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Abstract

BACKGROUND: The gut microbiome is recognized as a pivotal
factor in the pathophysiology of sarcopenia—a condition marked by
the accelerated loss of muscle strength, mass and function with ageing.
Despite this well-known gut-muscle axis, the potential links between
other microbial ecosystems and sarcopenia remain largely unexplored.
The oral microbiome has been linked to various age-related health
conditions such as rheumatoid arthritis and colorectal cancer. However,
its potential association with sarcopenia is unknown. The Saliva and
Muscle (SaMu) study seeks to address this knowledge gap.
METHODS: The SaMu study comprises three sequential phases. In
phase 1, a cross-sectional analysis will be conducted on a cohort of
200 individuals aged 70 years or older to examine the relationship
between salivary microbiome and sarcopenia status. Participants will
be recruited in the three main places of living: general community,
assisted living facilities and nursing homes. The salivary microbiome
composition will be evaluated utilizing shotgun metagenomics
sequencing, while sarcopenia status will be determined through muscle
mass (determined by whole-body bioelectrical impedance analysis and
calf circumference), muscle strength (grip strength and the 5-times-
sit-to-stand test) and physical performance (usual walking speed). In
addition to investigating the microbiome composition, the study aims to
elucidate microbiome functions by exploring potential omic associations
with sarcopenia. To achieve this, salivary proteomics, metabolomics
and quorum sensing peptidomics will be performed. Covariates that
will be measured include clinical variables (sociodemographic factors,
health status, health-related behaviours, oral health and quality of life)
as well as blood variables (immune profiling, hormones, kidney and
liver function, electrolytes and haematocrit). In phase 2, an in-depth
mechanistic analysis will be performed on an envisaged subcohort of
50 participants. This analysis will explore pathways in muscle tissue
using histology, genomics and transcriptomics, focusing on (maximal)
25 healthy older adults and (maximal) 25 with severe sarcopenia. Phase
3 involves a two-year clinical follow-up of the initial participants from
the cross-sectional analysis, along with a resampling of blood and
saliva. Additionally, secondary outcomes like falls, hospitalization and
mortality will be examined.

DISCUSSION: Using a salivary multi-omics approach, SaMu
primarily aims to clarify the associations between the oral microbiome
and sarcopenia. SaMu is expected to contribute to the discovery of
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predictive biomarkers of sarcopenia as well as to the identification of
potential novel targets to prevent/tackle sarcopenia. This study-protocol
is submitted for registration at the ISRCTN registry.

Key words: Sarcopenia, muscle, saliva, microbiota, metabolomics,
proteomics, quorum sensing peptides.
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Background

arcopenia, the accelerated loss of muscle mass,

strength and function with ageing, is an important

health challenge associated with decreased quality
of life and increased mortality. Unfortunately the underlying
pathophysiological mechanisms are very poorly understood
(1). Evidence points towards a gut-muscle axis as part of the
pathophysiology of sarcopenia, with short-chain fatty acids,
infochemicals such as 2-amino acetophenone and quorum
sensing peptides (QSP) being potential bacterial mediators
(2-5).

While host microbiome research in sarcopenia and
other health conditions has traditionally focused on the gut
microbiome, there is now growing interest in exploring other
microbial ecosystems such as the oral microbiome. The oral
cavity is, next to the gut, the compartment harbouring the
highest abundance and diversity of microorganisms (6). The
oral microbiome is associated with the progression of not only
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oral diseases such as dental caries, periodontal diseases, head
and neck cancer, but also several systemic diseases such as
cardiovascular disease, rheumatoid arthritis, adverse pregnancy
outcomes, diabetes, lung infection, colorectal cancer, and
pancreatic cancer (7, 8). In the Disbiome® database, as of April
2024, a total of 2023 studies have been identified linking the
human oral microbiome to one of 78 different diseases (Figure
1). Oral health diseases such as periodontitis and caries account
for almost 50% of these studies, followed by rheumatological-
inflammatory diseases and cancer (9). Different niches can
be identified in the oral ecosystem, i.e. some oral microbes
adhere to the teeth, mucosa and tongue while others reside in
the saliva. Saliva is a biofluid that shares microbiome with
both dental and mucosal niches (10). Moreover, compounds
originating from the different oral microbial niches, including
proteins, peptides and small molecules, are present in the saliva,
making this biofluid an interesting specimen rich of complex
information.

Figure 1. Number of studies associating the oral microbiome
composition to specific human diseases

Infectious
80

Endocrine
166

Cancer
164

Oral health

) o 894
Rheumatological- |

Others
78
Congenital

Gastro-intestinal —
135 Neuropsychiatric

113

Numbers are absolute amounts. A detailed overview of diseases can be found in
Supplementary Table 1.

Very recently, some preliminary studies have been published
investigating the association between salivary microbiota
composition and frailty, a concept strongly associated with
sarcopenia. Ogawa et al. compared nursing home residents,
considered as the frail group, with community-living older
adults, considered as the non-frail group, for salivary
microbiota composition. In samples from the nursing home
residents group, Actinomyces, Streptococcus, Bacilli,
Selenomonas, Veillonella, and Haemophilus taxa showed
higher relative abundance, while Prevotella, Leptotrichia,
Campylobacter, and Fusobacterium had a lower relative
abundance. A limitation in this study was the lack of diet
adjustment in the analysis. Moreover, the bacterial information
was limited by use of 16S rRNA amplicon sequencing, which
can only identify most taxa up to the genus level or higher,
i.e. no metagenomic nor strain information was available (11).
Wells et al. found that frailty is associated with a decreased

THE SALIVA AND MUSCLE STUDY (SAMU)

salivary microbiota diversity. They used the UK-Twin cohort
data, adjusting for diet. However, they did not analyse which
bacterial taxa are associated with frailty nor did they conduct
shotgun metagenomics sequencing (12). In another recent
study, Yang et al. demonstrated an association of dental caries
with sarcopenia as well as with gut microbiota composition
in an Asian community-living cohort aged 50 to 85 years
(n=1442) (13). No study has yet investigated the salivary
microbiome composition in association with sarcopenia.

Besides the microbial composition, investigating saliva
metabolomics, proteomics or peptidomics in relation to
sarcopenia could yield greater insights into the oral microbiome
and identify potential mediators in the saliva matrix-muscle
interactions. Some specific metabolites such as NO as well as
inflammatory proteins such as IL-6 have been measured in the
saliva and indirectly linked to frailty and/or sarcopenia (14,
15). In addition, untargeted saliva metabolomics in a young
and aged group identified 99 metabolites, 21 of which were
statistically different between the two age groups (16). All
of the 21 metabolites declined in abundance with advancing
age, except ATP, which increased 2-fold in the aged group,
possibly due to reduced ATP consumption. Furthermore,
research from our group has shown that QSP produced by
oral bacteria can lead to muscle wasting in vitro as well as in
mice (2, 17, 18). No study has yet investigated the salivary
metabolomics, proteomics or peptidomics in association with
frailty or sarcopenia.

The primary goal of this study is to identify a possible
association between the oral microbiome, including the
chemical composition of saliva, and sarcopenia.

Methods/Design

General

The SaMu study is coordinated by Ghent University hospital,
in collaboration with the Ramen and Poel and Kanunnik
Triest assisted living facilities and nursing homes in the city
of Ghent, Belgium. Three phases can be distinguished. First
the association between salivary multi-omics and sarcopenia
status will be explored in 200 older people in a cross-sectional
way. Phase 2 will focus on the most extreme phenotypes,
with envisaged 50 participants—those in the healthiest and
most sarcopenic quartiles—being selected from the final 100
participants of phase 1. These individuals will be asked to
undergo additional muscle biopsies, which will be analyzed
for histology, genomics, and transcriptomics. The third phase
involves a two-year clinical follow-up of the initial participants
from the cross-sectional analysis, along with a resampling of
blood and saliva. Figure 2 provides a visual representation of
the SaMu study design.

Participants

A total of 200 Caucasian people aged 70 years or older
will be recruited, without selection based on their level of
sarcopenia or functional performance. To capture a continuous
spectrum of sarcopenia, we will recruit a balanced sample
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Figure 2. Global overview of different phases of the SaMu study
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from three key living environments that are associated with
different levels of sarcopenia: community-dwelling individuals,
those in assisted living facilities, and nursing home residents.
Our goal is to achieve an approximately equal representation
from each of these settings. Participants residing in assisted
living facilities and nursing homes will be recruited from
two prominent care homes in Ghent (Ramen and Poel
and Kanunnik Triest), where all eligible residents will be
individually informed about the study and invited to participate.
Community-dwelling individuals will be recruited by
identifying eligible participants attending outpatient services at
Ghent University Hospital, as well as individuals participating
in social activities organized in or near the two care homes.
For the more invasive phase 2 of the SaMu study, participants
from the last 100 of the cross-sectional phase who fall within
the top or bottom 25% based on muscle score will be invited
to also give a muscle biopsy. The muscle score quartiles will
be determined using data from earlier participants. Letters
informing the primary care physicians as well as closest family
members of all participants about the SaMu study will be sent.
Ethical approval has been granted by the Ghent University
Hospital Ethics Committee (BC-1850).

Exclusion criteria are as follows: known presence of
interfering neuromuscular or osteoskeletal conditions (possibly
leading to false-positive diagnosis of sarcopenia), such as
stroke without full recuperation, Parkinson’s disease, spinal
compression, or functional anomaly of the hands or legs;
>10% total body weight loss over the past 6 months; active
malignant neoplasia; status post radiation therapy in the head-
neck region; exposure to immunosuppressive drugs in the
last 3 months before the screening visit; exposure to systemic
corticosteroid treatment in the last 14 days before the screening
visit; infection(s) requiring treatment with systemic antibiotics/
antivirals/antifungals within 30 days prior to the biosampling;
clinically detectable active infection (e.g. respiratory or gastro-

intestinal). Finally, individuals who are not deemed competent
to make decisions regarding their own well-being due to
advanced cognitive impairment or severe psychiatric disease
will not be included in the study.

Study procedures

The SaMu study will be conducted in consecutive blocks,
each comprising approximately 25-30 participants from
different living arrangements. These blocks will run for one to
two weeks, during which biosampling and clinical assessments
will take place. Figure 3 provides an overview of the key
variables measured. Recruitment, clinical characterization,
sample collection, and analyses will occur within each block.
Additionally, at least 2 young controls (aged 20-30 years) will
be included in each block to act as internal controls, undergoing
the same procedures as other participants. To prevent detection
bias, researchers analyzing salivary multi-omics data will be
blinded to all clinical measurements, including sarcopenia
outcome variables, and vice versa (19).

During the cross-sectional part, participants will undergo
a series of four visits. Following an initial screening visit,
participants will be visited on two consecutive mornings. On
the first morning, participants will provide saliva and blood
samples and undergo lean mass assessment in a fasted state
(having fasted for at least 8 hours to ensure a standardized
metabolic profile). In phase 2, muscle biopsies will be obtained
from maximum 50 participants during this fasted morning
or another fasted morning within one week of the blood and
saliva sampling. On the second morning, muscle strength
and function assessments, along with measurements of the
clinical covariates, will be conducted following breakfast.
Subsequently, one week after the conclusion of data collection,
participants will receive their results, including their sarcopenia
status and routine laboratory analyses, along with general
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Figure 3. General overview of the variables measured during the SaMu study
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recommendations regarding sarcopenia management. This
information will also be communicated to their primary care
physician.

For the prospective part, the sarcopenia status of participants,
as well as secondary outcomes (mortality, hospitalisations,
quality of life, falls, fractures, institutionalisation) will be
assessed after one and two years. Furthermore, the salivary
microbiome, covering various omics, along with a muscle
biopsy from a maximum of n=50 participants, will undergo
re-analysis after two years. This two-year full re-analysis
represents a balance between anticipated clinical differences
and cost-feasibility. Based on a twelve-year population study
by Trevisan et al., we anticipate an overall mean clinical
deterioration in sarcopenia status ranging from 15 to 50% after
two years in the study population (20).

Screening visit (D-7—0)

SaMu begins with a screening visit during which the
project will be explained, and written informed consent will be
obtained by one of the researchers. A separate informed consent
will be required for participation in the more invasive phase 2
and longitudinal phase 3, both of which are optional. Eligibility
criteria will then be assessed using three sources. Firstly,
the participant’s medical history and medication list will be
reviewed, either directly with the participant or with the nurse
in case of cognitive impairment. Subsequently, medical records
will be examined for exclusion criteria by a medical doctor
from the research team. Finally, if needed, the general physician
or caregivers will be contacted for additional information.
During the screening visit, eligible participants will also be
instructed for the fasted morning visit, as outlined below.
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Fasted morning visit: biosampling and BIA
measurement (D1)

A detailed instruction form for the fasted morning visit is
provided and explained to the participant during the screening
visit. Eating or smoking is prohibited after midnight; only water
is permitted. Participants should remove dentures overnight
before sampling. The use of oral hygiene products, makeup,
and medication is not permitted in the morning. Participants
are encouraged to empty their bladder in the morning before
BIA measurement. They should also limit physical activity
and refrain from excessive talking during the morning. Finally,
participants are instructed to drink a glass of water one hour
before the fasted morning visit. During the fasted morning visit,
researchers will verify compliance with the instructions and
verify again the absence of the exclusion criteria, such as upper
airway infections. Any deviations from the instructions will be
carefully documented.

The fasted morning visit comprises four major steps:
saliva collection, blood collection, BIA measurement and oral
examination. Additionally, in phase 2, a fifth step will involve
muscle tissue collection for a maximum of 50 participants.

Saliva collection and initial sample preparation

A 25 mL Protein LoBind tube will be stowed in a styrofoam
cup filled with crushed ice. Participants will be instructed
to rinse their mouth with tap water and minimize talking
thereafter. Immediately following rinsing, bioelectrical
impedance analysis (BIA), height, and weight measurements
will be taken. Ten minutes after rinsing, participants will be
asked to deliver as much saliva as possible into the 25 mL
tube over a 5-minute period by spitting. Participants will be
reminded not to cough up mucus and will be provided with
gloves, as will the researcher assisting. The tube will then be
sealed and returned to ice. Participants will be instructed to
rinse their mouth again with tap water and wait an additional
10 minutes. During this interval, blood collection will take
place. After 10 minutes, participants will again be asked to
deliver saliva into the same cooled 25 mL tube for 5 minutes.
Within 3 minutes of the final collection, the 25 mL tube will
be centrifuged at 4000g for 5 minutes at 4°C. This process
will precipitate large particles such as microbial and human
epithelial cells, while retaining the chemical analytes in solution
(21, 22). The saliva supernatant from each participant will
be aliquoted (170 uL to 420 uL each, depending on analysis)
into 1.5 mL Protein LoBind Eppendorf tubes, while the pellet
will be dissolved in 1 mL phosphate-buffered saline (PBS).
Both the supernatant aliquots and the cellular pellet will be
immediately transferred to a tightly sealed container of dry ice
within 5 minutes of centrifugation to ensure maximum stability.
Salivary flow rate will be calculated by dividing the volume
of collected saliva by the 10-minute collection period (23). A
minimum of 2.5mL of fresh saliva is necessary for all analyses.
Participants will be excluded from the study if the volume of
saliva collected is inadequate.

Salivary analyses

To determine microbial composition, shotgun metagenomics
sequencing will be conducted on the salivary pellet dissolved
in PBS. Salivary supernatant aliquots will be used for general
physico-chemical characterization (osmolality and total protein
content) and five distinct omics analyses. Metabolomics will be
assessed using LC-QTOF-MS , GC-MS and NMR. Proteomics
and QSPeptidomics will be investigated using LC-MS/MS.
Remaining aliquots will be stored at -80°C in the Ghent
University Hospital biobank (FAGG-number BB190110).

Blood collection and initial sample preparation

Peripheral blood withdrawal will be conducted during the
second 10-minute waiting period following mouth rinsing. Prior
to collection, the blood draw site will be sterilized using a 70%
isopropyl alcohol swab. For conventional blood analysis, the
following tubes will be collected: 1x EDTA 4 mL; 2x serum
5 mL. Additionally, the following tubes will be collected for
storage and subsequent analysis: 1x EDTA 10 mL; 3x heparin
10 mL; 1x serum 5 mL. The sequence for tube collection will
remain consistent: 1) serum tubes, 2) EDTA tubes, and 3)
heparin tubes. All tubes will be promptly mixed by inversion
five times upon withdrawal. The three tubes designated for
conventional blood analysis will be transported to Ghent
University Hospital’s clinical laboratory within 3 hours of
collection. The additional serum tube will be allowed to clot
upright for 50 minutes at room temperature, then centrifuged
at 1700g for 10 minutes at 22°C. The resulting supernatant
(serum) will be stored in 1.5 mL protein LoBind Eppendorf
tubes (in 500 gL aliquots) and transported on dry ice for
storage at -80°C within 6 hours. The additional EDTA tube
will be centrifuged at 1000g for 10 minutes at 4°C within 30
minutes after withdrawal. The plasma supernatant will be
immediately transferred to 1.5 mL protein LoBind Eppendorf
tubes (in 500 uL aliquots) on dry ice for storage at -80°C
within 6 hours. Similarly, the additional heparin tubes will be
centrifuged at 1700g for 10 minutes at 22°C within 30 minutes
after withdrawal. A portion of the plasma supernatant will be
promptly transferred to 1.5 mL protein LoBind Eppendorf
tubes (in 500 pL aliquots) on dry ice for storage at -80°C, while
peripheral blood mononuclear cells (PBMCs) will be isolated
from the buffy coat layer using a Ficoll density centrifugation
protocol within eight hours of blood collection.

Bio-electrical impedance (BIA) testing

Muscle mass will be evaluated using whole-body
bioelectrical impedance analysis (BIA) (Bodystat Multiscan
5000, Euromedix, Leuven, Belgium). The participant (fasted
state and post miction) must lie in a supine position with
legs and arms not touching the body and with 2 surface
electrodes placed on the right foot and hand, with a distance
of 5 cm between both electrodes (distal electrode at
metacarpophalangeal joints, proximal electrode at the level of
radiocarpal joint). This test will not be conducted in case of a
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pacemaker or Implantable Cardioverter Defibrillator due to the
risk of dysregulation of the device. To calculate the skeletal
muscle mass (SM), the measured resistance and reactance
values at 50 kHz will be imputed in the equation developed by
Janssen et al. (24). This muscle mass will be adjusted for body
height (25).

Oral examination

Following biosampling and BIA measurement, oral health
will be evaluated by a dentist to establish a comprehensive
oral health profile. The presence of tooth will be assessed, as
bacterial diversity differs among dentulous and edentulous
people (26). Additionally, the number of occluding pairs
will provide insight into chewing ability. Various validated
indices will also be utilized. The Dutch Periodontal Screening
Index (DPSI), assessed using a dental probing instrument, will
determine periodontal treatment needs (27). The DMFT index
will evaluate the number of decayed teeth (= affected by active
caries), missing teeth due to caries, and filled teeth (28). The
Silness and Loé¢ index will quantify plaque accumulation (29).
Finally, participants will complete a validated questionnaire
regarding xerostomia. Xerostomia will also be objectively
assessed through salivary flow rate measurements.

Muscle tissue collection

For the skeletal muscle biopsies in phase 2, we will collect
samples (200-300mg in total) from the vastus lateralis, utilizing
the Bergstrom method with local anaesthetic. The obtained
sample aliquots (approximately 25mg) will be promptly
frozen in liquid nitrogen and stored at -80°C until further
analyses. Using histology, genomics and transcriptomics,
the following hallmarks of sarcopenia will be investigated:
genomic instability (ratio of 8-hydroxy-2-deoxyguanosine to
2-deoxyguanosine), epigenetic alterations (DNA methylation
patterns), loss of proteostasis (expression of key genes in
the AKT/mTOR pathway), inflammation (expression of
inflammatory genes such as CD14 and E2AK2), mitochondrial
dysfunction (expression of genes involved in mitochondrial
metabolism including the oxidative phosphorylation complex),
cellular senescence (expression of cell cycle regulators such as
pl6 and p21), neural dysfunction (expression of neuromuscular
genes such as Agrin), extracellular matrix dysfunction
(collagen staining) and reduced vascular perfusion (endothelial
staining). Additionally, histological analysis will involve
immunohistochemical staining to identify and measure the
cross-sectional areas of type I, Ila, and IIx muscle fibres.

Non-fasted morning visit: muscle phenotyping and
covariate assessment (D2)

Muscle strength and physical performance measurements,
along with the assessment of clinical covariates (excluding oral
examination), will be conducted during the non-fasted morning
visit. This session occurs after participants have had breakfast,
on the day following the fasted morning visit.

THE SALIVA AND MUSCLE STUDY (SAMU)

Muscle mass testing

In addition to fasting BIA measurements, bilateral calf
circumference is also assessed, in a seated position. While this
method possesses lower discriminatory capability and may be
influenced by factors such as oedema, it is a validated proxy for
muscle mass (30).

Muscle strength testing

Grip strength is evaluated using a Jamar+ Digital
Dynamometer (Patterson Medical, Warrenville, IL, USA)
following the Southampton protocol (31). Participants hold
the dynamometer in a 90° elbow joint angle and squeeze with
maximal effort, while the forearm rests on the armchair. The
investigator gently supports the dynamometer in an upright
position. They perform three attempts per arm, alternating left-
right, and the maximal value (in kg) from the six tries is used
for analysis.

Also a 5-times-sit-to-stand test is performed. An armchair
is placed with backrest against the wall. Both hands are placed
at the contralateral shoulder. Legs are positioned in a 90° angle
with trunk. Then participants are asked to stand (knees extended
maximally) and sit five times as fast as possible. The examiner
first shows twice how to perform the test. Afterwards, the
participant can try twice. Time starts when participant raises the
first time and stops right after the participant is seated the fifth
time.

Physical performance

To evaluate physical performance, patients are asked to
walk (at a normal pace) along a straight line 6 m long in
distance. The time taken to walk the middle 4 m (excluding 1
m accelerating and 1 m decelerating phase), is subsequently
used to calculate the usual walking speed. Participants using
a walking aid (walker or cane) during daily activities (to walk
inside the house), also use this during the test. Time to walk 4
meters is measured twice. Exceptionally, a third measurement
is performed when the two first values differ too much (> 20%).
The mean value is used in further analysis.

Covariates

Microbial composition is influenced by various factors such
as age, gender and the exposome, defined as «the cumulative
measure of environmental influences and associated biological
responses throughout the lifespan, including exposures from
the environment, diet, behaviour, and endogenous processes»
(32). To address these factors in the SaMu cohort, a
comprehensive assessment involving thorough medical history,
clinical examination, and completion of questionnaires will
be conducted. Figure 3 provides an overview of all covariates
considered.

In general, the SaMu covariates can be categorized into six
groups. First, sociodemographics encompass social interactions,
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including family and friend contacts, as well as membership
in cultural or sports associations. Basic demographics such
as age, sex, residential history (especially rural or urban
environments), previous occupation, marital status, and
socioeconomic status will also be considered. Secondly, quality
of life (QOL) will be explored, focusing on sarcopenia-related
QOL and sleep quality through the completion of two validated
questionnaires. The Pittsburgh Sleep Quality Index is validated
for assessing subjective sleep quality in older adults (33), while
the Sarcopenia and Quality of Life (SarQoL) questionnaire
evaluates health-related QOL specific to sarcopenia (34). Third,
health status evaluation will involve reviewing medical history
and medications as well as a routine blood analysis including
testosterone, vitamine D, thyroid hormones, kidney and liver
function, electrolytes and haematocrit. An ankle-arm index will
screen for peripheral vascular disease. Cognitive status will
be assessed using the MMSE. Fourth, health behaviour will
be investigated through assessments of medication adherence
and substance use. Diet quality will be evaluated using the
short version of a Food Frequency Questionnaire, validated
for older adults (35). Additionally, the Physical Activity Scale
for the Elderly (PASE) will measure physical activity levels
in this population (36). Fifth, oral health, as detailed earlier,
significantly influences both oral microbiome and overall
health. Sixth, blood immune phenotyping will be assessed
using flow cytometry on peripheral blood mononuclear cells
(PBMCs). This includes assessing various parameters such
as the number of B and T cells, the ratio of naive to memory
T cells, and the quantity of innate-like T cells. Additionally,
serum cytokine levels will be measured to explore four key
inflammatory pathways: innate immune activation (e.g. IL-15
and MCP-1), systemic inflammation (e.g. IL-6 and IL-8),
immune regulation (e.g. PDL-1 and IL-4), and endothelial
function (e.g. TGF-a and ICAM-1).

Data analysis

Data processing

During the recruitment process, a unique ID number will
be assigned to each participant by the responsible clinical
researcher (pseudonymization). Lab researchers who handle
and analyze biosamples, will only receive this ID number
along with the samples, ensuring they remain blinded to any
clinical information throughout the study. Furthermore, all
clinical data will be securely stored on a system provided
by Ghent University and will be de-identified to meet the
HIPAA standards for a ‘Limited Data Set’ (which excludes
the 16 defined identifiers under HIPAA). Raw data, partially
processed data, and fully processed data from both clinical
procedures and biosampling will be sent from individual labs
to a central registry. Access to this central registry will be
restricted to researchers responsible for data management
(different from those conducting the clinical and lab analyses)
and bioinformaticians.

For shotgun metagenomics sequencing data, after
demultiplexing and an Illumina internal quality filtering

procedure called chastity filter, FASTQ files will be collected.
Further processing will consist of filtering metagenomic
reads containing Illumina adapters and low-quality reads,
and trimming low-quality read edges. Human reads will be
identified and removed by mapping the reads to the human
genome (hg38) with the Genome Multitool (GEM) mapper
(37). Tables of relative abundance estimates of bacterial taxa
will be constructed using both marker-gene (38) and k-mer
(39) based approaches; downstream analyses will be performed
on both outputs and then compared for consistency of results.
Filters will be applied to each abundance table, to remove rare
taxa using criteria as previously described (40). For analysis of
LC-MS and GC-MS metabolomics data, first pre-processing to
extract ions from raw data will take place. For LC-MS, raw data
in Agilent will be in ‘.d’ format, and for GC-MS *.D’ format
will be handled. Further data processing to assure data quality
and transform raw values will be performed. For NMR analysis,
the TH-NMR spectra will be analysed using two procedures:
intelligent bucketing and manual deconvolution. With the
first procedure, the values of the relative integrals of about
100 regions of the spectrum will be obtained for each sample.
Meanwhile, with the deconvolution procedure, the absolute
concentrations of about 50 metabolites present in the saliva of
the subjects enrolled in the study will be obtained. Both these
procedures will lead to constructing two matrices, constituting
the NMR raw data. Furthermore, similar methods used for
LC-MS and GC-MS, along with normalization strategies based
on osmolality values, will be applied to NMR data processing.
For QSPeptidomics, QSP signal intensities constitute the raw
data, with data-processing similar to LC-MS metabolomics.
The raw data of the proteomics analysis (MS intensities) will
be processed using the DiaNN algorithm, and spectra will be
matched against the human protein sequences in the Swiss-Prot
database (41).

The sarcopenia status will be a quantitative composite
measurement of muscle mass measured through BIA,
muscle strength measured through grip strength and physical
performance measured through walking speed (42). For
sensitivity analyses and population comparisons with
populations described in the literature, muscle mass and muscle
strength will also be measured through calf circumference
and 5-times-sit-to-stand test respectively. Calf circumference
has less discriminating power compared to BIA muscle mass
measurements (43), while the 5-times-sit-to-stand test is more
dependent on ‘acute’ changes (e.g. balances shifts with disease)
and hence an inferior estimate for chronic sarcopenia (44).
Sarcopenia status is expressed both categorically based on the
EWGSOPII guidelines and continuously based on desirability
functions (42, 45). To integrate the different continuous
variables into one physiologically relevant continuous response,
the multi-criteria Derringer’s concept of desirability is used.
Every sarcopenia response (i.e. muscle mass, grip strength
and physical performance) is first linearly transformed into a
dimensionless desirability (d) value, ranging from 0.1 to 0.9,
where 0.1 and 0.9 are the lowest and highest obtained value of
that response amongst all patients respectively. If participants
are unable to walk (too weak), the walking speed is set to 0.05
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m/s. If participants are unable to perform the 5-times-sit-to-
stand test, time is set to 60 seconds. Both are translated to a
d-value of 0.1 in this model. These three standardized d-values
are combined into a global D-value for each patient, which is
the geometric mean (robust for outliers; missing values are
not imputed). Each component (muscle mass, muscle strength
and physical performance) is weighed equally. Inherent to this
desirability concept, all D-values lie between 0.1 and 0.9, with
0.1 indicating a relatively high sarcopenic status (low muscle
desirability) and 0.9 a relatively low sarcopenic status (high
muscle desirability). If one or two components are missing (e.g.
if muscle mass cannot be assessed via BIA due to the presence
of a pacemaker), the global D-value will still be calculated
using the geometric mean of the available components, without
imputation of missing values.

Statistical analyses

To identify the microbial taxa and other analytes (including
metabolites, proteins and QSP) that significantly differ
between sarcopenic and healthy older adults, we will apply
both univariate and predictive modelling approaches, with
consistency comparisons performed to infer robust results as
previously described (40). For each sub-analysis, we will use
the intersection of samples and variables that are available
such that we do not have missing data for that analysis. In
cases in which we have particular patterns of missing data
related to measurement limitations (i.e. assays with limits
of detection), we will use appropriate statistical modeling
approaches to model true zeros vs. low quantities. Given that
drug intake can have a large impact on the host microbiota
(46, 47), we will also perform analyses to identify and filter
out microbiome and metabolome features from downstream
analyses that are strongly associated with drug usage (48).
For univariate analyses of counts-based data, we will use
DESeq2 modelling (49). For univariate analyses of continuous-
valued variables, we will use the two-sided Mann-Whitney
U-test. In both cases, multiple hypotheses corrections will be
performed using the method of Benjamini and Hochberg (50).
Predictive analyses will be performed using a cross-validation
framework as previously described (40). Briefly, microbial
taxa and analytes will serve as features for machine learning
methods (e.g., lasso logistic regression, Random Forests and
deep learning approaches) with the task of prediction of binary
or continuous valued sarcopenia status. Relevant clinical
covariates, as previously described, will also be included in the
models. Predictive performance of models will be assessed as
cross-validated F1 scores and area under the receiver operator
curve (AUC) for binary values, and root mean-squared-error for
continuous values. Features yielding the highest cross-validated
accuracies will be tabulated and assessed for consistency across
methods, to establish sets of biomarkers of sarcopenia status.
We will also assess secondary outcomes in these analyses,
including falls, fractures, quality of life, hospitalization,
institutionalization and mortality.

THE SALIVA AND MUSCLE STUDY (SAMU)

Discussion

SaMu aims to clarify the associations between the oral
microbiome and sarcopenia by a three-fold process. First, cross-
sectionally, by exploring the salivary bacterial composition
including their analytes in relationship to sarcopenia in 200
older people. Secondly, there will be a parallel focus on
in-depth mechanistic analysis of a subcohort consisting of the
most extreme phenotypes. Thereto, the relative contribution
of different sarcopenia hallmarks in microbiome-sarcopenia
associations will be investigated. Finally, prospective follow-
up of all participants will take place, both clinically including
sarcopenia status and adverse outcomes after 1 year and 2
years, and biochemically including metabolomics, proteomics,
QSPeptidomics, metagenome sequencing and muscular
histology, genomics and transcriptomics after 2 years.

The first strength of this study is its holistic design, both
for predictor variables, outcome variables and covariates. The
analysis of different omics in parallel, together with shotgun
genomic sequencing of bacterial DNA allows for sophisticated
analyses of the complex interplay of factors. Also, the primary
outcome variable of SaMu will be an integrated sarcopenia
assessment, going broader than muscle mass, strength or
function assessment alone, as well as including mechanistical
markers using muscle tissue biopsies. Finally, covariates will
cover a broad range of different exposome dimensions. Such a
comprehensive approach has not yet been applied in the context
of the oral microbiota and sarcopenia.

Secondly, the use of state-of-the art validated -omics
methods is an important asset. QSPeptidomics will be analysed
by optimized LC-MS/MS. Additionally, metabolomics will
be assessed through NMR, LC-MS, and GC-MS analyses,
while proteomics will be conducted via LC-MS. Finally,
shotgun metagenomics sequencing will be employed to identify
bacterial composition.

Thirdly, conducting all clinical tests, biosampling, and
initial sample preparations bedside ensures high participant
feasibility and minimizes dropout bias. This approach enables
the inclusion of a unique population, including very dependent
older individuals, while also ensuring the highest sample
stability, which is crucial for peptidomics analysis (51).

Fourthly, despite the study’s associative nature, the
mechanistic and longitudinal components, combined with the
holistic approach and the thorough exposure-outcome blinding,
will serve exploratory purposes in understanding causality.

Some limitations of the SaMu study should be considered.
Firstly, because all care home participants will be recruited
from only 2 centers in the same city, Ramen and Poel and
Kanunnik Triest, SaMu may be susceptible to selection bias.
Given the diverse population at the both centers, and anticipated
high participation rates, we expect this bias to be minimal;
moreover the reduced heterogeneity within a city or care center
may lower the likelihood of unobserved confounding related
to place of living. However, we recognize that findings will
need to be validated in more diverse populations to fully assess
generalizability. Additionally, due to the exploratory nature of
SaMu, no sample size calculations were conducted, but it aligns
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with or exceeds that of previous similar studies (52-54). Third,
while BIA will be used to assess muscle mass instead of dual-
energy X-ray absorptiometry (DXA) or magnetic resonance
imaging (MRI) — which offer greater precision — BIA has
been well-validated and ensures high feasibility, especially in
frail older adults, due to its portability and ease of use. Strict
criteria for BIA conditions (e.g. fasted state, post-micturition,
supine position) will be followed to minimize precision loss.
Fourth, individual results from the cross-sectional assessment
(physical tests and routine lab results), will be shared with
participants and their primary care physicians, along with
general advice on sarcopenia management. While this could
potentially introduce bias, we will monitor changes in food
intake, medication, and physical activity over the l-year
and 2-year follow-ups. This will allow us to adjust for any
interventions and minimize potential bias in the longitudinal
analysis. Lastly, the inclusion of very frail individuals may pose
challenges in interpreting pre-sampling instructions accurately.
To address this, comprehensive explanations will be provided
to all nurses and caregivers, who will assist participants in
following instructions.

Studying the relationship between salivary microbiota
and its analytes, and sarcopenia has significant diagnostic
and therapeutic implications. Predictive biomarkers that can
anticipate the progression of sarcopenia can help to identify
those at the highest risk. This method presents numerous
advantages over traditional plasma approaches, including cost
reduction, non-invasive and stress-free specimen collection,
and safer and simpler sample collection, which even allows
for self-collection. As a result, obtaining repeated specimens
is not challenging. Saliva has been recognized by scientists as
a comprehensive indicator of health, containing a complete
range of proteins, hormones, antibodies, and other analytes
commonly measured in blood tests (55). For example, 20-30%
of proteins found in saliva are also found in blood, according
to comparisons between saliva and plasma proteomes (56).
Additionally, discovering new salivary analytes, such as
quorum sensing peptides, in association with sarcopenia, can
help to identify potential causative factors in sarcopenia’s
pathophysiology and could be evaluated in preclinical causal
studies.
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