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A B S T R A C T

Background: Investigating relationships between nutritional and clinical biochemistry biomarkers and skeletal muscle mass, strength and
function (sarcopenic indices) may 1) highlight micronutrients of interest for potential preventive or treatment strategies for sarcopenia, or 2)
highlight biomarkers that may be useful for identifying individuals at risk of sarcopenia.
Objectives: Investigate associations between nutritional biomarkers (vitamin D, vitamin B12, folate, magnesium, potassium, calcium, and
iron), clinical biomarkers (hemoglobin, ferritin, albumin, creatinine, and hemoglobin A1c: HbA1c), and sarcopenic indices (appendicular
lean mass: ALM); height-adjusted ALM: ALMht; fat-free mass as a percentage of total body weight; extended short physical performance
battery score: extSPPB; height-adjusted hand grip strength: HGSht; height-adjusted knee extension concentric strength, and; height-adjusted
knee extension isometric strength) in males and females.
Methods: Using multivariable linear regression analysis, we investigated cross-sectional associations between biomarkers and sarcopenic
indices in data collected from 1761 participants (age 22–103 y) from the Baltimore Longitudinal Study of Aging.
Results: Hemoglobin was positively associated with ALM (β ¼ 0.20, P ¼ 0.021), HGSht (β ¼ 0.25, P ¼ 0.001), and extSPPB (β ¼ 0.13, P ¼
0.024) in males, and with extSPPB in females (β ¼ 0.15, P ¼ 0.019). In males, serum iron was positively associated with ALMht (β ¼ 0.0021, P
¼ 0.038) and extSPPB (β ¼ 0.0043, P ¼ 0.045). In females, ferritin was positively associated with knee-extension strength measurements.
Serum creatinine was positively associated with lean mass measures in males and females and with muscle strength and function measures
in males with normal renal function (estimated glomerular filtration rate �60 mL/min/1.73 m2). In males, high HbA1c was associated with
lower ALMht (β ¼ –0.21, P ¼ 0.023), extSPPB (β ¼ –0.40, P ¼ 0.027), and HGSht (β ¼ –0.56, P ¼ 0.031). In males and females, magnesium
was positively associated with extSPPB, and potassium was positively associated with measures of knee-extension strength.
Conclusions: The associations found between measures of iron status and creatinine and sarcopenic indices, in males in particular, indicate
potential importance for muscle health. Future longitudinal and intervention studies are warranted to confirm these findings.
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Introduction

Skeletal muscle is important for posture, balance, and phys-
ical movement, but it also plays a major, often under-appreciated
role in whole-body energy, protein, and glucose metabolism
[1–3]. As we age, skeletal muscle mass, strength, and physical
function naturally decline and may lead to the development of
sarcopenia: the age-related loss of muscle mass, strength, and
physical function [4]. The decline in muscle mass and strength
generally occurs more rapidly in males than females [5,6]. Sar-
copenia can increase the risk of obesity and type 2 diabetes [1,7],
impair the ability to recover from acute injury or illness [1], has
been linked to falls, frailty, morbidity, and mortality, and poses
major challenges for healthcare systems [8]. The global preva-
lence of sarcopenia is estimated to range from 10% to 27% in
adults [4], and because of an aging population, it is predicted to
more than double in the next few decades [8]. There is an urgent
need to find ways to identify people at risk of sarcopenia, and to
develop effective preventive and treatment strategies.

Interest in finding susceptibility/risk or diagnostic bio-
markers for sarcopenia has grown in recent years. Because of the
multifactorial mechanisms implicated in the development of
sarcopenia, it has been suggested that a single risk or diagnostic
biomarker likely does not exist, and that a panel of biomarkers,
related to the range of underlying mechanisms, may be required
[9–11]. Several routinely collected clinical biomarkers—for
example, albumin and hemoglobin—have been investigated as
potential candidates [12], whereas other clinical biomarkers that
are relevant to skeletal muscle health have received less atten-
tion, and have been rarely investigated concurrently within the
same population. Malnutrition is a key risk factor for sarcopenia
[13], but previous research on nutritional strategies for sarco-
penia has mostly focused on dietary protein. Many micro-
nutrients are also essential for optimal muscle health, having
mechanistic actions, and are worthy of further investigation
[14], but there has been limited research investigating associa-
tions between nutritional biomarkers and sarcopenia or its
indices (muscle mass, strength, and function). Exploring associ-
ations between routinely collected and readily available nutri-
tional and clinical biochemistry biomarkers and sarcopenic
indices may highlight biomarkers that, in future, could be easily
integrated into clinical practice as susceptibility/risk or diag-
nostic biomarkers. In addition, this may highlight micronutrients
of interest for further research as potential preventive or treat-
ment strategies.

Much of the research exploring potential biomarkers for sar-
copenia has focused on their associations with sarcopenia diag-
nosis, but the apparent prevalence of sarcopenia can vary
substantially depending on the diagnostic criteria used [4].
Investigating associations with sarcopenic indices may offer an
alternative that reduces or removes potential variability in sar-
copenia diagnosis. Additionally, exploring these associations in a
healthy population of adults, largely free of sarcopenia, may
highlight potential “risk” biomarkers for sarcopenia: biomarkers
that are associated with declining muscle mass, strength, and
function before sarcopenia develops. To date, limited research
has explored associations between 1 or more clinical or nutri-
tional biomarkers and sarcopenic indices: few studies include all
3 sarcopenic indices, and many investigate associations in males
and females together. Investigating associations in males and
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females separately is important to account for gender differences
in muscle mass, muscle strength, and the effect of aging on
skeletal muscle loss [15].

To address limitations in previous research, the purpose of
this study is to explore associations between a range of nutri-
tional biomarkers (vitamin D, vitamin B12, folate, magnesium,
calcium, potassium, and iron), clinical biomarkers (albumin,
hemoglobin, ferritin, creatinine, and hemoglobin A1c: HbA1c),
and measures of lean mass (appendicular lean mass: ALM;
height-adjusted ALM: ALMht; fat-free mass as a percentage of
total body weight: FFM%), muscle strength (height-adjusted
hand grip strength: HGSht; height-adjusted knee extension
concentric strength: KECht; and height-adjusted knee extension
isometric strength: KEIht) and muscle function (extended short
physical performance battery score: extSPPB) in males and fe-
males separately using cross-sectional data from the Baltimore
Longitudinal Study of Aging (BLSA). These specific nutritional
and clinical biomarkers were chosen as they have either previ-
ously been investigated in relation to sarcopenia or one of its
indices, or they have known relevance for skeletal muscle
physiology.
Methods

Study population
The BLSA is a study of normative human aging that

commenced in 1958 [16]. The study recruits healthy volunteers
aged �20 y, recruited primarily from residents in the vicinity of
Baltimore, Maryland, who have no history of chronic disease
(with the exception of controlled hypertension), cancer,
musculoskeletal or neurological conditions, and who are free
from physical or cognitive impairments at the time of enroll-
ment. Study visits take place approximately every 4 y for
younger adults (<60 y), every 2 y for adults aged 60–79 y, and
once per year for adults aged �80 y. For this study, the most
recent visit where each participant had a blood sample collected
and clinical and nutritional biomarkers measured was selected.
This provided cross-sectional data for 1761 participants aged
between 22 and 103 y, collected between April 2003 and
September 2021.

This study was granted ethical approval by the Institutional
Review Board of the National Institute of Health. Participants
provided informed consent at each study visit and were fully
informed of the study procedures and any potential risks, and
informed consent was received from all participants, in accor-
dance with the Declaration of Helsinki.
Blood measurements
Blood samples were collected from participants between

07:00 and 08:00 after a 12-h overnight fast. Hemoglobin was
measured on a Sysmex XE-2100 hematology analyzer using an
SLS detection method (Sysmex Corporation). HbA1c was
measured on a Bio-Rad DiaSTAT Analyser using liquid chroma-
tography (Bio-Rad Laboratories Inc.). Serum ferritin was
measured on an ADVIA Centaur System using a 2-stage antibody
sandwich method (Bayer). Serum concentrations of albumin,
creatinine, vitamin B12, folate, magnesium, calcium, potassium,
and iron were measured using a Dimension Vista 1500 System
(Siemens Healthcare Diagnostics). Colorimetric assays were used
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to measure albumin (with polychromatic endpoints) and creat-
inine, magnesium, calcium, and iron (with bichromatic end-
points). A chemiluminescence assay was used to measure
vitamin B12 and folate. Potassium was measured using indirect
potentiometry. Serum vitamin D was measured using a chemi-
luminescent assay on a DiaSorin LIAISON Analyser (DiaSorin
Inc.). Plasma C-reactive protein (CRP) was measured using a
particle-enhanced immunopholometric assay on a BN II System
(Siemens Healthcare Diagnostics).

Anthropometry and body composition
At each study visit, height (m) and weight (kg) were

measured using standard protocols and used to calculate BMI as
weight/height2. Body composition was assessed through whole-
body dual-energy X-ray absorptiometry (DXA) scans using a
Prodigy Scanner (General Electric, software version 10.51.006).
DXA-measured ALM (kg), the sum of nonfat nonbone soft tissue
in the arms and legs, was used as a surrogate marker of appen-
dicular skeletal muscle mass. To scale for body size, ALM was
adjusted for height by dividing by height2 (ALMht). Both ALM
and ALMht were included as outcome measures as these lean
mass measures are used in the diagnosis of sarcopenia [17–20].
Total body lean mass (kg) was also divided by total body weight
(kg) and multiplied by 100 to calculate FFM%. DXA-measured
fat mass (kg) in the arms and legs was summed to calculate
appendicular fat mass (AFM) (kg).

Skeletal muscle strength
Hand grip strength (HGS) (kg) was measured 3 times for each

hand using a handheld Smedley Hand Dynamometer (Stoetling),
and the maximum HGS for each side was recorded. Maximum
HGS for each hand was summed and divided by 2 to calculate the
average HGS. To scale for differences in HGS associated with
body size, average HGS was adjusted for height by dividing by
height2 (HGSht). Knee extension (KE) strength was assessed via
maximum concentric [21] and isometric [22] KE peak torque
(Nm), measured using a BiodexMulti-Joint System-Pro isokinetic
dynamometer with Advantage Software version 4X (Biodex
Medical Systems Inc.). For both measures, the dynamometer was
placed on the tibia, peak torquewasmeasured 3 times in each leg,
and the maximum was recorded. Participants were instructed to
apply maximum force to the dynamometer, moving at a constant
speed of 30�/s for concentric measurements, and at a fixed knee
flexion of 70� for isometric measurements. Peak torque mea-
surements for each leg were summed and divided by 2 to calcu-
late the average KE concentric and isometric strength (KEC and
KEI, respectively). Both KEC and KEI were adjusted for height by
dividing by height2 (KECht and KEIht, respectively).

Skeletal muscle function
The extSPPB was used to assess muscle function, as previously

described by Simonsick et al. [23]. This test was developed to
overcome the ceiling effect that is observed when the standard
short physical performance battery is used in well-functioning
older adult populations. Briefly, this battery assesses 3 standing
balance positions (1 consisting of a single leg stance), 2 gait
speed assessments, and the time taken to complete 5 chair
stands. Scores are provided as a ratio and range from 0 (failure to
complete all assessments) to 4 (achieves maximum scores for all
assessments) [23].
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Physical activity
Physical activity was assessed using a standard questionnaire

[24]. Participants reported the types, frequency, and duration of
moderate and vigorous exercise activities they undertook over the
previous 2 wk. This information was used to calculate the number
of minutes spent engaging in high-intensity, vigorous physical ac-
tivity, and 4 physical activity categories were created: “not active”
(<30 min/wk); “moderately active” (30 to<75 min/wk); “active”
(75 to <150 min/wk); and “highly active” (�150 min/wk).
Dietary supplements
Information on the use of dietary supplements was collected

through self-reported semi-quantitative food frequency ques-
tionnaires (FFQ). The FFQ collected information on consumption
of foods and drinks from 16 different food and beverage groups,
and the frequency and duration of use of dietary supplements.
The University of Minnesota Nutrient Data System for Research
program was used to estimate participants’ nutrient intakes from
foods alone, and from foods plus supplements. Intake of each
micronutrient consumed from food was subtracted from the
intake of each micronutrient consumed from food plus supple-
ments to calculate intakes from supplements alone. Categorical
variables for supplement use were created for all micronutrients.
With the exception of potassium, these were categorized as “no
supplement use,” “low supplement use,” “high supplement use,”
or “missing supplement use information.” Potassium supple-
mentation was categorized as “no supplementation,” “supple-
ment use,” or “missing supplement information.” For further
details, refer to the “Supplemental Methods.”
Other covariates
Information on self-reported race was collected through a

structured interview during study visits. Participants were
grouped into 3 categories; the largest 2 groups were participants
who self-identified as White or Black. The remaining racial
groups—including American Indian or Alaska Native, Chinese,
Filipino, Japanese, other Asian or Pacific Islander, multiracial,
and those not classifiable—were merged into a single “other”
category. Information on smoking status (never smoked, former
smoker or current smoker), which was also assessed during the
interview, was provided as smoking habit has adverse effects on
skeletal muscle [25]. Poor renal function is associated with loss
of muscle mass, strength, and physical function [26]; therefore,
estimated glomerular filtration rate (eGFR) (mL/min/1.73m2)
was calculated for participants using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) [27] equation:

eGFR¼ 142�min ðScr=k; 1Þa �max ðScr=k; 1Þ–1:2 � 0:9938age

� 1:012½if female�

where Scr ¼ serum creatinine, k ¼ 0.9 for males and 0.7 for fe-
males, and a ¼ –0.302 for males and –0.241 for females.
Statistical analysis
Stata statistical software version 17 (Stata Corp.) was used for

all statistical analyses. The Shapiro-Wilk test was used to assess
the normality of continuous variables. Differences between
males and females were investigated using Mann-Whitney U
tests and Chi-squared tests for proportions. Correlations among
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lean mass, muscle strength, and muscle function measures were
investigated using Spearman’s rho correlation coefficients. Uni-
variate and multivariable linear regression analyses were
completed to evaluate the association of each independent var-
iable (hemoglobin, ferritin, albumin, creatinine, HbA1c, vitamin
D, vitamin B12, folate, magnesium, potassium, calcium, and iron)
with different sarcopenia-related dependent variables (ALM,
ALMht, FFM%, extSPPB, HGSht, KECht, and KEIht).

For most biomarkers, few participants had concentrations
outside of the “normal” range based on laboratory methods
(Supplemental Table 1), and so associations between normal
compared with low/high concentrations could not be explored.
Exceptions include 1) HbA1c, where 21.1% of participants had
HbA1c > 6%, 2) vitamin D, where 35.2% of participants had
below-normal vitamin D (<30 ng/mL), but only 0.8% of par-
ticipants had concentrations reflecting deficiency (<10 ng/mL),
and 3) folate, where 76.5% of participants had above-normal
serum folate (>14 ng/mL). To test for linear trends, each
biomarker was categorized into quintiles—except for magne-
sium, which was categorized into quartiles due to ties—and the
median value for each quantile was entered into regression
models as a continuous variable. Where there was evidence of a
linear trend, the raw biomarker concentrations were entered into
the model as a continuous variable. Where there was no linear
trend, biomarker quantiles were entered into regression models
as a categorical variable, with the lowest quantile as the refer-
ence category. The raw continuous and categorical models were
compared for all biomarkers, and for most biomarkers, there was
an agreement between models (that is, significant associations
were seen in both, with evidence of a linear trend, or no signif-
icant associations were found in either). Given the large number
of biomarkers and outcomes included, results for continuous
models are reported for conciseness. There were 2 biomarkers
where there was some disagreement between models: HbA1c
and folate. These biomarkers were therefore categorized for
analysis as follows. HbA1c was categorized as �6% and >6%,
reflecting a clinically relevant cut-off point [28]. As there is
disagreement around cut-off points reflecting low and high
serum folate, and because of the wide range of serum folate
concentrations in this cohort, folate was categorized as quintiles
(Qs) (Supplemental Table 2).

To meet the linear regression assumptions, extSPPB was
normalized using a Box-Cox transformation, separately for
males and females. For clinical biomarkers, 2 nested regression
models were fitted. For nutritional biomarkers, 3 nested
regression models were fitted. For all independent variables,
model 1 was unadjusted. Model 2 was adjusted for age (years),
race (Caucasian, Black American, and Other), smoking status
(never, former, and current), and physical activity (not active,
moderately active, active, and highly active). All models (except
for those containing creatinine) were additionally adjusted for
eGFR, as declining renal function can also affect the concen-
trations of many clinical and nutritional biomarkers in the body
[29–36]. Models containing creatinine were not adjusted for
eGFR because of collinearity between creatinine and eGFR.
Models containing ferritin were additionally adjusted for CRP.
Models containing ALM were additionally adjusted for AFM and
height. All other dependent variables were additionally adjusted
for BMI. For nutritional biomarkers, model 3 was adjusted for
supplement use for that particular nutrient, entered as a
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categorical variable as described previously. For further details,
see Supplemental Methods. A sensitivity analysis was completed
to investigate associations between creatinine and muscle out-
comes for individuals with normal eGFR (�60 mL/min/1.73
m2) as renal function impacts circulating creatinine concentra-
tions. To allow for graphical representation of results from
models where biomarkers were included as continuous vari-
ables, and comparison of effect sizes between biomarkers and
sarcopenic indices in males and females, all independent and
dependent variables were standardized using Stata’s “std”
function, and fully adjusted multivariable linear regression
analysis was completed for each combination of standardized
independent and dependent variables, as above, to provide
standardized regression coefficients and 95% confidence in-
tervals (CI).

To allow for graphical representation of results from models
containing folate, adjusted means for each outcome measure
were calculated for each quintile of serum folate via linear
regression analysis. Where significant associations were found
between biomarkers and muscle outcomes, we then conducted a
sensitivity analysis in males and females aged �65 y to deter-
mine whether these associations were still present in older adults
only. All analyses were stratified by gender. Figure 1 shows the
number of participants with complete datasets for regression
models. A P value <0.05 was considered statistically significant.
Results

Participant characteristics
Information on invalid and missing measurements can be

found in Figure 1, with further information in the Supplemental
Results. Table 1 contains demographic and clinical characteris-
tics of the study population. The median age of participants was
74 (range 22–103) y, with females slightly younger than males:
72 (range 24–103) compared with 75 (range 22–99) y, respec-
tively. Most participants (70.1%) were White American. Males
were more likely to be current or former smokers (P ¼ 0.017),
have a “highly active” physical activity status (P < 0.001), and
had higher lean mass and strength measurements compared with
females (P for all <0.0001). With the exception of HbA1c, con-
centrations of clinical biochemistry biomarkers were higher in
males (P for all <0.001). Females had higher serum vitamin D,
vitamin B12, folate, and calcium (P for all <0.05), and lower
serum potassium and iron than males (P for both <0.0001).
Supplemental Table 3 shows the proportion of participants using
dietary supplements.

Correlation between lean mass, muscle strength,
and muscle function

Supplemental Figure 1 shows matrices of the correlations
between sarcopenic indices in males and females, with further
information in the Supplemental Results. Correlations between
measures of muscle strength were strong (rs �0.6) or very strong
(rs �0.9) and similar in both males and females. Weak (rs < 0.4)-
to-moderate (rs ¼ 0.4 to 0.59) correlations were found between
the 3 types of sarcopenic indices (leanmass, muscle strength, and
physical function), with generally stronger correlations in males
than females. FFM% was not significantly correlated with any
muscle strength measure in females, or with KEIht in males.



FIGURE 1. Flowchart of study participants with missing data, and the number of participants included in each set of regression analyses. AFM,
appendicular fat mass; ALM, appendicular lean mass; ALMht, height-adjusted ALM; BLSA, Baltimore Longitudinal Study of Aging; CRP, C-reactive
protein; eGFR, estimated glomerular filtration rate; extSPPB, extended short physical performance battery; FFM%, fat-free mass as a percentage of
total body weight; HbA1c, hemoglobin A1c; HGS, hand grip strength; HGSht, height-adjusted HGS; KEC, knee extension concentric strength; KECht,
height-adjusted KEC; KEI, knee extension isometric strength; KEIht, height-adjusted KEI.
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Clinical biomarkers and lean mass
Full results of associations between clinical biomarkers and

lean mass outcomes can be found in Supplemental Tables 4 and
5, and forest plots of standardized regression coefficients (95%
1539
CI) for fully adjusted models in Figure 2. Results for HbA1c are
presented separately in Table 2. In fully adjusted (non-
standardized) models, hemoglobin was positively associated
with ALM in males (β ¼ 0.20, P ¼ 0.021) and negatively



TABLE 1
Participant characteristics, including demographic data, clinical biomarkers, serum levels of micronutrients, and measures of muscle mass, strength
and function1.

All Females Males P value2

Population characteristics
Age (y) 74 (61–83) 72 (60–82) 75 (63–84) 0.0021*

n ¼ 1761 n ¼ 891 n ¼ 870
Weight (kg) 75.3 (64.2–86.9) 66.9 (59.0–78.1) 82.0 (73.8–92.5) <0.0001*

n ¼ 1745 n ¼ 887 n ¼ 858
Height (cm) 167.4 (160.5–174.6) 161.0 (156.9–165.4) 174.4 (169.5–179.3) <0.0001*

n ¼ 1743 n ¼ 885 n ¼ 858
BMI (kg/m2) 26.4 (23.7–29.9) 25.8 (22.8–29.7) 26.9 (24.5–30.1) <0.0001*

n ¼ 1740 n ¼ 885 n ¼ 855
Race, n (%) <0.0001*
White American 1230 (70.1) 582 (65.5) 648 (74.8)
Black American 406 (23.1) 242 (27.3) 164 (18.9)
Other 119 (6.8) 64 (7.2) 55 (6.3)

Smoking status, n (%) 0.017*
Never smoked 1059 (62.3) 564 (65.6) 495 (58.9)
Former smoker 589 (34.6) 272 (31.6) 317 (37.7)
Current smoker 53 (3.1) 24 (2.8) 29 (3.4)

Physical activity, n (%) <0.001*
Not active 252 (15.8) 135 (16.3) 117 (15.2)
Moderately active 627 (39.3) 350 (42.4) 277 (36.0)
Active 383 (24.0) 205 (24.8) 178 (23.2)
Highly active 333 (20.9) 136 (16.5) 197 (25.6)

eGFR (mL/min/1.73 m2) 80.4 (66.5–91.6) 81.7 (68.2–92.7) 79.1 (64.9–90.6) 0.006*
n ¼ 1757 n ¼ 888 n ¼ 869

Clinical biomarkers
Hemoglobin (g/dL) 13.4 (12.5–14.3) 13.0 (12.2–13.6) 14.0 (13.1–14.9) <0.0001*

n ¼ 1724 n ¼ 874 n ¼ 850
Ferritin (ng/mL) 76.0 (42.8–126.0) 57.7 (35.4–97.4) 99.0 (59.2–157.2) <0.0001*

n ¼ 1614 n ¼ 814 n ¼ 800
Albumin (g/dL) 3.8 (3.6–4.1) 3.8 (3.5–4.0) 3.9 (3.6–4.1) 0.0001*

n ¼ 1761 n ¼ 891 n ¼ 870
Creatinine (mg/dL) 0.90 (0.76–1.06) 0.79 (0.70–0.90) 1.00 (0.90–1.17) <0.0001*

n ¼ 1757 n ¼ 888 n ¼ 869
HbA1c (%) 5.7 (5.4–6.0) 5.7 (5.4–6.0) 5.7 (5.4–6.0) 0.22

n ¼ 1414 n ¼ 738 n ¼ 676
CRP (μg/mL) 1.01 (0.34–2.56) 1.15 (0.37–2.89) 0.90 (0.30–2.27) 0.0046*

n ¼ 1752 n ¼ 885 n ¼ 867
Nutritional biomarkers
Vitamin D (ng/mL) 34.0 (26.8–42.0) 35.0 (28.0–44.0) 32.0 (25.0–40.0) <0.0001*

n ¼ 1405 n ¼ 730 n ¼ 675
B12 (pg/mL) 560 (411–773) 583 (430–793) 536 (398–749) 0.0019*

n ¼ 1576 n ¼ 789 n ¼ 787
Folate (ng/mL) 19.5 (14.5–29.2) 20.0 (14.9–30.5) 19.1 (13.9–28.1) 0.002*

n ¼ 1585 n ¼ 802 n ¼ 783
Magnesium (mg/dL) 2.1 (2.0–2.2) 2.1 (2.0–2.2) 2.1 (1.9–2.2) 0.35

n ¼ 1615 n ¼ 814 n ¼ 801
Potassium (mmol/L) 4.1 (3.9–4.3) 4.0 (3.9–4.2) 4.1 (3.9–4.3) <0.0001*

n ¼ 1761 n ¼ 891 n ¼ 870
Calcium (mg/dL) 9.0 (8.7–9.3) 9.0 (8.7–9.3) 8.9 (8.7–9.3) 0.017*

n ¼ 1761 n ¼ 891 n ¼ 870
Iron (μg/dL) 83 (66–105) 80 (63–101) 86 (68–109) <0.0001*

n ¼ 1611 n ¼ 814 n ¼ 797
Body composition
AFM (kg) 11.4 (8.6–15.1) 13.4 (10.3–17.2) 9.6 (7.4–12.2) <0.0001*

n ¼ 1466 n ¼ 754 n ¼ 712
ALM (kg) 20.2 (16.8–24.7) 17.1 (15.3–19.0) 24.7 (21.9–27.4) <0.0001*

n ¼ 1466 n ¼ 754 n ¼ 712
ALMht (kg/m2) 7.2 (6.4–8.2) 6.5 (6.0–7.1) 8.1 (7.4–8.9) <0.0001*

n ¼ 1464 n ¼ 754 n ¼ 710
FFM% 61.3 (54.8–67.5) 56.7 (51.2–62.6) 65.7 (60.8–71.5) <0.0001*

n ¼ 1463 n ¼ 754 n ¼ 709
Muscle strength and function
HGS (kg) 28 (21–36) 22 (18–28) 36 (28–44) <0.0001*

n ¼ 1638 n ¼ 837 n ¼ 801
HGSht (kg/m2) 10.0 (7.9–12.4) 8.7 (7.0–10.3) 11.8 (9.4–14.0) <0.0001*

(continued on next page)
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TABLE 1 (continued )

All Females Males P value2

n ¼ 1627 n ¼ 834 n ¼ 793
KEC (Nm) 96.7 (72.7–130.8) 81.3 (62.4–104.4) 122.9 (92.4–161.1) <0.0001*

n ¼ 1078 n ¼ 571 n ¼ 507
KECht (Nm/m2) 34.6 (26.9–44.8) 30.9 (24.7–38.9) 40.0 (30.9–51.0) <0.0001*

n ¼ 1076 n ¼ 571 n ¼ 505
KEI (Nm) 108.8 (80.2–146.9) 91.3 (69.2–114.7) 138.1 (103.7–182.2) <0.0001*

n ¼ 1069 n ¼ 566 n ¼ 503
KEIht (Nm/m2) 39.2 (30.0–50.3) 34.9 (27.2–43.4) 45.2 (34.3–57.2) <0.0001*

n ¼ 1067 n ¼ 566 n ¼ 501
extSPPB Score 2.64 (2.05–2.97) 2.64 (2.09–2.96) 2.64 (1.98–2.99) 0.99

n ¼ 1414 n ¼ 739 n ¼ 675

Abbreviations: AFM, appendicular fat mass; ALM, appendicular lean mass; ALMht, height-adjusted ALM; CRP, C-reactive protein; eGFR, estimated
glomerular filtration rate; extSPPB, extended short physical performance battery score; FFM%, fat-free mass as a percentage of total body weight;
HbA1c, hemoglobin A1c; HGS, hand grip strength; HGSht, height-adjusted HGS; KEC, knee extension concentric strength; KECht, height-adjusted
KEC; KEI, knee extension isometric strength; KEIht, height-adjusted KEI.
1 Data are expressed as median (IQR) or n (%).
* Statistically significant.
2 Differences between males and females were assessed using Mann-Whitney U tests. Differences for smoking status, race, and physical activity

groups were assessed using Pearson chi-squared tests.
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associated with ALMht in females (β ¼ –0.057, P ¼ 0.034).
Higher albumin was negatively associated with both ALM (β ¼
–0.94, P¼ 0.004; β ¼ –0.64, P ¼ 0.005) and ALMht (β ¼ –0.24, P
¼ 0.017; β¼-0.26, P ¼ 0.001) in males and females, respec-
tively. In males only, high HbA1c (>6%) was associated with
lower ALMht (β ¼ –0.21, P ¼ 0.023). A positive association was
found between creatinine and all lean mass measures in males
(ALM: β ¼ 1.28, P¼ 0.002; ALMht: β ¼ 0.34, P¼ 0.006; FFM%: β
¼ 2.64, P< 0.001) and with ALM (β ¼ 0.78, P¼ 0.045) and FFM
% (β ¼ 1.79, P ¼ 0.044) in females. In the sensitivity analysis
(participants with normal eGFR), in males, the associations
between creatinine and ALM (β ¼ 3.27, P< 0.001) and ALMht (β
¼ 0.97, P < 0.001) were strengthened, but the association with
FFM% became nonsignificant. In females with normal eGFR,
strong positive associations were observed between creatinine
and lean mass measures (ALM: β ¼ 3.26, P < 0.001; ALMht: β ¼
1.07, P < 0.001; FFM%: β ¼ 5.41, P ¼ 0.002) (see Supplemental
Figure 2).

Clinical biomarkers and muscle strength and
function

In fully adjusted (nonstandardized) models, hemoglobin was
positively associated with extSPPB in both males (β ¼ 0.13, P ¼
0.024) and females (β ¼ 0.15, P ¼ 0.019), and with HGSht in
males (β ¼ 0.25, P ¼ 0.001). In females only, there were positive
associations between ferritin and KECht (β ¼ 0.012, P ¼ 0.031)
and KEIht (β ¼ 0.013, P ¼ 0.031). Albumin was inversely asso-
ciated with extSPPB in males (β ¼ –0.60, P ¼ 0.003) and females
(β ¼ –0.50, P ¼ 0.008); however, a positive association was
found between albumin and KEIht in females (β ¼ 2.89, P ¼
0.032). Higher HbA1c (>6%) was associated with lower extSPPB
(β¼ –0.40, P¼ 0.027) and lower HGSht (β¼ –0.56, P¼ 0.031) in
males (Table 2, Supplemental Tables 6 and 7, Figure 2).
Following sensitivity analyses (in participants with normal
eGFR), creatinine was positively associated with all muscle
strength and function measurements in males (extSPPB: β ¼ 1.66,
P ¼ 0.002; HGSht: β ¼ 1.55, P ¼ 0.037; KECht: β ¼ 9.86, P ¼
0.022; KEIht: β ¼ 12.68, P ¼ 0.009), but not in females (see
Supplemental Figure 2).
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Nutritional biomarkers and lean mass
Full results of associations between nutritional biomarkers

and lean mass outcomes can be found in Supplemental Tables 8
and 9, and forest plots of standardized regression coefficients
(95% CI) for fully adjusted models in Figure 3. Results for folate
are presented separately in Figure 4 (fully adjusted models) and
Supplemental Tables 10 and 11. In fully adjusted (non-
standardized) models, vitamin B12 was positively associated with
ALMht in females (β ¼ 0.00017, P ¼ 0.035). Negative associa-
tions were found between higher calcium and ALM (β ¼ –0.37, P
¼ 0.031; β ¼ –0.60, P¼ 0.011) and ALMht (β ¼ –0.16, P¼ 0.008;
β ¼ –0.20, P ¼ 0.006) in females and males, respectively. In
males, iron was positively associated with ALMht (β ¼ 0.0021, P
¼ 0.038). Compared with Q1 of serum folate, females in Q2 (β ¼
1.24, P¼ 0.025) and Q4 (β ¼ 1.32, P¼ 0.019) had higher FFM%.
Nutritional biomarkers and muscle strength and
function

In fully adjusted (nonstandardized) models, in both males and
females, higher magnesium was positively associated with
extSPPB (β ¼ 0.85, P ¼ 0.009 for both), and higher calcium was
negatively associated with extSPPB (β ¼ –0.73, P < 0.001; β ¼
–0.28, P ¼ 0.048, respectively). Iron was positively associated
with extSPPB in males only (β ¼ 0.0043, P ¼ 0.045). Positive
associations were found between potassium and KECht in males
(β ¼ 4.85, P ¼ 0.006) and with KEIht in males (β ¼ 6.08, P ¼
0.002) and in females (β ¼ 3.00, P ¼ 0.041) (Supplemental
Tables 12 and 13, Figure 3). Compared with Q1 of serum folate,
females in Q2 had higher extSPPB (β ¼ 0.41, P ¼ 0.038) and
HGSht (β ¼ 0.56, P ¼ 0.018), and males in Q2 had higher KECht
(β ¼ 3.42, P ¼ 0.043) and KEIht (β ¼ 4.16, P ¼ 0.028) (Figure 4,
Supplemental Tables 10 and 11).
Biomarkers and muscle outcomes in older adults
For the significant associations described previously,

Figures 2–4 show where these associations were also found in
older adults only (�65 y; marked with “y”). Most of the associ-
ations found between biomarkers and muscle outcomes in all



FIGURE 2. Forest plots of associations between clinical biomarkers
and measures of lean mass, strength and function in females (left) and
males (right). Data are presented as standardized β coefficient (95%
confidence interval). Extended short physical performance battery
score (extSPPB) was transformed using a Box-Cox transformation
before standardization. All models were adjusted for age (years),
smoking status (never, former, current), race (White American, Black
American, and Other), physical activity level (not active, moderately
active, active, and highly active), and estimated glomerular filtration
rate (mL/min/1.73 m2). Models containing creatinine were not
adjusted for eGFR because of collinearity. Models containing ferritin
were additionally adjusted for C-reactive protein category (� 5μ g/mL,
>5 μ g/mL). Appendicular lean mass models (ALM) were additionally
adjusted for appendicular fat mass (kg) and height (m). ALM adjusted
for height (ALMht), fat-free mass percent (FFM%), extSPPB, height-
adjusted grip strength (HGSht), and height-adjusted knee extension
concentric (KECht) and isometric (KEIht) strength models were addi-
tionally adjusted for BMI (kg/m2). *P < 0.05, **P < 0.01, ***P <

0.001. y indicates that a significant association was also found when
models included older adults only (�65 y).

J. Scott et al. The Journal of Nutrition 155 (2025) 1535–1548

1542
males were also significant in males�65 y, with the exception of
magnesium, iron and extSPPB, and (in males with normal eGFR)
creatinine and HGSht. In older females, for lean mass measures,
only the negative association between hemoglobin and ALMht
was no longer significant. However, most associations between
biomarkers and muscle strength or function were not found to be
significant in older females (Supplemental Tables 14 and 15). For
further information, see the Supplemental Results.

Discussion

To our knowledge, this is the first study to investigate asso-
ciations between a comprehensive range of clinical biochemistry
and nutritional biomarkers and all 3 sarcopenic indices in males
and females across a wide age range. We found that several
clinical biochemistry biomarkers and measures of iron status
were associated with sarcopenic indices. Fewer associations
were found for nutritional biomarkers, and there were some
unexpected inverse associations. Overall, where associations
were found between biomarkers and muscle outcomes, the effect
sizes were small (standardized β from 0.05 to 0.10). Effect sizes
were slightly higher, but still small, in males for the associations
between hemoglobin and HGSht, and potassium and both knee
extension strength measures (standardized β from 0.11 to 0.14).
The largest standardized β coefficients were found between
creatinine and muscle outcomes (in both males and females)
when participants with low eGFR were excluded from the ana-
lyses (standardized β from 0.15 to 0.27). Therefore—with the
exception of creatinine in participants with normal eGFR—the
associations between biomarkers and muscle outcomes were
generally small and similar in effect size in both males and fe-
males. However, these may be cumulatively important over
time, or may be larger in older, less healthy populations.

Measures of iron status
Hemoglobin is used in the diagnosis of anemia and the main

cause of nutritional deficiency anemia is iron deficiency [37]. In
males, hemoglobin was positively associated with ALM, HGSht,
and extSPPB, whereas in females, hemoglobin was positively
associated with extSPPB, but negatively associated with ALMht,
although this negative association was not found in females aged
�65 y. In the full cohort, more males (13.8% compared with
3.5%) had low hemoglobin, and more females (5.4% compared
with 1.5%) had elevated hemoglobin levels, which may explain
these gender differences. Additionally, in females, ALMht and
extSPPB were only very weakly correlated, which may partly
explain these contrasting results. Previous studies have shown
positive associations between hemoglobin and HGS [38,39] and
physical function [38–40]. Serum iron reflects iron concentra-
tion in the blood, whereas serum ferritin is a measure of iron
stores. Here, iron was positively associated with ALMht and
extSPPB in males, and ferritin was positively associated with
KECht and KEIht in females in the full cohort. In males and fe-
males aged �65 y, the associations with extSPPB, KECht, and
KEIht were not found to be significant. Two prior studies found
no association between serum iron and HGS [41] or physical
function [42]; however, both studies investigated associations in
males and females together, and one study found a positive as-
sociation between ferritin and HGS [41].



TABLE 2
Associations between HbA1c and sarcopenic indices in females (top) and males (bottom)1

HbA1c > 6% vs. � 6%

Females Model 12 Model 23

n β � SE R2 P β � SE R2 P

ALM4 (kg) 665 0.37 (0.28) 0.003 0.20 0.36 (0.20) 0.54 0.08
ALMht

5 (kg/m2) 665 0.23 (0.09) 0.01 0.011* 0.015 (0.073) 0.42 0.84
FFM%5 665 –3.61 (0.81) 0.03 <0.001* 0.81 (0.48) 0.71 0.09
Extended SPPB score5,6 676 –1.29 (0.26) 0.04 <0.001* –0.12 (0.18) 0.61 0.49
HGSht

5 (kg/m2) 678 –0.11 (0.24) 0.0003 0.66 0.093 (0.21) 0.35 0.65
KECht

5 (Nm/m2) 547 –1.84 (1.19) 0.004 0.12 0.52 (1.00) 0.39 0.60
KEIht5 (Nm/m2) 542 –0.81 (1.33) 0.0007 0.54 1.14 (1.11) 0.39 0.31

Males Model 12 Model 23

n β � SE R2 P β � SE R2 P

ALM4 (kg) 594 –0.61 (0.43) 0.003 0.16 –0.14 (0.29) 0.59 0.63
ALMht

5 (kg/m2) 593 –0.064 (0.12) 0.0005 0.58 –0.21 (0.09) 0.46 0.023*
FFM%5 593 –3.97 (0.81) 0.04 <0.001* –0.48 (0.54) 0.62 0.38
Extended SPPB score5,6 605 –1.11 (0.25) 0.03 <0.001* –0.40 (0.18) 0.55 0.027*
HGSht5 (kg/m2) 611 –1.03 (0.32) 0.02 0.001* –0.56 (0.26) 0.44 0.031*
KECht

5 (Nm/m2) 484 –4.06 (1.65) 0.01 0.014* –2.24 (1.37) 0.42 0.10
KEIht

5 (Nm/m2) 481 –3.51 (1.88) 0.007 0.06 –2.60 (1.56) 0.42 0.10

Abbreviations: ALM, appendicular lean mass; ALMht, height-adjusted ALM; FFM%, fat-free mass as a percentage of total body weight; HbA1c,
hemoglobin A1c; HGSht, height-adjusted hand grip strength; KECht, height-adjusted knee extension concentric strength; KEIht, height-adjusted knee
extension isometric strength; SPPB, short physical performance battery.
1 Data are presented as regression coefficients (β) � SE, comparing HbA1c >6% to the reference category of HbA1c �6%.
2 Model 1 is unadjusted.
3 Model 2 is adjusted for age (years), smoking status (never, former or current), race (White American, Black American, Other) physical activity

level (not active, moderately active, active, highly active), and estimated glomerular filtration rate (mL/min/1.73 m2) for all outcomes.
4 Models containing ALM are additionally adjusted for height (cm) and appendicular fat mass (kg).
5 ALMht, FFM%, extended SPPB score, HGSht, KECht, and KEIht models are additionally adjusted for BMI (kg/m2).
6 Extended SPPB score was transformed using a Box-Cox transformation in all models.
* Denotes statistical significance.
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Clinical biochemistry biomarkers
Albumin is the most abundant protein found in blood and is

used in the evaluation of kidney and liver function. Prior studies
have demonstrated positive, negative, and no significant associa-
tions between albumin andmusclemass [43–47]. Similarly,mixed
results have been found for muscle strength and function [43,45,
47–49]. Aging is associated with increased low-grade systemic
inflammation, which may negatively impact both albumin levels
and muscle mass [50,51]. It may be the case that these processes
can co-occur but are not necessarily causally related. In the current
study, we found negative associations between albumin and ALM,
ALMht, and extSPPB inmales and females, andapositive association
with KEIht in females. In females aged �65 y, albumin was not
associated with extSPPB or KEIht. The contrasting results in all fe-
males may be partly explained by the weak-to-moderate correla-
tions found between these measures. These results are consistent
with prior reports that showmixed relationships between albumin
and measures related to sarcopenia.

Serum creatinine is also used to evaluate kidney function.
Creatinine is influenced bymuscle mass, and, although it has been
suggested as a potential biomarker for sarcopenia [9], it hasmainly
been investigated in specific disease states [52–54]. In the current
study, positive associations were found between creatinine and
lean mass measures in males and females. Positive associations
were also found between creatinine and muscle strength and
function in males with normal eGFR. Further research in healthy
populationsmay determinewhether serum creatinine is useful as a
risk or diagnostic biomarker for sarcopenia.
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HbA1c is a diagnostic biomarker for diabetes and is used to
evaluate glycemic control. We found that HbA1c was negatively
associated with ALMht, extSPPB, and HGSht in males. Higher
HbA1c was associated with sarcopenia [55] and lower HGS [48]
in diabetic populations, but associations in nondiabetic pop-
ulations appear relatively unexplored. Given the high prevalence
rates of both diabetes (~29%) and prediabetes (~49%) in older
adults [56], this may be cause for concern. Low HbA1c has been
associated with micronutrient deficiency [57] and all-cause
mortality in diabetic [58] and nondiabetic [59] populations,
but a definitive cut-off point for “low” HbA1c has not been
established. Further research is required to determine the
optimal range of HbA1c in diabetic and nondiabetic populations,
and whether measurements outside of this range are associated
with sarcopenia.
Nutritional biomarkers
Serum magnesium is tightly controlled, and individuals with

deficiency or excess may present with normal serum concentra-
tions [22]. Serum magnesium may be assessed in relation to a
range of diseases, including kidney disease. In this study, mag-
nesium was positively associated with extSPPB in males and fe-
males, but no significant association was found in males aged �
65 y. Previous studies investigating muscle strength have shown
mixed results [22,60], perhaps because of this measure's limited
capacity to capture nutritional status. Several studies have
shown associations between dietary magnesium and sarcopenic



FIGURE 3. Forest plots of associations between nutritional biomarkers
and measures of lean mass, strength and function in females (left) and
males (right). Data are presented as standardized β coefficient (95%
confidence interval). Extended short physical performance battery score
(extSPPB) was transformed using a Box-Cox transformation before stan-
dardization. All models were adjusted for age (years), smoking status
(never, former, and current), race (White American, Black American, and
Other), physical activity level (not active, moderately active, active, and
highly active), estimated glomerular filtration rate (mL/min/1.73 m2)
and use of dietary supplements for the corresponding nutrient as detailed
in the Supplemental Methods. Appendicular lean mass (ALM) models
were additionally adjusted for appendicular fat mass (kg) and height (m).
ALM adjusted for height (ALMht), fat-free mass percent (FFM%), extSPPB,
height-adjusted grip strength (HGSht), and height-adjusted knee exten-
sion concentric (KECht) and isometric (KEIht) strength models were
additionally adjusted for BMI (kg/m2). *P < 0.05, **P < 0.01, ***P <

0.001. y indicates that a significant association was also found when
models included older adults only (�65 y).
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indices [61–64], and an intervention study found that daily
magnesium supplementation, in addition to exercise, signifi-
cantly improved measures of physical function, but not muscle
strength [65].

Serum calcium is also assessed in relation to a range of clinical
conditions including kidney function and bone health. Here,
serum calcium was negatively associated with ALM, ALMht, and
extSPPB in males and females, although an association with
extSPPB was not found in females aged� 65 y. In contrast, 1 prior
study found that higher albumin-adjusted serum calcium was
associated with a lower risk of loss of muscle mass [66].
Although serum calcium is tightly controlled [67], the use of
vitamin D and calcium supplements can lead to small but sig-
nificant increases [68]. In this cohort, a large proportion of
participants, particularly older participants, supplemented with
vitamin D or calcium, potentially increasing calcium concentra-
tions in those more likely to have lower muscle mass, strength, or
function.

Serum vitamin D is a measure of nutritional status, and low
vitamin D levels have been associated with larger decreases in
muscle strength [69,70] and physical function [70]. An umbrella
review of intervention trials of vitamin D to improve sarcopenic
indices recommended supplementation only for individuals with
vitamin D deficiency [71]. In this cohort, a smaller number of
participants were deficient (0.8%) or moderately deficient
(9.5%) in vitamin D as compared with the wider United States
population (2.6% and 22.0%, respectively) [72], which may
explain why no significant associations were found.

We found a positive association between serum B12 and
ALMht in females. Serum vitamin B12 is used as a measure of
nutritional status. Both low serum B12 and low dietary intakes of
B12 have been associated with sarcopenia [73–76], but studies
investigating serum B12 and sarcopenic indices have shown both
positive [73,77,78] and no associations [79–81]. Potential dif-
ferences in the proportion of participants with low or deficient
B12 status in a given population may have contributed to these
mixed results.

Serum potassium was positively associated with KECht in
males, and KEIht in males and females (but not females aged �65
y). To our knowledge, no previous studies have investigated as-
sociations between serum potassium and sarcopenic indices.
Similar to calcium and magnesium, serum potassium concentra-
tion is tightly controlled and is unlikely to reflect nutritional status
[82], but is often assessed routinely in healthcare and in relation
to kidney function or hypertension. Some previous studies have
shown associations between dietary potassium and sarcopenia
[75] or sarcopenic indices [83–85], but others have not [64,76].

Serum folate is used as a measure of nutritional status. In this
study, Q2 compared with Q1 of serum folate concentration was
associated with higher FFM%, extSPPB and in females, and with
higher knee extension strength in males, in the full cohort and in
those aged �65 y. Higher concentrations of serum folate
(Q3–Q5) were generally not associated with better muscle out-
comes. United States cohorts are likely to have higher serum
folate than non-United States cohorts because of United States
food fortification practices [86]. Additionally, over half of our
participants used folate supplements and none had
below-normal serum folate. Three previous studies found



FIGURE 4. Adjusted means for muscle outcome measures by quintiles
of serum folate concentration in females (left) andmales (right). Data are
presented as mean and SE (represented by vertical bars) calculated via
linear regression. Extended short physical performance battery score
(extSPPB) was transformed using a Box-Cox transformation. All models
were adjusted for age (years), smoking status (never, former, current),
race (White American, Black American, and Other), physical activity
level (not active, moderately active, active, and highly active), estimated
glomerular filtration rate (mL/min/1.73 m2) and use of folate supple-
ments (none,<400 μg/d,�400 g/d, unknown). Appendicular lean mass
(ALM) models were additionally adjusted for appendicular fat mass (kg)
and height (m). ALM adjusted for height (ALMht), fat-free mass percent
(FFM%), extSPPB, height-adjusted grip strength (HGSht), and height-
adjusted knee extension concentric (KECht) and isometric (KEIht)
strength models were additionally adjusted for BMI (kg/m2). *P< 0.05.
y indicates that a significant association was also found when models
included older adults only (�65 y).
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positive associations between serum folate and muscle strength.
Two reported linear associations [79,87], and the third
compared participants with folate concentrations above the
population mean to those with folate concentrations below the
population mean. [88]. Mean folate concentrations were far
lower in these 3 studies (<9.6 ng/mL), conducted in Asian
populations [79,87,88], compared with the median (19.5
ng/mL) and mean (23.2 ng/mL) concentrations found in our
participants. A fourth study in United States participants (mean
serum folate 19.4 ng/mL) investigated quartiles of serum folate,
finding that BMI-adjusted grip strength was higher in quartile 3
compared with quartile 1 only [89]. These results suggest that
maintaining adequate folate concentrations may be important
for muscle health, but that further increasing concentrations may
not be beneficial.
Strengths and limitations
This study’s strengths include the use of a large cohort of

healthy adults spanning a wide age range, including the full
spectrum of age over which age-related declines in muscle
health have been observed. This allows for associations between
biomarkers and muscle outcomes to be investigated in a popu-
lation largely free of sarcopenia, highlighting biomarkers that
are associated with declining muscle health (and potentially
increased risk of sarcopenia) before sarcopenia develops. Both
nonstandardized and standardized results were provided for
biomarkers treated as continuous variables to allow for the
comparison of results between different biomarkers. Analyses
were stratified by gender to account for gender differences in
the effect of aging on skeletal muscle, and we included the full
range of sarcopenic indices as outcome measures. We investi-
gated biomarkers that are readily available for use in future
research or in clinical practice, and use of nutritional bio-
markers avoids potential reporting errors that may be present
with dietary consumption data (for nutritional biomarkers that
are reflective of nutritional status). Associations between
micronutrients and muscle outcomes observed in other studies
may not be present in this cohort because of the generally
healthy status and the proportion and characteristics of partic-
ipants using dietary supplements. Additionally, supplement use
information was lacking for over a third of participants, limiting
our ability to accurately adjust for this potential confounder.
Finally, because of the large number of models included in our
analyses, there may be an increased risk of type 1 errors (false
positives) that have occurred by chance. The use of methods to
adjust for multiple testing in epidemiological and exploratory
studies is debated, and there is a lack of consensus on exactly
when or how this should be done [90–92]. However, our
intention was to understand the relationships between a wider
range of individual measures of clinical biochemistry and
nutritional biomarkers, with sarcopenic indices, than had pre-
viously been researched, and so we feel that this also justifies
our approach. Ultimately, further research will be required to
support our findings.

In conclusion, this study contributes to a growing body of
evidence that routinely measured biomarkers may be useful for
identifying individuals at risk of sarcopenia. Serum creatinine
and measures of iron status appear to be of importance, partic-
ularly in males. Longitudinal studies will provide additional
evidence in this area, and intervention studies that address the
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underlying cause of alterations in clinical biomarker measures,
or improve nutritional status in individuals with micronutrient
deficiencies, are needed to establish a causal connection between
these and sarcopenia. This could lead to the development of
nutritional or other therapeutic strategies that could be used to
prevent, manage, or treat sarcopenia.
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