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Abstract

Background: Few studies have explored the relationship between macronutrient intake and sleep outcomes using daily data
from mobile apps.

Objective: Thiscross-sectional study aimed to examine the associations between macronutrients, dietary components, and sleep
parameters, considering their interdependencies.

Methods: We analyzed data from 4825 users of the Pokémon Sleep and Asken smartphone apps, each used for at least 7 days
to record objective sleep parameters and dietary components, respectively. Multivariable regression explored the associations
between quartiles of macronutrients (protein; carbohydrate; and total fat, including saturated, monounsaturated, and polyunsaturated
fats), dietary components (sodium, potassium, dietary fiber, and sodium-to-potassium ratio), and sleep variables (total sleep time
[TST], sleep latency [SL], and percentage of wakeful ness after sleep onset [%WASQ]). Thelowest intake group wasthe reference.
Compositional data analysis accounted for macronutrient interdependencies. Models were adjusted for age, sex, and BMI.

Results: Greater protein intake was associated with longer TST in the third (+0.17, 95% CI 0.09-0.26 h) and fourth (+0.18,
95% CI 0.09-0.27 h) quartiles. In contrast, greater fat intake waslinked to shorter TST in thethird (—0.11, 95% CI —0.20 to —0.27
h) and fourth (-0.16, 95% CI —0.25 to —0.07 h) quartiles. Greater carbohydrate intake was associated with shorter %6WASO in
thethird (-0.82%, 95% CI —1.37% to —0.26%6) and fourth (—0.57%, 95% CI —1.13% to —0.01%) quartiles, while greater fat intake
was linked to longer %WA SO in the fourth quartile (+0.62%, 95% CI 0.06%-1.18%). Dietary fiber intake correlated with longer
TST and shorter SL. A greater sodium-to-potassium ratio was associated with shorter TST in the third (-0.11, 95% CI —0.20 to
—0.02 h) and fourth (—0.19, 95% CI —-0.28 to —0.10 h) quartiles; longer SL in the second (+1.03, 95% CI 0.08-1.98 min) and fourth
(+1.50, 95% CI 0.53-2.47 min) quartiles; and longer %WA SO in the fourth quartile (0.71%, 95% CI 0.15%-1.28%). Compositional
data analysis, involving 6% changes in macronutrient proportions, showed that greater protein intake was associated with an
elevated TST (+0.27, 95% CI 0.18-0.35 h), while greater monounsaturated fat intake was associated with alonger SL (+4.6, 95%
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Cl 1.93-7.34 min) and a larger %WASO (+2.2%, 95% Cl 0.63%-3.78%). In contrast, greater polyunsaturated fat intake was
associated with areduced TST (-0.22, 95% Cl —0.39 to —0.05 h), ashorter SL (4.7, 95% ClI to 6.58 to —2.86 min), and a shorter
Y%WASO (+2.0%, 95% CI —3.08% to —0.92%).

Conclusions: Greater protein and fiber intake were associated with longer TST, while greater fat intake and sodium-to-potassium
ratios were linked to shorter TST and longer WASO. Increasing protein intake in place of other nutrients was associated with

longer TST, while higher polyunsaturated fat intake improved SL and reduced WA SO.

(J Med Internet Res 2025;27:€64749) doi: 10.2196/64749
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Introduction

Dietary intake patterns vary widely depending on the lifestyle.
Brain imaging reveals that these patterns are associated with
mental health, cognitive function, blood and metabolic
biomarkers, overall brain structure, and white matter integrity
[1]. Diet and sleep are closely linked [2]. A systematic review
partially revealed that overeating, especially meals high in fat,
can extend sleep latency (SL), increase wakefulness after sleep
onset (WASO), and ultimately reduce total sleep time (TST)
[3-5].

Dietary intake and deep are known to have a bidirectional
relationship [2]. The intake of healthy foodsis associated with
improved sleep quality, whereas consuming processed foods
and foods high in free sugars has been shown to deteriorate
deep quality [6]. Several hypotheses have been proposed to
explain thisrelationship [7-9]. One hypothesis suggests that an
increased dietary intake of tryptophan can promote the
production of serotonin and melatonin, potentially leading to
improved sleep quality [7]. Additionally, sleep deprivation can
decrease leptin levels and increase ghrelin levels, a hormone
that stimulates appetite, and may trigger overeating, especially
at night, creating a negative spiral [7-9].

The importance of assessment methods in examining the
relationship between diet and sleep has been emphasized in
numerous studies [2,3,10]. Subjective methods, such as dietary
diaries, 24-hour recalls, and food frequency questionnaires, rely
heavily on the participants memory and can be prone to recall
bias. In contrast, objective methods, such as digital apps that
record dietary intake in real time, can reduce bias; however,
they till face challenges related to technology use and data
accuracy [11]. Furthermore, automated systems have been
introduced to eliminate recording and subjective biases, allowing
users to register menus or scan the barcodes of commercially
available products, which automatical ly calculatesthe nutritional
components [12]. Similarly, sleep assessments aso face
challenges. Subjective sleep assessments, such as sleep diaries
or self-reported questionnaires, are prone to recal bias,
sleep-state  misperception, and underreporting. Objective
assessments, including  polysomnography, portable
electroencephalogram devices, and wearable devices such as
accel erometers, provide more accurate data but are often costly,
require technical expertise, or can be intrusive for users
[11,23-15]. Each method hasits own set of limitations, making
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it important to carefully choose the appropriate assessment
method based on the research context.

Observational studies investigating the relationship between
diet and sleep often rely on subjective assessments of nutrition
and sleep, with many highlighting the potential for recall bias
[2,3]. Many studies have focused on the intake of individual
nutrients, such as specific proteins, carbohydrates, fatty acids,
and vitamins[16-20]. Specifically, increased protein intake has
been reported to improve subjective deep quality [16,17], while
carbohydrate intake affects the sleep stages, SL, and WASO;
however, further research is warranted on its long-term impact
[21]. Imbalancesin polyunsaturated fatty acids have been linked
to a higher prevalence of deep disorders and shorter TST
[19,20]. Additionally, vitamin D deficiency has been associated
with sleep disorders and shorter TST [18]. However,
macronutrients that contribute to the total energy intake (such
as carbohydrates, proteins, and fats, including saturated and
unsaturated fatty acids) are interdependent and interact with
each other [22]. Although recent research has considered these
interdependencies and their relationship with health status
[22-24], research on how these interdependencies affect sleep
is limited. In particular, these methods, which consider the
interdependencies of nutrient components, are expected to attract
more attention in the future but have not yet been fully explored
[25].

Understanding these complex relationships is crucia before
transitioning to intervention studies, asit provides afoundational
understanding of how nutrientswork together to influence health
outcomes. Therefore, an approach that accounts for the
interdependent relationships between nutrients is necessary.
This cross-sectional study using real-world data from
smartphone apps aimed to examine the hypothesis that there
are relationships among macronutrients, dietary components,
and sleep parameters. We also investigated the relationships
between sleep and macronutrients while considering their
interdependencies using compositional data analysis.

Methods

Study Design and Participants

This retrospective, cross-sectiona study used data from 6052
users who consented to participate between January 19 and 31,
2024. During this period, in-app messages were sent to al the
users of the Asken app (Asken Inc), which is designed for
dietary management and recording, requesting permission to
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use their stored data. The goal of the Asken app was to gather
detailed information on dietary intake, enabling usto assessthe
participants’ nutritional habits.

At the same time, users who also used Pokémon Sleep (The
Pokémon Company), ad egp-tracking app, were asked to provide
their user IDsin their electronic informed consent. Thislinking
of data was crucia for analyzing the relationship between the
obj ective sleep data collected from the Pokémon Sleep app and
the dietary data from the Asken app.

Ethical Consider ations

This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of
Sapporo Yurinokai Hospital, Japan (approval 030). Informed
consent was obtained from all participantsinvolved in the study.
Participants used both apps concurrently from July 2023 to
January 2024. Furthermore, data were extracted only from the
overlapping period between the start and end dates of both apps,
and average values were considered representative of each
participant’s typical sleep habits and nutritional intake status.
To ensure participant privacy and confidentiality, all datawere
deidentified before analysis, and no personaly identifiable
information was included in the dataset. The dataset was
securely stored and accessible only to authorized researchers.
Participants were not provided with monetary compensation
for their participation in the study. However, they were fully
informed about the study's purpose and significance, and their
voluntary participation was obtained based on informed consent.

Dietary Intake Patterns Assessment

We calculated dietary intake patterns using the Asken
smartphone app. Participants logged their meals by selecting
food items and portion sizes from a database containing over
100,000 menu items. Participants entered the details of each
meal into the app. For commercial products, the nutritional
information was automatically recorded by scanning the
barcode. The nutritional values were calculated based on the
2020 Sandard Tables of Food Composition in Japan (eighth
edition) [26]. The recording and cal culation methods used by
the participants are detailed in aprevious study [12]. The Asken
dietary recording app and traditional paper-based questionnaires
have been reported to have a reasonably good correlation
coefficient of 0.80 for nutrient intake [12,27,28].

In this retrospective, cross-sectional study, data were only
included from days when participants reported consuming all
three meals, asit was not possibl e to distinguish between missed
recordings and actual skipped meals. Asken allows for the
calculation of various macronutrients and dietary components,
including total energy, protein, total fat (including saturated,
monounsaturated, and polyunsaturated fats), carbohydrate,
sodium, potassium, calcium, magnesium, phosphorus, iron,
zinc, copper, manganese, vitamin A, vitamin D, vitamin E,
vitamin K, vitamin B1, vitamin B2, niacin, vitamin B6, vitamin
B12, folate, pantothenic acid, vitamin C, cholesterol, dietary
fiber, and alcohol intake.

Based on previous research [29,30], we selected and analyzed
the following components reportedly associated with sleep:
total energy, protein, total fat (including saturated,
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monounsaturated, and polyunsaturated fats), carbohydrate,
sodium, potassium, and dietary fiber intake, and calculated the
sodium-to-potassium ratio. Macronutrients were energy adjusted
by cal culating the percentage of total energy intake. The absolute
daily intake was calculated for other dietary components.

Sleep Assessment

We caculated the TST, SL, and percentage of WASO
(%WASO) derived from the Pokémon Sleep, which uses the
Cole-Kripke algorithm for sleep-wake determination [31], as
publicly disclosed [32]. Although accelerometer-based sleep
determination integrated into smartphones lacks the ability to
distinguish sleep stages [33,34], it provides a certain level of
accuracy in determining sleep and wakefulness [22,23].
Although there may be a dlight underestimation of SL, the
overall TST and nocturnal awakenings showed good agreement
with traditional actigraphy [34,35]. As previously mentioned,
Natale et a [35] used the Cole-Kripke algorithm with
smartphone accelerometers. Briefly, sleep-wake determination
was performed using accel erometer datawith 10-second epochs
per minute. The decision was based on a 7-minute window of
accelerometer data (from 4 min before to 3 min after the
reference point [0 min]). A value greater than 1 indicates
wakefulness and a value less than 1 indicates sleep [31]. SL
was defined asthe time from going to bed (start of the recording)
to the first instance of being determined as sleep.

Statistical Analysis

Descriptive analysis was conducted to summarize the basic
characteristics of the participants, including sleep status and
dietary nutrient intake. The multivariable regression analysis,
isotemporal substitution model, and compositional dataanalysis
were performed using the Imtest, deltacomp, Compositions,
robCompositions, and ggplot2 R packages, respectively
[25,36-38]. All regression models were adjusted for age, sex,
and BMI.

First, multivariable regression analysis using the forced-entry
method was used to determine the association among
macronutrients, dietary components, and objective Sleep
variables (TST, SL, and %WASO). We conducted quartile
categorization for total energy intake, energy-adjusted
macronutrients (protein intake, total fat intake including
saturated, monounsaturated, and polyunsaturated fats, and
carbohydrate intake), sodium intake, potassium intake, dietary
fiber intake, and sodium-to-potassium ratio. All the quartile
range information for each variable is presented in Table S1in
Multimedia Appendix 1. Dummy variables were created for
each nutrient based on the first quartile.

Second, to investigate the linear relationship between
macronutrient intake and sleep parameters, we used an
isotemporal substitution model and compositional dataanaysis
[22-24]. In the isotemporal substitution model, when one
macronutrient component is replaced with another on a
one-to-one basis, the other components remain constant [ 22,23].
Compositional data analysis, in contrast, considers the overall
composition and estimates the changesin sleep variables when
the proportion of a specific macronutrient component is
increased or decreased within the total composition [25]. Both
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methods have been used in studies that consider the
interdependencies of factors contributing to atotal composition
of 100% (eg, dietary nutrient intake, 24-h physical/sedentary
activity, and TST) [22,23,37,38].

We calculated the macronutrient intake (in grams) by
multiplying each intake by its respective calorie contribution
(ie, 4 kcal for carbohydrates and protein and 9 kcal for each
type of fat), ensuring that the sum equals 1 (ie, total energy
intake). Nutrient intake data were transformed into
compositional data using an additive log-ratio transformation.
Nutrient intake data were transformed into compositional data
using an additive log-ratio transformation. This transformation
was necessary to account for the relative proportions of
macronutrients and facilitate subsequent analyses. The log
transformation helps meet the assumptions required for
compositional data analysis[25]. The variability in the data, in
terms of the variability of each macronutrient intake relative to
thevariability of other componentsand thetotal variance of the
whole composition, is described in Table S2 in Multimedia
Appendix 1 through avariation matrix within each component.
A value close to zero implied that the intake of the two
macronutrient components was highly proportional.

The compositional data were then subjected to an isometric
log-ratio (ilr) transformation to facilitate the application of the
linear regression models. Theilr transformation was conducted
using default and customized orthonormal bases for different
nutrients. Linear regression model swere constructed to evaluate
the associ ation between deep parametersand theilr-transformed
nutrient composition after adjusting for sex, age, and BMI (Table
S3in MultimediaAppendix 1). The mean nutrient composition
was cal culated, and predictionsfor sleep parameterswere made
using a linear regression model. The compositional ratios of
macronutrients among the participants are presented in Table
4 in Multimedia Appendix 1. Because of the isotemporal
substitution model and compositional data analysis, it was not
possible to replace values below the minimum composition.

Figure 1. Participant flow chart.

Seol et d

Therefore, in this study, we replaced val ues exceeding the upper
limit of 6% (Table S4 in Multimedia Appendix 1).

To assess the impact of atering the nutrient composition,
specific changes (eg, increasing monounsaturated fat and
decreasing polyunsaturated fat) were applied, and new
predictions were obtained. Cls for the differences in the
predicted sleep parameters were computed using the residual
standard error, model matrix, and critical value from the
t-distribution. Hypothesis tests were conducted to examine the
significance of the associations between individual nutrients
and deep parameters. Different ilr transformationswere applied,
each focusing on a specific nutrient (protein, carbohydrate,
saturated fat, monounsaturated fat, or polyunsaturated fat), and
the corresponding linear model swere analyzed for significance.

Ramsey regression equation specification error test confirmed
thelinearity assumption for all models(TST, SL, and %WASO).
Variance inflation factor values ranged from 1.10 to 4.65,
indicating no multicollinearity. The Durbin-Watson test showed
no autocorrelation in the residuas, and the Breusch-Pagan test
confirmed homoscedasticity. Although the Shapiro-Wilk test
showed significant P values, W-val ues between 0.996 and 0.997
indicated that the residuals were close to normally distributed.

All descriptive and statistical analyseswere performed using R
(version 4.4.0; R Foundation for Statistical Computing), with
statistical significance assessed at the level of .05.

Results

Of the 6052 participants who consented, 140 individuals were
excluded from the analysis due to missing sleep records, 377
were excluded dueto being outliersinthe TST (ie, participants
who did not fall within the average SD 3 range), and 710 were
excluded because they used both apps for fewer than 7 days
each. Therefore, the final analysis included 4825 participants
(mean age 36.7, SD 10.4 years, BMI 24.8, SD 4.8 kg/m?;
3938/4825, 81.6% were female; Figure 1 and Table 1).

Assessed for eligibility in February 2024
(n=6052)

l

Inclusion: Individuals without missing values in
Pokémon Sleep recordings (n=5912)

Y

Exclusion (n=1087) 5
- Those identified as outliers in total sleep |
time (n=377). ’
- Those who used both apps for fewer
than 7 days each (n=710).

Analyzed
(n=4825)
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Variables All participants Male participants Female participants
(n=4825) (n=887) (n=3938)
Basic characteristics
Age (years), mean (SD) 36.7 (10.4) 38.4(10.8) 36.3 (10.2)
BMI (kg/m?), mean (SD) 24.8 (4.8) 26.0 (4.5) 24.6 (4.8)
Physical activity level (inactive), n (%) 4381 (90.8) 775 (87.4) 3606 (91.6)
Sleep status, mean (SD)
Number of days of Pokémon Sleep recording 134.0 (54.5) 135.7 (56.0) 133.7 (54.2)
Total sleep time (hours) 6.7 (1.1) 6.5(1.1) 6.7 (1.1)
Sleep onset latency (minutes) 21.5(12.1) 23.5(13.6) 21.1(11.7)
Percentage wakefulness after sleep onset (%) 9.9(7.2) 13.1(9.2) 9.2(6.4)
Nutrient status, mean (SD)
Number of days of Asken datarecording (days) 85.8 (63.6) 93.2 (67.3) 84.1 (62.7)
Total energy intake (kcal) 1662.6 (330.3) 2055.1 (349.2) 1574.2 (252.4)
Protein intake (% total kcal) 17.7(3.7) 18.8 (4.8) 17.5(3.4)
Carbohydrate intake (% total kcal) 51.7 (5.5) 50.3 (5.9) 52.0(5.3)
Total fat intake (% total kcal) 323(4.3) 31.4(4.8) 32.6 (4.2
Saturated fat intake (% total kcal) 9.5(1.8) 8.8(1.8) 9.7 (1.8)
Monounsaturated fat intake (% total kcal) 11.5(2.0) 11.3(2.2) 11.5(1.9
Polyunsaturated fat intake (% total kcal) 6.3 (1.0) 6.1(1.2) 6.3 (1.0)
Dietary fiber intake (g/day) 11.7 (3.5) 10.7 (2.7) 11.9(3.6)
Sodium (mg/day) 3486.6 (881.0) 4230.7 (996.7) 3319.1 (758.1)
Potassium (mg/day) 2295.3 (602.1) 2625.0 (692.4) 2221.0 (553.3)
Sodium to Potassium ratio 1.6 (0.4) 1.7 (0.5) 1.6 (0.4)

The mean macronutrient composition was as follows: protein,
18.2%; carbohydrates, 53.8%; and total fat, 28% (saturated fat
at 9.7%, monounsaturated fat at 11.8%, and polyunsaturated
fat at 6.5%; Table 4 in Multimedia Appendix 1).

Figure 2 and Table S5 in Multimedia Appendix 1 present the
results of multivariate regression analyses comparing each
nutrient across quartiles to the first quartile in relation to sleep
variables. Specifically, interms of macronutrients, the TST was
significantly shorter in the second, third, and fourth quartiles
compared with the first quartile with lower total energy intake.
Greater intake ratios of total fat, including saturated,
monounsaturated, and polyunsaturated fats, were associated
with shorter TST. In contrast, greater protein intake levels in
the third and fourth quartiles were associated with longer TST
compared with those in the first quartile.

https://www.jmir.org/2025/1/e64749

Regarding SL, greater

levels of total, saturated, and

monounsaturated fat intake were linked to longer SL, while
greater intake of polyunsaturated fats showed atendency toward
shorter SL. Greater total energy and total fat intakes were
associated with longer %WA SO, whereas greater carbohydrate
intake indicated atendency towards a shorter %WASO. Greater
dietary fiber intake consistently showed associationswith longer
TST, shorter SL, and shorter %WA SO, suggesting its beneficial
effect on sleep quality. Greater sodium intake was associated
with shorter TST, and both greater sodium and potassium intake
were linked to shorter SL. Notably, a greater
sodium-to-potassium ratio was related to shorter TST, longer
SL, and %WASO (Figure 2 and Table S5 in Multimedia
Appendix 1).
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Figure 2. Multivariable regression analysis of macronutrients and dietary components on sleep variables.
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The results of the isotemporal substitution model showed that
replacing 6% of total energy intake from protein with
carbohydrates was significantly associated with a reduction of
0.2 hoursin TST. Conversely, replacing 6% of polyunsaturated
fat with equival ent amounts of protein, carbohydrates, saturated
fat, and monounsaturated fat was significantly associated with
changes in the TST by +0.6, +0.4, +0.5, and +0.6 hours,
respectively (Figure 3 and Table S6 in Multimedia Appendix
1). Regarding SL, replacing 6% of proteins or carbohydrates
with monounsaturated fat was significantly associated with a
change of +2.4 and +2.8 minutes, respectively. Conversely,
replacing 6% of monounsaturated fat with equivalent amounts
of protein, carbohydrates, and saturated fat was significantly
associated with SL changes of —3.7, —4.1, and —3.2 minutes,
respectively. Additionally, replacing 6% polyunsaturated fat
with equivalent amounts of protein, carbohydrates, saturated
fat, and monounsaturated fat was significantly associated with
changes in SL of +10.3, +9.9, +10.8, and +12.7 minutes,
respectively (Figure 4 and Table S6 in Multimedia Appendix
1). For %WA SO, replacing 6% of protein with monounsaturated
fat was significantly associated with a +1.2% change, whereas
replacing saturated fat with monounsaturated fat was
significantly associated with a +2.3% change. Conversely,
replacing 6% of monounsaturated fat with equivalent amounts
of protein, carbohydrates, and saturated fat was significantly
associated with changes in %WASO by —1.8%, —1.7%, and
—2.5%, respectively. Additionally, replacing 6% polyunsaturated

https://www.jmir.org/2025/1/e64749
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fat with equival ent amounts of protein, carbohydrates, saturated
fat, and monounsaturated fat was significantly associated with
changes in %WASO of +4.3%, +4.5%, +3.7%, and +5.5%,
respectively (Figure 5 and Table S6 in Multimedia Appendix
1).

In the compositional data analysis, changesin protein by 6%
of the overall macronutrient composition were significantly
associated with changes in the TST by —0.6 hours, whereas
changes in polyunsaturated fat by —6% were significantly
associated with changesin the TST by +0.5 hours. Conversely,
changes in protein by +6% from the overall macronutrient
composition were significantly associated with changesin TST
by +0.3 hours, while changes in polyunsaturated fat by +6%
weresignificantly associated with changesin TST by —0.2 hours
(Table 2). Regarding SL, changes in monounsaturated fat by
—6% from the overall macronutrient composition were
significantly associated with achange of —10.5 minutes, whereas
changes in polyunsaturated fat by —6% were associated with a
change of +10.7 minutes. Conversely, changes in
monounsaturated fat by +6% were significantly associated with
a change of +4.6 minutes, and changes in polyunsaturated fat
by +6% were significantly associated with a change of —4.7
minutes (Table 2). For %WASO, similar to SL, changes in
monounsaturated fats by —6% of the overall macronutrient
composition were significantly associated with a change of
—5.0%, whereas a 6% change in polyunsaturated fats was
significantly associated with a change of +4.5%. Conversely,
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changes in the monounsaturated fat content by +6% were
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in the polyunsaturated fat content by +6% were significantly

significantly associated with a change of +2.2%, and changes associated with a change of —2.0% (Table 2).

Figure 3. Simulated changes in total sleep time when reallocating fixed amounts of other nutrient components among each nutrient component: (A)
protein, (B) carbohydrate, (C) saturated fat, (D) monounsaturated fat, and (E) polyunsaturated fat, while keeping the remaining components constant
at compositional percentages. All estimates have been adjusted for age, sex, and BMI.
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Figure 4. Simulated changes in slegp latency when reallocating fixed amounts of other nutrient components among each nutrient component: (A)
protein, (B) carbohydrate, (C) saturated fat, (D) monounsaturated fat, and (E) polyunsaturated fat, while keeping the remaining components constant
at compositional percentages. All estimates have been adjusted for age, sex, and BMI.

(A) Reallocation to protein (B) Reallocation to carbohydrate (C) Reallocation to saturated fat
10

04
m
2
=]
=
£ =101
>
% (D) Reallocation to monounsaturated fat {E} Reallocation to polyunsaturated fat -4 - - 0 e 4 8
= i [
8
» 107

0 -+-

-10-
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Reallocated nutrients in a day
Mutrients = From protein — From carbohydrate = From saturated fat From monounsaturated fat = From polyunsaturated fat

https://www.jmir.org/2025/1/e64749

XSL-FO

RenderX

JMed Internet Res 2025 | vol. 27 | e64749 | p. 7
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

Seol et d

Figure 5. Simulated changesin the proportion of wakefulness after sleep onset when reallocating fixed amounts of other nutrient components among
each nutrient component: (A) protein, (B) carbohydrate, (C) saturated fat, (D) monounsaturated fat, and (E) polyunsaturated fat, while keeping the
remaining components constant at compositional percentages. All estimates have been adjusted for age, sex, and BMI.
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Table 2. Estimated nonstandardized coefficients for displacing 6% of macronutrients between one and the remaining macronutrients proportionally.
Dataare presented as nonstandardized coefficients (95% CI). All the estimates were adjusted for age, sex, and BM|. Nonstandardized coefficientsreflect
the estimated change in sleep parameters associated with reallocating 6% of the macronutrients between one and the remaining macronutrients

proportionally.

Total sleep time (hours), 95% Cl

Sleep latency (minutes), 95% CI

% Wakeful ness after sleep onset (%),

95% ClI
Take 6% from Add6%toone  Take 6% from Add6%toone  Take 6% from Add 6% to one
onenutrientand nutrient fromthe onenutrientand nutrient fromthe onenutrientand nutrient from the
distribute it others distribute it others distribute it others
Protein -0.61(-0.80to0  +0.27(0.18t0 -0.78(2.93t0  +0.34(-0.61to0 -0.06(-1.32to  +0.03 (-0.53t0
_0_41)a 0.35)'a 1.38) 1.29) 1.20) 0.58)
Carbohydrate +0.60 (-0.20to0  -0.27(-0.62t0  +2.79(-5.98t0 -1.23(-5.10to0 -1.70(-6.81to  +0.75(-1.51to
1.40) 0.09) 11.57) 2.64) 3.41) 3.01)
Saturated fat -0.20(-0.67to  +0.09 (-0.12to0 —2.20(-7.40to  +0.97(-1.32to0 +2.23(-0.80t0 -0.99 (-2.32to0
0.28) 0.30) 2.99) 3.26) 5.26) 0.35)
Monounsaturated fat -0.30(-0.85t0  +0.13(-0.11to -10.50(-16.63to0 +4.64 (1.93to -5.00(-857t0  +2.21(0.63to
0.26) 0.38) -4.38)2 7.34)2 -1.43)2 3.78)2
Polyunsaturated fat +0.50 (0.12 to -0.22(-0.39to0  +10.69(6.48to0 —4.72(-6.58t0  +4.53 (2.07 to —2.00 (-3.08 to
0.88)2 -0.05)2 14.90)2 —2.86)2 6.99)2 -0.92)2

Agtatistically significant (P<.05).

Discussion

the findings are consistent with those of previous research on
individual nutrients and sleep [3-6,16-21]. As shown in Figure

Principal Findings

This study examined the rel ationship between nutritional intake
and sleep using multivariate regression analysis, isotemporal
substitution models, and compositional data analysis. Overall,
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2, greater total energy, fat, and sodium intakes were associated
with shorter TST, whereas greater protein and dietary fiber

intakes were linked to longer TST. Furthermore, the main

findings of this study, based on compositional data analysis
considering interdependencies, demonstrated that increasing
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protein while reducing other factors is associated with an
elevated TST, whereas an increase in the polyunsaturated fat
with a reduced TST (Table 2). Regarding SL and WASO,
monounsaturated fat and polyunsaturated fat exhibited opposing
relationships (Table 2). The differences in the compositional
data analysis results, compared with individual macronutrients
(eg, carbohydrates), likely reflect the strong interdependent
relationships among various nutrients.

Dietary fiber intake was consistently associated with improved
SL and %WASO. Additionally, greater sodium intake was
correlated with shorter TST, whereas greater potassium intake
was associated with shorter SL. Notably, polyunsaturated fats
demonstrated potential benefitsfor SL and %WA SO compared
with other types of fat. Studies suggest that dietary fiber can
affect dleep by influencing microbiota [39,40]. When dietary
fibers are fermented by microbiota in the large intestine, they
produce short-chain fatty acids, such as acetate, propionate, and
butyrate, which enhance serotonin release. Furthermore,
administering tributyrin, a compound made of three molecules
of butyric acid and glycerol, to mice resulted in a50% increase
in nonrapid eye movement sleep for 4 h[40]. Theresults of this
study support those of previous studies [39,40].

Previous studies have established that greater total energy intake
and poor dietary quality are associated with lower subjective
deep quality [7,41]. Specifically, higher protein intake correlates
with improved sleep, whereas a higher intake of fatty acidsis
linked to worse sleep [41]. This study also found variationsin
the effects of lipid intake on sleep, depending on the type (eg,
saturated, monounsaturated, or polyunsaturated fats). The
mechanism by which proteins affect sleep following acute
feeding may involve tryptophan; tyrosine; and the synthesis of
brain neurotransmitters, such as serotonin, melatonin, and
dopamine [42]. Although no significant differences were
observed in SL or %WASO, a greater protein intake was
positively associated with longer TST.

However, the specific mechanisms underlying the relationship
between monounsaturated fat, polyunsaturated fat, and sleep
remain unclear. A meta-analysis found an association between
agreater intake of hexadecenoic acid, asaturated fatty acid, and
subjective difficulty falling asleep [43]. Conversely, difficulties
falling asleep were linked to alower intake of dodecanoic acid,
amonounsaturated fat, and butanoic acid, a saturated fatty acid
[43]. Additionally, a reduced intake of dodecanoic acid was
associated with subjective difficultiesin maintaining sleep [43].
An epidemiological study involving adults evaluated the
relationship between two polyunsaturated fatty acids, w-6 and
-3, and found that w-6 fatty acids were related to the risk of
deep disorder, based on self-reported data, in an inverse
U-shaped manner [19]. The w-6:-3 ratio was positively and
linearly associated with the risk of sleep disorders [19]. The
underlying mechanismsinvolving w-3 fatty acids and sleep are
discussed, noting that a deficiency in w-3 intake may affect
cortical neuron oscillatory activity and sleep-wake patterns[20].

Additionally, the timing of fat intake may influence sleep; one
observational study based on polysomnography suggested that
consuming high-fat foods close to bedtime may be associated
with increased WASO [44]. Continued consumption of a
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high-fat diet has been partially understood to reduce physical
activity and increase rapid eye movements and Sleep
fragmentation through dopaminergic dysregulation [45].
Research involving mouse models and pregnant women has
suggested a potential positive association  between
monounsaturated fat intake and sleep [46,47]. However, other
studies have indicated a negative association between
monounsaturated fat and sleep, whereas polyunsaturated fat has
shown apositive association with sleep [48-50]. Previous studies
have often focused on dietary fiber levels and comparisons
between high- and low-saturated-fat diets[45,48]. Future studies
should explore the impact of unsaturated fats, including
monounsaturated and polyunsaturated fats.

Sodium and potassium have been reported to impact health
individually [51,52], and a high sodium-to-potassium ratio
(indicating relatively high sodium intake) has been associated
with higher all-cause mortality [53]. Sodium intake is known
to be correlated with deep, indicating that greater sodium intake
isassociated with shorter subjective TST and worse dleep quality
[30,50]. This relationship is attributable to the potential effect
of sodium on nocturnal urination [51,52]. However, in this
study, a greater intake of sodium alone was associated with a
shorter TST, although no significant differences were observed
in %WASO. Moreover, greater sodium intake was associated
with shorter SL. Greater potassium intake was associated with
shorter SL and reduced %WASO. All sleep variables were
adversely related when considering the balance between sodium
and potassium, which indicates an unhealthy dietary pattern (ie,
relatively greater sodium intake). In this study, sodium intake
was used asabasisfor analysis, whil e the sodium-to-potassium
ratio was also evaluated (Figure 2). Therefore, theresultslinking
deep outcomes with the sodium-to-potassium ratio are
considered reasonable, as they provide a more comprehensive
perspective on the impact of both minerals on sleep.

Recent studies suggested that changes in the gut microbiota
may influence sleep and nutrient absorption [39,54,55].
Disrupted gut flora in patients with celiac disease has been
linked to sleep disturbances [56]. Future research is warranted
especially focusing on patientswith celiac disease. Additionally,
digital health tools offer the potential for health monitoring and
early diagnosis [57].

Limitations

In this study, we investigated the association between daily
nutrient intake and sleep using isotemporal substitution models
and compositional data analyses to account for the
interdependencies [25]. These approaches enabled us to assess
how substituting macronutrients and considering the overall
composition ratio affect sleep outcomes. Nonethel ess, this study
had severa limitations. First, this cross-sectional study does
not provide causal explanations. As noted above, previous
studies have reported bidirectional relationships between these
factors [58]. Additionally, the isotemporal substitution model
and compositional dataanalysisare merely statistical inferences
[25]. The findings of this study underscore the need for future
interventions and longitudinal studiesto establish causal effects
definitively.
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Second, this study may haveincluded a highly health-conscious
group that uses both health management apps simultaneously.
Therefore, although values around the second and third quartiles,
as shown in Table S1 in Multimedia Appendix 1, correspond
to Japanese macronutrient standards [59] and suggest the
possibility of representing the general population, caution is
needed when generalizing the findings to broader populations,
owing to the inclusion of this health-conscious group.

Third, the sleep assessment method used in this study involved
applying gamified elements. Some users may have exhibited
sleep patterns different from their habitual patterns to achieve
specific goals within the game. Moreover, because users have
their own smartphones, the reliability of accelerometer
measurements varies across different device models. In the
future, integrating alternative methods, such as tappigraphy for
sleep-wake rhythms, actigraphy, or in-home
electroencephalogram devices could provide more objective
evaluations [13-15].

Fourth, retrospective studies like this one are inherently prone
to recall bias, as participants may inaccurately report their
dietary intake and sleep patterns based on memory. It should
also be noted that dietary intake was not cross-checked, and this
study did not separately account for weekdays and weekends
in assessing overall nutrient intake. Finally, because this study
wasretrospective, we could not adequately capture confounding
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factors related to sleep and nutrition. We collected basic
demographic information, such as age, sex, height, weight, and
physical activity level. However, other confounding factors,
such as alcohol and smoking habits, employment status
(including shifts and night shifts), marital status, cohabitation
status, medical history, and medication use, were not considered.
Therefore, sincewe could not fully eliminate concernsregarding
internal validity, the presence of selection bias cannot be ruled
out. Although thisisan observational study with alarge sample
size of real-world data, it is essential to exercise caution in
interpreting the results owing to these limitations.

Conclusions

We found that a greater intake of polyunsaturated fats was
associated with better SL and reduced WA SO, while saturated
and monounsaturated fats were correlated with longer SL and
wakefulness. Dietary fiber intake was positively associated with
improved sleep quality, and agreater sodium-to-potassium ratio
was linked to worse sleep outcomes. Furthermore, our
compositional data anaysis, which accounted for the
i nterdependencies between nutrients, suggested that increasing
the protein intake in place of other nutrients could improve the
TST, and similar effectswere observed for polyunsaturated fats
on SL and WASO. Although this study is cross-sectional, the
results highlight the complex potentia role of dietary factors
in sleep regulation and suggest the possibility of dietary
interventions to enhance sleep health.
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