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Background: Sleep-related complaints are common among older adults, and recent research indicates that changes in sleep patterns 
may be associated with alterations in the composition of the gut microbiome (GM). However, investigations into the relationship 
between sleep measures and GM abundance among older adults have been limited thus far. This study represents the first large-scale 
effort to comprehensively explore the connection between GM composition and both subjective and objective sleep measures in older 
adults.
Methods: The study included 279 cognitively-normal older adults from the community who had not used sleep medication, 
antibiotics, or probiotics for at least one month before providing stool samples. Participants were categorized as good sleepers (GS) 
or poor sleepers (PS) based on the Pittsburgh Sleep Quality Index (PSQI) scores. GM diversity and relative abundance were compared 
between both groups, and their associations with PSQI scores and objective sleep measures were also examined.
Results: Alpha and beta diversity did not show significant differences between the GS and PS groups. However, significant 
differences in GM relative abundance across various taxonomic levels were found between the GS and PS groups. In the overall 
sample, higher PSQI scores were linked to lower abundance of the species Hungatella_hathewayi (p = 0.005, false discovery rate = 
0.035). However, there were no significant associations between GM abundance and objective sleep measures after corrections for 
multiple comparisons.
Conclusion: These findings suggest that specific gut microbial taxa are associated with subjective sleep disturbances in older adults.
Keywords: sleep quality, gut microbiome, aging, actigraphy

Introduction
Sleep complaints are common among older adults and can significantly impact their overall quality of life. Prior research 
from both the United States and France indicated that approximately 30% of older adults aged 65 years and above have 
reported poor sleep quality.1,2 Findings from East Asia demonstrated that the sleep complaints among individuals aged 60 
years and above were more prevalent, with a prevalence ranging from 30% to 40%.3,4 The presence of sleep disturbances 
has been implicated in deteriorating health outcomes,5,6 and an increased risk of dementia7,8 when compared to 
individuals without sleep-related complaints. The regulation of sleep behavior involves both homeostatic and circadian 
processes, with the latter being connected to the composition of gut microbiome (GM).9,10
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Emerging evidence from animal models has reported a link between sleep disturbance and GM 
composition.11,12 To date, only a limited number of studies have explored the relationship between sleep quality 
and the composition of GM in humans, with highly inconsistent findings. For younger adults, a study involving 
28 healthy young participants demonstrated that the self-reported sleep quality, as measured by the Pittsburgh 
Sleep Quality Index (PSQI), was linked to 10 bacterial taxa ranging from the phylum to genus level.13 Another 
study recruited 34 college students and divided them into two groups of good sleep quality and poor sleep quality 
based on the scores of PSQI; the results showed 24 taxa with significantly differential abundance, mainly focused 
on phyla Firmicutes and Proteobacteria.14 Among older adults, only a few studies have explored the relationship 
between subjective sleep quality and GM composition.15–17 Anderson et al examined 37 healthy older adults and 
found that better sleep quality, indicated by lower PSQI scores, was associated with higher proportions of the 
phyla Verrucomicrobia and Lentisphaerae.15 Conversely, Wijaya et al analyzed a sample of 42 healthy older adults 
and reported that lower PSQI scores were linked to reduced abundance of genus Collinsella and Holdemania.17 

These contrasting findings highlight the complexity of the relationship between subjective sleep quality and GM 
composition, underscoring the need for further research with larger and more diverse samples to clarify these 
associations.

Beyond self-reported sleep quality, objective sleep measures have been increasingly employed to explore their 
associations with GM composition.16–21 For example, Smith et al found a positive correlation between sleep efficiency 
and the relative abundance of the phyla Bacteroidetes and Firmicutes in healthy young males.18 In a broader age group 
ranging from 18 to 94 years, lower alpha diversity was observed alongside reduced sleep efficiency and increased wake 
after sleep onset (WASO).19 Similarly, recent studies have demonstrated positive associations between objective sleep 
measures and Chao1 richness in healthy older adults17 and with the relative abundance of the genus Lachnoclostridium in 
older adults with insomnia.20 In contrast, no significant relationship was identified between objectively measured sleep and 
GM diversity in older men.16 While these findings offer valuable insights—particularly within aging populations—the 
generalizability of the existing literature remains limited. Notably, two studies primarily involved Western samples, with 
one focusing exclusively on males16 and the other on older adults with clinical sleep disorders.20 Given that GM 
composition and abundance are influenced by a range of factors, including geographic region, genetics, and dietary 
patterns,22 such sample characteristics may restrict the broader applicability of these results. Although one study included 
Taiwanese older adults,17 its generalizability was similarly constrained by the limited number of participants who provided 
fecal samples. To enhance the robustness and generalizability of future research, there is an urgent need to investigate how 
GM alterations impact sleep behaviors in a larger and more diverse sample of East Asian older adults. This is particularly 
crucial given the rapid growth of this population segment in East Asia, driven by increasing life expectancy.23

Notably, all previous studies in this area have relied on next-generation sequencing (NGS) to analyze GM, which, 
while valuable, offers only limited insights into genetic structures. To address this gap and advance the field, the present 
study adopts a cutting-edge approach by utilizing third-generation sequencing (TGS) technology, which provides more 
comprehensive and detailed information on GM composition. Furthermore, this study features a substantially larger 
sample size of older adults (n > 200) than prior research, enhancing the statistical power and generalizability of the 
findings. The present study aims to achieve three primary objectives: First, we seek to compare GM diversity and 
abundance between older adults with good sleep quality (PSQI ≤ 5) and those with poor sleep quality (PSQI > 5). 
Second, contingent on identifying differences in GM profiles between these groups, we will explore the specific 
relationship between subjective sleep quality (as measured via PSQI) and GM abundance. Finally, we aim to extend 
these insights by examining the associations between objective sleep indicators (as measured via actigraphy) and GM 
abundance.

Materials and Methods
This study was approved by the Institutional Review Board of Chang Gung Memorial Hospital, Linkou, Taiwan (IRB 
number: 201900702A3). All the research procedures were conducted in accordance with the Declaration of Helsinki. 
Written informed consent was obtained from all participants.
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Participants
Participants were recruited through the “Integrating Systematic Data of Geriatric Medicine to Explore Solutions for 
Healthy Aging” study, an observational cohort designed to develop a comprehensive geriatric medicine database for 
Taiwan. We focused on older adults residing in Songshan District (Taipei City) and Chang Gung Health and Culture 
Village (Taoyuan City), who were undergoing routine health evaluations at Chang Gung Memorial Hospital. Eligibility 
criteria included being 60 years of age or older, having visited Chang Gung Memorial Hospital at least once in the 
past year, and residing in Taiwan for over 180 days within the previous year. Exclusion criteria comprised: evidence of 
significant organ system dysfunction, severe autoimmune disorders or recent cancer therapy, a Mini-Mental State 
Examination (license has been obtained from PAR) score of 26 or below, a 15-item Chinese-version Geriatric 
Depression Scale [GDS, used with permission from Liao et al] score of 5 or higher,24,25 cognitive problems requiring 
outpatient follow-up, physician-diagnosed dementia or major depressive disorder, substantial sensory or cognitive 
impairments, and an inability to participate in interviews or significant frailty affecting mobility. Participants who had 
received antibiotic treatments or used probiotics within one month before stool sample collection were also excluded.

The above inclusion and exclusion criteria were established to minimize confounding factors that could affect GM 
composition or sleep quality, such as severe physical illnesses, major psychiatric conditions, or cognitive impairment. 
Participants were drawn from communities with established access to healthcare, which facilitated consistent data 
collection and follow-up. However, this may have introduced a sampling bias favoring older adults who are relatively 
health-conscious or functionally independent.

Assessment of Sleep Quality
Sleep quality was assessed using the Chinese version of the Pittsburgh Sleep Quality Index (PSQI), which evaluates sleep 
over the preceding month through 19 items divided into seven components: subjective sleep quality, sleep latency, sleep 
duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime dysfunction. The total PSQI 
score ranges from 0 to 21, with scores exceeding 5 indicative of poor sleep quality.26–29 Permission to employ the PSQI 
in this study was obtained in advance.

Quantification of Sleep Behaviors
Participants were instructed to wear an Actiwatch-2 (Philips Respironics Inc., Pittsburgh, Pennsylvania) for a duration of 
one week to gather objective sleep data. Nights where the device was removed were excluded from the analysis. Key 
objective measures analyzed included total sleep time (hours), sleep onset latency (minutes), sleep efficiency (percen
tage), wake after sleep onset (WASO, minutes), and number of awakenings, with data averaged across the nights.

Fecal Sample DNA Collection and Sequencing Methods
Fecal samples were collected and total genomic DNA was extracted from the samples using the iCatcher Stool DNA Kit 
(Cat. No. AD22025; CatchGene Co., Ltd., Taiwan). DNA concentration was determined with a Qubit 4.0 Fluorometer 
(Thermo Fisher Scientific, USA). The full-length 16S rRNA gene was amplified via polymerase chain reaction (PCR) 
with barcoded 16S-specific primers, and sequencing was performed using PacBio’s Single Molecule, Real-Time (SMRT) 
technology (PacBio, Menlo Park, CA, USA). The PCR reaction, employing 2 ng of genomic DNA and KAPA HiFi 
HotStart ReadyMix (Roche), followed these conditions: 95°C for 3 minutes, 20–30 cycles of 95°C for 30 seconds, 57°C 
for 30 seconds, and 72°C for 60 seconds, followed by a final extension at 72°C for 5 minutes and storage at 4°C. The 
PCR products were assessed on a 1% agarose gel, and those with a prominent band at approximately 1500 bp were 
purified with AMPure PB Beads and used to prepare the SMRTbell library.

The SMRTbell library was incubated with Sequel II primer 3.1 and sequel II Binding Kit 3.1 for the primer annealing 
and polymerase binding. At last, sequencing was performed in the circular consensus sequence (CCS) mode on a PacBio 
Sequel IIe instrument to generate the HiFi reads with Predicted Accuracy (Phred Scale) = 30 (detailed protocols of DNA 
collection and sequencing methods were provided in the Supplementary Materials).
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GM Analysis and Quality Control
The average depth of each sample is greater than 10K reads. CCS reads were processed using PacBio’s SMRT Link 
software, applying a minimum predicted accuracy of 0.9 and requiring at least three sequencing passes. Only reads with 
a Q30 quality score or higher, designated as Q30 HiFi reads, were used for analysis. After demultiplexing, HiFi reads 
were processed with the DADA2 pipeline (version 1.20) to achieve single-nucleotide resolution of amplicon sequence 
variants (ASVs).30 Reads were trimmed and filtered with a maximum expected error rate of two per read (maxEE = 2). 
Taxonomic classification of representative sequences was performed using QIIME2 (v2022.11). ASV sequence similarity 
was further analyzed using multiple sequence alignment with the MAFFT tool in QIIME2.31 Detailed protocols of GM 
analysis and quality control were described in the Supplementary Materials.

Statistical Analysis
Data were presented as frequencies with percentages or means with standard deviations (SD), as appropriate. Normality 
of data distribution was assessed using the Shapiro–Wilk test, which revealed non-normal distributions for most 
variables. Consequently, differences in demographic and clinical characteristics between good sleepers (GS) and poor 
sleepers (PS) were analyzed using the Mann–Whitney U-test or chi-square test as applicable. Alpha-diversity measures 
(eg, Simpson index, Shannon index, Observed features) were compared between GS and PS groups using the Mann– 
Whitney U-test. Beta diversity was assessed through Principal Coordinates Analysis (Weighted UniFrac) and permuta
tional multivariate analysis of variance (PERMANOVA). Differences in GM abundance at various taxonomic levels 
between GS and PS groups were evaluated using the Mann–Whitney U-test. The Linear Discriminant Analysis Effect 
Size (LEfSe) method was employed to identify taxa with significant differences between GS and PS groups, with 
a significance threshold set at alpha = 0.05 and an LDA score greater than 2.32,33 The relationships between GM 
abundance and both subjective (ie, PSQI) and objective (ie, actigraphic-recorded sleep indicators, including total sleep 
time, onset latency, sleep efficiency, WASO, and number of awakenings) sleep measures were explored using partial 
correlation coefficients with GDS as a covariate. A significant level of p < 0.05 was applied to all statistical tests. All of 
the correlations were adjusted for multiple comparisons using the Benjamini-Hochberg method with a false discovery 
rate (FDR) of 0.05. In addition, effect sizes were also reported in this study.

Results
From September 2019 to June 2023, a total of 468 participants were enrolled in the Integrating Systematic Data of 
Geriatric Medicine to Explore the Solution for Healthy Aging study. From this cohort, 21 individuals who did not 
provide stool samples and 168 individuals who reported probiotic use within the past month were excluded. As a result, 
the analysis of GM diversity and abundance was conducted on a subset of 279 participants.

Table 1 shows the demographic information in GS (n = 171) and PS (n = 108) groups. Compared to the GS group, the 
PS group demonstrated significantly higher scores of PSQI (p < 0.001). There were no significant differences in age, 
educational attainments, body mass index, smoking status, dietary pattern, bowel habit, and presence of diabetes or 
hypertension between GS and PS groups. The PS group exhibited slightly elevated levels of depressive symptoms, 
assessed by GDS, in comparison to the GS group.

Figure 1 displays the findings regarding GM diversity. There were no significant differences in alpha diversity 
between the GS and PS groups (Simpson index: p = 0.70, effect size = 0.023; Shannon index: p = 0.76, effect size = 
0.018; Observed features: p = 0.67, effect size = 0.025). Additionally, beta-diversity analysis, conducted through 
Principal Coordinates Analysis with Ellipse (Weighted UniFrac), revealed no significant distinctions between the two 
groups (F = 0.311, R2 = 0.001, p = 0.97).

The results depicted in Figure 2 illustrate the variations in relative abundance of GM between the GS and PS groups. 
When considering the phylum level, no significant differences were shown in GM relative abundance between the two 
groups. However, at finer taxonomic levels, notable distinctions emerged. Specifically, at the class level, the PS group 
manifested a higher relative abundance of Erysipelotrichia (p = 0.038) compared to the GS group. Similarly, at the order 
level, the PS group displayed elevated relative abundances of both Erysipelotrichales (p = 0.038) and Moraxellales (p = 
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0.009) in contrast to the GS group. Moving further down the taxonomic hierarchy, at the family level, the PS group 
demonstrated more relative abundances of Dermacoccaceae (p = 0.029) and Moraxellaceae (p = 0.009) compared to the 
GS group. Examining at the genus level, the PS group exhibited increased relative abundances of Ructibacterium (p = 
0.011), Intestinibacter (p = 0.028), and Dermacoccus (p = 0.029) compared to the GS group. Finally, at the species level, 
significant elevations in relative abundance were found in the PS group for Ructibacterium_gallinarum (p = 0.011), 
Bacteroides_fluxusYIT12057 (p = 0.001), Intestinibacter_bartlettii (p = 0.028), Dermacoccus_nishinomiyaensis (p = 
0.029), and Sphingomonas_aquatilis (p = 0.025), whereas the relative abundances of Faecalibacterium_butyricigenerans 
(p = 0.045) and Hungatella_hathewayi (p = 0.030) were lower in the PS group. Please refer to the Supplementary 
Materials for the complete list of taxa and associated statistics.

Building upon the significant findings from the two-group comparisons mentioned above, we proceeded to investigate 
whether subjective perceptions of sleep quality correlated with GM abundance. As illustrated in Figure 3, we observed 
negative correlations between PSQI scores and the relative abundance of species Hungatella_hathewayi (partial r = 
−0.170, p = 0.005, FDR = 0.035, effect size = 0.353).

Beyond assessing self-reported sleep quality, we further examined whether objective measures of sleep behaviors (ie, 
total sleep time, onset latency, sleep efficiency, WASO, and number of awakenings) were linked to alterations in GM 
abundance. However, we did not detect any significant results after corrections for multiple comparisons. Table 2 also 
shows the comparisons of actigraphy-recorded data between the GS and PS groups.

Table 1 Demographic Information in Good Sleepers (PSQI ≦ 5) and Poor Sleepers (PSQI > 5)

Good Sleepers (n = 171) Poor Sleepers (n = 108) P values

PSQI 3.1 ± 1.2 8.9 ± 2.7 <0.001*

Age (years) 72.0 ± 5.8 71.3 ± 5.6 0.411

Sex (males/females) 76/95 45/63 0.740

Education (years) 14.4 ± 2.7 13.6 ± 3.3 0.128

BMI 23.6 ± 2.9 23.8 ± 3.2 0.768

Diabetes (%) 31(18.1%) 22(20.4%) 0.758

Hypertension (%) 72(42.1%) 51(47.2%) 0.475

Smoking status 0.524
Never smokers (%) 164(95.9%) 103(95.4%)

Former smokers (%) 2(1.2%) 3(2.8%)

Current smokers (%) 5(2.9%) 2(1.9%)

Dietary pattern 1.000
Non-vegetarian (%) 164(95.9%) 104(96.3%)

Lacto-ovo vegetarian (%) 6(3.5%) 3(2.8%)

Vegan (%) 1(0.6%) 1(0.9%)

Bowel habit 0.133
Normal (%) 162(94.7%) 94(87.0%)
Constipation (%) 5(2.9%) 7(6.5%)

Diarrhea (%) 3(1.8%) 5(4.6%)
Mixed/Alternating (%) 1(0.6%) 2(1.9%)

MMSE 28.6 ± 1.1 28.8 ± 1.0 0.403

GDS 0.6 ± 0.9 0.9 ± 1.1 0.016*

Notes: Data are presented as mean ± standard deviation (SD) unless otherwise specified. *p < 0.05. 
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; BMI, Body Mass Index; MMSE, Mini-Mental State Examination; GDS, 
Geriatric Depress Scale.
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Discussion
To our knowledge, this study represents the first comprehensive investigation into the relationship of alterations in GM 
abundance with subjective and objective sleep measures among community-dwelling older adults aged 60 years and 
above, conducted on a large sample scale. Our research found significant differences of GM abundance were observed 
across various taxonomic levels between individuals classified as GS and PS. Furthermore, higher PSQI scores, 
indicative of poorer sleep quality, were associated with decreased relative abundance of species 
Hungatella_hathewayi. However, we did not detect any significant association between objective measures of sleep 
behaviors and alterations in GM abundance.

This study advances the current understanding of the relationship between sleep and GM composition by employing 
TGS technology (ie, PacBio) in a substantially larger sample of Taiwanese older adults (n = 279). Unlike previous 
research by Wijaya et al, which used NGS and included GM data from only 42 participants,17 our study offers enhanced 
statistical power and generalizability. Compared to NGS, the PacBio platform can achieve a higher estimate of richness 
and allow to determine organisms at a higher taxonomic and phylogenetic resolution.34,35 Accordingly, recent evidence 

Figure 1 There were no significant differences in alpha diversity between the groups of good sleepers (GS) and poor sleepers (PS) as assessed by the Simpson index (A), 
Shannon index (B), and Observed features (C). Similarly, beta diversity, evaluated via weighted UniFrac by PCoA (D), showed no significant differences between the GS and 
PS groups.
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has also suggested that PacBio is a more suitable technology than Illumina for human-associated microbiome studies.36,37 

Furthermore, several factors are able to promote age-related degeneration and short-circuit possible compensatory 
mechanisms, such as individual genetic predisposition and health behaviors. In light of this, sleep is an important 
behavioral factor that has been closely tied to the inflammation and immune system. Specifically, sleep disturbances can 
weaken the immune system and increase the release of pro-inflammatory cytokines, including interleukin 6 and tumor 
necrosis factor-α.38,39 As comorbid sleep problems accompany normal aging, this health condition may set the stage for 
alterations in the microbiota-gut-brain axis and thus foster a brain vulnerable to pathology like the deposition of amyloid- 
β seen in Alzheimer’s disease.15,40 Hence, elucidating the association of sleep loss with GM composition is particular 
importance for older adults, which enables us to improve sleep problems through microbiota-targeted therapies,41,42 and 
eventually, prevent the initiation of dementia.

Of interest, GM has rhythmic activities, with fluctuations in both its composition and function over a 24-hour 
period.10 Sleep disruptions, however, can impair these rhythms and contribute to alterations in GM composition, driven 
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Figure 2 Comparisons of the relative abundance of gut microbiome between the good sleepers (GS) and poor sleepers (PS). The error bars represent standard deviation.
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by several interconnected physiological mechanisms.43 Specifically, disruptions in circadian rhythms can alter microbial 
diurnal patterns and reduce populations of beneficial bacteria,10 while activation of the hypothalamic–pituitary–adrenal 
(HPA) axis — a neuroendocrine system crucial for sleep regulation — and subsequent elevations in cortisol may impair 
gut barrier integrity and immune homeostasis, thereby disrupting communication along the microbiota–gut–brain axis.44 

Similarly, dysregulation of autonomic nervous system, particularly reduced vagus nerve activity and increased sympa
thetic activity, has been shown to influence gut motility and microbial growth.45 Furthermore, depleted melatonin 
secretion in PS may decrease support for beneficial bacteria.46 Altogether, these mechanisms underline a bidirectional 
relationship between sleep and GM, where physiological changes from poor sleep contribute to GM alterations that can, 
in turn, further disrupt sleep. In our study, more abundance of species Hungatella_hathewayi is associated with better 
sleep quality in our study. It is noteworthy that Hungatella_hathewayi is a degrader of glycosaminoglycans, which plays 
a critical role in the cell signaling process (eg, wound repair and anticoagulation).47 Likewise, recent evidence has 
demonstrated that lower proportions of Hungatella_hathewayi are relevant to depleted concentrations of taurine, an anti- 

Figure 3 The scatter plots show the associations between self-reported sleep quality and relative abundance of gut microbiome (GM). Older adults with higher scores on 
Pittsburgh Sleep Quality Index (PSQI) were linked to reduced abundance of the species Hungatella_hathewayi. *p < 0.05.

Table 2 Data Recorded by Actigraphy in Good Sleepers (PSQI ≦ 5) 
and Poor Sleepers (PSQI > 5)

Good Sleepers 
(n = 171)

Poor Sleepers 
(n = 108)

P values

Total sleep time (hour) 6.4 ± 0.9 6.5 ± 1.1 0.2421

Onset latency (minute) 14.6 ± 13.5 19.2 ± 25.3 0.4793
Sleep efficiency (%) 84.4 ± 6.7 83.1 ± 8.9 0.4978

WASO (minute) 44.2 ± 22.2 48.1 ± 29.6 0.3577

Number of awakening 40.0 ± 15.4 43.4 ± 21.5 0.4449

Notes: Data are presented as mean ± standard deviation (SD) unless otherwise specified. 
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; WASO, wake after sleep onset.
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inflammatory metabolite known to prevent from traumatic brain injury or stroke.48 Moreover, Jiao and colleagues have 
reported that compared with non-nonagenarians, long-lived individuals manifest enrichment of agmatine as evident by 
increased levels of Hungatella_hathewayi, together with enhanced functional connectivity, suggesting its potential anti- 
aging effects on brain function.49 Taken together, the Hungatella_hathewayi is considered as an advantageous GM strain.

This study has several limitations. First, the composition of GM can be influenced by various factors, including 
geographic location and dietary habits. Additionally, the sampling approach—focused on specific residential areas and 
individuals actively engaged in healthcare services—may limit the generalizability of our findings. This recruitment 
strategy may introduce selection bias, as participants could differ systematically from the broader older adult population 
in terms of health status, lifestyle, or healthcare access. Although the sample size in our study is relatively large, caution 
should still be emphasized when extrapolating the results to other demographic and geographic groups.22 Second, the 
lack of cytokine data from participants limited our ability to explore potential links between sleep parameters, dysbiotic 
strains, and pro-inflammatory cytokines. Future research is needed to elucidate these relationships and to inform the 
development of targeted therapeutic strategies. Third, participants’ sleep behaviors were not assessed using a sleep diary. 
In both research and clinical contexts, combining actigraphy with a sleep diary is recommended, as they provide 
complementary information.50 A sleep diary can aid in the accurate interpretation of actigraphy data by helping to 
distinguish between sleep and periods of inactivity, as well as marking bedtime and wake time. Therefore, the absence of 
sleep diary data in our study may limit the precision of actigraphy-derived sleep parameters and should be considered 
when interpreting the findings. Finally, although actigraphy provides a practical and validated estimate of sleep-wake 
patterns in real-world settings, it lacks the precision of other objective measures such as polysomnography (PSG). This 
might be one of the reasons that we did not detect any significant association between GM abundance and objective sleep 
measures. Including PSG in future studies would allow for a more comprehensive evaluation of sleep architecture (eg, 
sleep stages, arousals, and apnea events) and may help further elucidate the relationship between GM and specific 
physiological components of sleep.

Although the current cross-sectional findings highlight significant associations between specific microbial taxa and 
subjective sleep parameters, they do not establish directionality or underlying mechanisms. To address this, longitudinal 
studies are needed to monitor changes in GM composition and sleep patterns over time, allowing for the identification of 
temporal relationships. Furthermore, interventional research—such as probiotic or dietary interventions designed to 
modify the gut microbiota—will be crucial to directly test whether altering GM can lead to measurable improvements in 
sleep quality. These research directions are essential for uncovering causal pathways and evaluating the therapeutic 
potential of microbiota-targeted interventions, particularly for individuals with poor sleep quality in aging populations.

Conclusion
To conclude, this population-based study indicated that specific GM taxa are associated with subjective sleep distur
bances in older adults.
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