted the presence of sex differences for physical 
activity and hippocampal volume as early as the preschool years8,87. Unsurprisingly, such differences were present 
between variables of interest in our sample, and sex was a significant predictor in many of the models. However, 
due to the small sample size, we were unable to stratify our models on sex or assess for effect modification by 
including an interaction term. As such, we cannot rule out that relations between 24-h movement behaviors 
and the outcome measures may differ between males and females. Exploring potential effect modifiers in future 
research may be warranted.

In addition to some of the considerations already noted, this study has some limitations that should be 
noted. The sample size was impacted by the COVID-19 pandemic, along with the expected loss to follow-up 
challenges generally associated with longitudinal designs. Additionally, for the current study, we were limited to 
participants with actigraphy measures, but the wear compliance may be related to its treatment as a secondary 
measure in the parent study. Relatedly, although socioeconomic status can influence both 24-h behaviors and 

Sum Sq df F value p value

Memory performance

 Immediate 168.2 3 0.30 0.825

 Same day 85.1 3 0.08 0.966

 Next day 329.6 3 0.22 0.885

Hippocampal volume

 Total 12 3 0.17 0.916

 Left hemisphere 11.8 3 0.55 0.650

 Right hemisphere 2.2 3 0.10 0.958

 Head 24.3 3 0.07 0.602

 Body 26.3 3 1.28 0.305

 Tail 4.0 3 0.25 0.858

Table 4.  Associations between overall 24-h movement behavior composition and memory/hippocampal 
measures. All models were adjusted for night sleep efficiency and sex and included four 24-h movement 
behaviors expressed as three isometric log-ratio coordinates. Sex was associated with immediate memory 
performance, same-day memory change in performance, and hippocampal head volume.
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brain structure17,88, we did not include this potential confounder in our models due to sample size. We included 
two participants who only had two nights of actigraphy data, although a minimum of 72 h and a combination 
of weekend and weekend sleep is typically recommended to estimate habitual patterns58. Although exploring 
hippocampal subfields (e.g., CA2, dentate gyrus) would be warranted, the resolutions of the MRI scans only 
allowed us to look at subregions. While physical activity was broken down into components based on intensity, 
our analyses were unable to consider the contexts of both sedentary time and sleep. In our compositional models, 
time in bed was used for the sleep component, which is often not equivalent to sleep duration (actual time 
asleep)89. As previously noted, despite potential misclassification or measurement error related to the activity 
monitors and placement, our sample was also relatively healthy, which may limit generalizability. The measures 
within our sample may not be representative of a general population, given the generally high parental income 
and educational levels. Additionally, while speculative, it is possible that given the socioeconomic status and 
health of the current sample, these children may have less screen time relative to the general population as well.

Conclusion
Overall, in our sample of 4- to 5-year-old children, sedentary time and physical activity were not associated 
with visuospatial declarative memory performance or hippocampal volume measures. Meeting age-specific 
sleep recommendations was associated with greater hippocampal volume in most of the included subregions. 
To improve our understanding of the potential connections between 24-h behaviors and brain health in early 
childhood, additional research is recommended that builds upon our approach. Specifically, we recommend 
exploring relations in larger samples that are diverse in both health and socioeconomic factors, exploring the 
role of cardiorespiratory fitness in this age group, and considering context and subcomponents of movement 
behaviors.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest.
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