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Abstract

Background Low grip strength and gait speed are associated with mortality. However, investigation of the additional mortal-
ity risk explained by these measures, over and above other factors, is limited.

Aim We examined whether grip strength and gait speed improve discriminative capacity for mortality over and above more
readily obtainable clinical risk factors.

Methods Participants from the Health, Aging and Body Composition Study, Osteoporotic Fractures in Men Study, and the
Hertfordshire Cohort Study were analysed. Appendicular lean mass (ALM) was ascertained using DXA; muscle strength
by grip dynamometry; and usual gait speed over 2.4—-6 m. Verified deaths were recorded. Associations between sarcopenia
components and mortality were examined using Cox regression with cohort as a random effect; discriminative capacity was
assessed using Harrell’s Concordance Index (C-index).

Results Mean (SD) age of participants (n=28362) was 73.8(5.1) years; 5231(62.6%) died during a median follow-up time
of 13.3 years. Grip strength (hazard ratio (95% CI) per SD decrease: 1.14 (1.10,1.19)) and gait speed (1.21 (1.17,1.26)), but
not ALM index (1.01 (0.95,1.06)), were associated with mortality in mutually-adjusted models after accounting for age, sex,
BMI, smoking status, alcohol consumption, physical activity, ethnicity, education, history of fractures and falls, femoral neck
bone mineral density (BMD), self-rated health, cognitive function and number of comorbidities. However, a model contain-
ing only age and sex as exposures gave a C-index (95% CI) of 0.65(0.64,0.66), which only increased to 0.67(0.67,0.68) after
inclusion of grip strength and gait speed.

Conclusions Grip strength and gait speed may generate only modest adjunctive risk information for mortality compared
with other more readily obtainable risk factors.

Keywords Epidemiology - Osteoporosis - Sarcopenia - Ageing - Mortality

Background

Sarcopenia is characterised by the excessive loss of muscle
mass, strength and function with advancing age. Conse-
quences of sarcopenia include increased risk of frailty and
earlier mortality, significant loss of quality of life and con-
siderable healthcare expenditure [1—4]. Sarcopenia has been

Extended author information available on the last page of the article

Published online: 06 June 2024

recognised as a medical condition since 2016 according to
the International Classification of Diseases [5].

Most sarcopenia definitions incorporate measures of grip
strength, gait speed or lean mass. However, research over
the last decade has demonstrated greater capacity of grip
strength and gait speed to predict incident adverse health
outcomes in comparison with measures of lean mass, par-
ticularly appendicular lean mass from dual-energy X-ray
absorptiometry (DXA) [6]. Indeed, more recent sarcopenia
definitions proposed by the 2019 European Working Group

@ Springer
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on Sarcopenia in Older People (EWGSOP2) [7] and the Sar-
copenia Definitions and Outcomes Consortium (SDOC) [8]
either place less importance on lean mass (EWGSOP2) or do
not include this measure in the algorithm (SDOC).

Many studies have examined sarcopenia components in
relation to risk of earlier mortality. However, to date, there is
limited information on how much these measures might add,
in terms of outcome prediction, to the risk information asso-
ciated with clinical risk factors such as age, sex, BMI and
smoking status, which are known to strongly influence mor-
tality risk and can be easily ascertained from routine clinical
data. We therefore aimed to quantify the additional predic-
tive value of grip strength and gait speed, over and above
other clinical risk factors in predicting mortality, using data
from a multinational assembly of cohort studies compris-
ing the Health, Aging and Body Composition (Health ABC)
Study (USA), Osteoporotic Fractures in Men (MrOS) Study
(USA) and the UK-based Hertfordshire Cohort Study (HCS).

Methods
Cohort studies

The Health ABC Study consists of 3075 US men and women
(aged 70-79 years), who were recruited in 1997 to 1998
[9]. A random sample of White ethnicity and Black eth-
nicity Medicare beneficiaries from around Pittsburgh and
Memphis was ascertained. Selected participants received a
mailing and then a telephone eligibility screen. Participants
reporting no difficulty in ascending 10 stairs or walking one
quarter of a mile were eligible. The exclusion criteria were
as follows: intending to move outside the area within three
years; currently enrolled in a lifestyle intervention study;
unable to communicate with the interviewer; clear cognitive
impairment; having difficulties with activities of daily living
or having a life-threatening illness; or requiring a walking
aid. Institutional review boards at the University of Pitts-
burgh and the University of Tennessee approved the study.
All participants provided written informed consent.

MrOS US comprises 5994 men (aged 65-100) who were
enrolled from March 2000 to April 2002 at six sites [10,
11]. The following recruitment methods were utilised: tar-
geted presentations; advertisements and features in seniors’
newspapers; participant and voter registration databases; and
mailings from the Department of Motor Vehicles [12]. Only
those without bilateral hip replacements and who could walk
without assistance were eligible. Self-reported ethnicity was
recorded. The study was approved by institutional review
boards at each site. Written informed consent was provided
by all participants.

The HCS consists of 2997 men and women born in Hert-
fordshire (UK) from 1931 to 1939 and who still lived there in
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1998-2004, when they attended a baseline home interview
and research clinic for a health assessment. Further details
about this study have been published previously [13, 14].
A subset of HCS participants who underwent whole body
DXA during a follow-up study in 2011 to 2012 (n=346)
were the basis of the HCS analysis in this manuscript. The
Hertfordshire and Bedfordshire Local Research Ethics Com-
mittee provided approval for the baseline home interview
and research clinic; all HCS follow-up studies also had ethi-
cal approval. All participants gave written informed consent.

Ascertainment of participant characteristics

Details on the ascertainment of participant information,
including the procedures and measurement devices used,
are provided in Table 1.

Statistical methods

Summary statistics were used to describe participant char-
acteristics. Cox regression models with cohort as the shared
statistical frailty factor and mortality as the outcome were
implemented; the shared frailties, assumed to be gamma-
distributed latent random effects, reflect the fact that partici-
pants from the same cohort are likely to have more similar
risks of mortality than participants from different cohorts.
Different sets of exposures were defined as follows: Set 1:
age and sex; Set 2: Set 1 + BMI, current smoker (yes/no),
high alcohol consumption (yes/no), prior fracture since age
45 years (50 years in MrOS US Study) (yes/no), and femoral
neck BMD T-score; Set 3: Set 2 + physical activity, BAME
(Black, Asian and minority ethnic) ethnicity (yes/no), left
school early (yes/no), fall in previous 12 months (yes/no),
self-rated health of less than good (yes/no), low cogni-
tive function (yes/no), and number of comorbidities. Set 2
comprised some of the key risk factors used in FRAX, the
fracture risk assessment tool [15] and included BMD which
is typically derived in the process used to ascertain ALM;
relationships between lower BMD and increased mortality
risk have also been reported in the literature, although this
association may not be causal [16]. The following Cox mod-
els were then implemented: linear combinations of ALM
index, grip strength and gait speed as exposures; Sets 1-3
as exposures; Sets 1-3 as exposures in addition to ALM
index, grip strength and gait speed. For each model, the dis-
criminative capacity according to Harrell’s Concordance
Index (C-index) was examined as well as the strength of
association between each sarcopenia component included in
the model and risk of mortality. The C-index estimates the
probability that for a randomly selected pair of participants,
the participant with the higher predicted risk of the outcome
experiences the outcome earlier. It ranges from O to 1 with
0.5 corresponding to the performance of a random classifier.



Table 1 Ascertainment of participant information within each cohort

Participant characteristic

Osteoporotic Fractures in Men (MrOS) US Study

Health, Aging and Body Composition (Health ABC)
Study

Hertfordshire Cohort Study (HCS)

Height
Weight

Measured using a Harpenden stadiometer

Measured using an electric scale or balance beam
scale

Ascertained through researcher-administered questionnaires

Current smoker
High alcohol consumption
Physical activity

Ethnicity

Left school early

Fall in previous year
Prior fracture
Self-rated health (<good)

Low cognitive function

Number of comorbidities

Gait speed (m/s)

Measured using a standard balance beam scale

Categorised as ‘current smoker’ or ‘never/previous smoker’

>7 drinks per week

Assessed using the Physical Activity Scale for the
Elderly [41]

Ethnicity was self-reported and categorised as
‘White’ and ‘BAME’ for this analysis

Whether participants completed high school or not
was ascertained from highest level of education
attained

Falls in previous 12 months were self-reported
Fractures since age 50 years were self-reported

>1 drink per day

Assessed over the past 7 days; approximate
metabolic equivalent unit values were assigned
to reported activities and intensity levels to
derive caloric expenditure [42]. Total kilocalories
expended per week was calculated as previously
described [43].

White and black participants were recruited; black
participants were categorised as ‘BAME’

Whether participants completed Grade 12 or not
was ascertained from highest level of education
attained

Fractures since age 45 years were self-reported

Measured using a SECA floor scale, Chasmors Ltd,
London, UK

>14 units per week

Assessed using the Longitudinal Aging Study
Amsterdam Physical Activity Questionnaire [44]

All participants were white

Whether participants left school before 15 years of
age or not was ascertained from age of leaving full-
time education

Self-rated health was ascertained from five multiple choice options and dichotomised as ‘good or better’ or ‘less than good’

Obtained from the Modified Mini-Mental State Examination (3MS) [45] and categorised as <80 or >80 as
in previous analyses of the MrOS US Study [46, 47] and the Health ABC Study [48, 49]

Calculated from the number of the following doctor-diagnosed comorbidities that were self-reported:

MrOS US

e Heart disease (congestive heart failure, myocardial
infarction, angina)

e Lung disease (COPD)

o Hypertension

o Diabetes

o Stroke

e Arthritis

e Osteoporosis

o Thyroid disease

e Parkinson's

e Cancer

Health ABC

o Heart disease (congestive heart failure, myocardial
infarction, angina)

e Lung disease (COPD, asthma, pneumonia)

e Hypertension

o Diabetes

o Stroke

o Arthritis

e Osteoporosis

o Thyroid disease
e Parkinson's

e Cancer

Calculated from the fastest time from two 6m gait speed tests. Participants were asked to walk at their usual

pace.

Obtained from the Mini-Mental State Examination
(MMSE) [50] and categorised as <24 or >24 as in
many previous studies [51]

HCS

e Heart disease (heart failure, myocardial infarction,
angina)

e Lung disease (COPD, asthma)

e Hypertension

e Diabetes

e Stroke

e Rheumatoid arthritis

e Osteoporosis

e Thyroid disease

e Parkinson's

e Cancer

Calculated from the fastest time from two 2.44m (8ft)
gait speed tests. Participants were asked to walk at
their usual pace.
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Cox models were then implemented to examine the rela-
tionship between each exposure and death with adjustment
for age and sex; statistically significant exposures were then
included in a single mutually-adjusted model. Each model
was evaluated using the C-index. A minimal model, based
on a small number of easily obtainable exposures, was then
developed with the aim of achieving a similar C-index as the
mutually-adjusted model.

Contour plots were produced showing the 5-year prob-
ability of death according to grip strength and gait speed.
These were estimated at 25th, 50th and 75th centiles (sex-
specific) of ALM index and at the mean age (based on the
entire sample of participants). Contour plots were estimated
separately among men and women using logistic regression
models with ALM index, grip strength, gait speed and age
as linear terms.

Physical activity was assessed differently across cohorts
so values were standardised within each cohort; femo-
ral neck BMD T-scores were derived using US National
Health and Nutrition Examination Survey (NHANES) III
White female reference data from 20 to 29 year-olds [17]);
and the remaining continuous measures were assessed on
the same scale and, therefore, were standardised among
the whole analysis sample. Analyses were conducted using
Stata, release 17.0; men and women were pooled together
in Cox models as sex-interactions regarding each sarcopenia
component were not statistically significant (p > 0.05). The
analytical sample comprised participants with complete data
regarding all the variables used in the analysis.

dynamometer; the highest measurement was used
for analysis

X-ray absorptiometry scans (Lunar Prodigy
Advanced Scanner, GE Medical Systems, UK)

This cohort was flagged on the NHS Central Register
for continuous notification of deaths

Assessed three times for each hand using a Jamar
ALM was ascertained from whole-body dual-energy

energy X-ray absorptiometry scans (Hologic QDR

4500A; Hologic, Bedford, MA, USA)
All deaths were adjudicated by a central commit-

hospital records and interviews with next of kin.
tee.

Health, Aging and Body Composition (Health ABC) Hertfordshire Cohort Study (HCS)

Study
Deaths were determined from death certificates,

Sensitivity analyses

Cox regression analyses were conducted separately within
each cohort as a sensitivity analysis to check that findings
were not affected by pooling data across cohorts. Further-
more, for participants who did not have their gait speed
assessed over 6 m (gait speed was assessed over 8ft in HCS),
analyses were repeated when gait speed values in this cohort
were converted to those expected over 6 m using previously
published equations [18, 19]. The results presented below
are based on the raw gait speed values.

Results

Participants with recent arthritis/pain in their wrist or hand or who had undergone surgery of the upper

extremity in the past 3 months did not have their grip strength assessed on that side.
recommended by the International Society for Clinical Densitometry (ISCD).

X-ray absorptiometry scans (Hologic QDR 4500

[Hologic, Bedford, MA, USA])
Femoral neck BMD (g/cm?) Ascertained by DXA using the same device as used in each cohort for measurement of ALM.

review of death certificates and additional medical

T-scores were derived using US National Health and Nutrition Examination Survey (NHANES) III White female reference data from 20 to 29 year-olds [17], as
records

Assessed twice for each hand using a Jamar dynamometer; the highest measurement was used for analysis.
ALM was ascertained from whole-body dual-energy ALM was ascertained from whole-body dual-

Osteoporotic Fractures in Men (MrOS) US Study

Deaths were centrally adjudicated by physician

Descriptive statistics

Participant characteristics of the entire sample (n=8362)
and stratified by both sex and cohort are presented in
Table 2. Mean age of the analysis sample was 73.8 (5.1)
years. Overall, 5231 (62.6%) participants died during follow-
up and 897 (10.7%) died within the first 5-years of follow-
up; median (lower quartile, upper quartile) follow-up time

BAME Black, Asian and minority ethnic; ALM Appendicular lean mass

Table 1 (continued)
Participant characteristic
Grip strength (kg)

ALM index (kg/m?)

Mortality

I
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Table 2 Participant characteristics stratified by cohort and sex

Participant charac-  All cohorts MrOS US Health ABC HCS
teristic (n=8362)
Men (n=5550) Men (n=1264) Women (n=1277) Men (n=139) Women (n=132)

Age (years) 73.8 (5.1) 73.6 (5.9) 74.2 (2.9) 74.0 (2.8) 75.2 (2.5) 75.4 (2.5)

BMI (kg/m?) 274 (4.1) 27.4 (3.8) 27.1 (3.9) 27.7(5.4) 27.6 3.7) 28.0 (4.5)

Current smoker 458 (5.5%) 194 (3.5%) 130 (10.3%) 124 (9.7%) 5(3.6%) 5(3.8%)

High alcohol 1194 (14.3%) 955 (17.2%) 156 (12.3%) 46 (3.6%) 34 (24.5%) 3(2.3%)
consumption®

Physical activity®  N/A 142.4 (100.8, 5.5(@3.0,8.9) 4.5(2.7,7.3) 193.6 (127.1, 206.4 (146.8, 283.6)

186.3) 285.7)

Ethnicity (BAME) 1612 (19.3%) 585 (10.5%) 449 (35.5%) 578 (45.3%) 0 (0.0%) 0 (0.0%)

Left school early® 1003 (12.0%) 352 (6.3%) 333 (26.3%) 272 (21.3%) 24 (17.3%) 22 (16.7%)

Fall in previous 1766 (21.1%) 1165 (21.0%) 226 (17.9%) 308 (24.1%) 34 (24.5%) 33 (25.0%)
year

Fracture since age 1899 (22.7%) 1267 (22.8%) 209 (16.5%) 360 (28.2%) 29 (20.9%) 34 (25.8%)
45 years?

Self-rated health 1177 (14.1%) 758 (13.7%) 193 (15.3%) 179 (14.0%) 22 (15.8%) 25 (18.9%)
(< good)

Low cognitive 399 (4.8%) 146 (2.6%) 136 (10.8%) 95 (7.4%) 9 (6.5%) 13 (9.8%)
function®

Number of 2.0 (1.0, 3.0) 2.0 (1.0, 3.0) 2.0 (1.0, 3.0) 2.0 (1.0, 3.0) 1.0 (1.0, 2.0) 1.0 (0.0, 2.0)
comorbidities’

Gait speed (m/s) 1.22 (0.25) 1.25 (0.24) 1.24 (0.23) 1.13 (0.22) 0.82 (0.18) 0.77 (0.18)

Grip strength (kg)  38.6 (10.2) 41.7 (8.5) 40.9 (8.2) 25.0 (5.7) 37.4(7.0) 22.0(6.3)

ALM index (kg/m?) 7.7 (1.1) 8.0 (0.9) 8.0 (1.0) 6.5 (1.1) 8.1(0.7) 6.4 (0.7)

Femoral neck BMD 0.78 (0.14) 0.79 (0.13) 0.79 (0.14) 0.70 (0.13) 0.94 (0.13) 0.83 (0.12)

(g/em?)

MrOS Osteoporotic Fractures in Men Study, Health ABC Health, Aging and Body Composition Study, HCS Hertfordshire Cohort Study, BAME:
Black, Asian and minority ethnic, ALM Appendicular lean mass, BMD Bone mineral density

4 MrOS US (> 7 drinks per week); Health ABC (> 1 drink per day); HCS (> 14 units per week)
> MrOS US (Physical Activity Scale for the Elderly score [possible range: 0-793]); Health ABC (Mcal/week); HCS (mins/day). Unable to pre-

sent statistics for the entire cohort as units differ

¢ MrOS US (did not complete high school); Health ABC (did not complete Grade 12); HCS (left school before age 15 years)

4 MrOS US (fracture since age 50 years)

¢ MrOS US and Health ABC (Modified Mini-Mental State Exam score < 80); HCS (Mini-Mental State Exam score < 24)

f Out of the following: heart disease, lung disease, hypertension, diabetes, stroke, arthritis, osteoporosis, thyroid disease, Parkinson’s and cancer

to death or until participants were censored was 13.3 (8.0,
17.0) years.

Associations between sarcopenia components
and mortality

Associations between sarcopenia components and mortal-
ity risk are presented in Table 3; hazard ratios for all expo-
sures in the models are included in Supplementary Table 1.
Lower ALM index, grip strength and gait speed were asso-
ciated with increased mortality risk in univariate analysis.
However, when these factors were included as exposures
simultaneously, only grip strength (hazard ratio (95% CI)
per SD reduction: 1.18 (1.14,1.23)) and gait speed (1.45
(1.40,1.49)) were associated (p <0.05) with death, with
much weaker associations observed for ALM index (1.02

(0.99,1.06), p=0.135). Associations for grip strength and
gait speed were similar in mutually-adjusted analysis which
also included ALM index and key clinical risk factors (age,
sex, BMI, smoking status, alcohol consumption, fracture
history and femoral neck BMD T-score) as covariates: grip
strength (hazard ratio per SD reduction: 1.18 (1.13,1.23))
and gait speed (1.31 (1.26,1.35)). These estimates were
only slightly attenuated (grip strength 1.14 (1.10,1.19), gait
speed 1.21 (1.17,1.26)) in the fully-adjusted model that also
included physical activity, ethnicity, education, fall history,
self-rated health, cognitive function and number of comor-
bidities. P-values for sex-interactions regarding ALM index,
grip strength and gait speed were 0.072, 0.054 and 0.505
respectively.

The probability of mortality within 5-years of follow-up
(at the mean age of the analysis sample) according to ALM

@ Springer
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Table 3 Mortality associations for sarcopenia components and discriminative capacity of models, depending on exposures included

Exposures included

C-index (95% CI) Associations for sarcopenia components (per SD lower level of component)

ALM index (z-score)

Grip strength (z-score) Gait speed (z-score)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
ALM index 0.53 (0.53,0.54) 1.09 (1.06,1.12) <0.001 — - - -
Grip strength 0.58 (0.57,0.58) - - 1.31(1.27,1.35) <0.001 — -
Gait speed 0.61 (0.60,0.61) - - - - 1.50(1.46,1.55) <0.001
ALM index, grip strength 0.57 (0.57,0.58)  0.97 (0.94,1.01) 0.109 1.33(1.28,1.37) <0.001 — -
ALM index, gait speed 0.61 (0.60,0.62)  1.09 (1.06,1.12) <0.001 — - 1.51(1.46,1.55) <0.001
Grip strength, gait speed 0.61 (0.61,0.62) - - 1.20 (1.16,1.24) <0.001 1.44 (1.40,1.49) <0.001
ALM index, grip strength, gait speed 0.61 (0.61,0.62) 1.02 (0.99,1.06) 0.135 1.18 (1.14,1.23)  <0.001 1.45(1.40,1.49) <0.001
ALM index, grip strength, gait speed, 0.67 (0.67,0.68) 1.01 (0.98,1.05) 0.483 1.18 (1.14,1.23)  <0.001 1.32(1.28,1.37) <0.001
Set 1
ALM index, grip strength, gait speed, 0.68 (0.67,0.69)  1.03 (0.98,1.09) 0.216 1.18 (1.13,1.23) <0.001 1.31 (1.26,1.35) <0.001
Set 2
ALM index, grip strength, gait speed, 0.70 (0.69,0.70)  1.01 (0.95,1.06) 0.817 1.14 (1.10,1.19)  <0.001 1.21(1.17,1.26) <0.001
Set 3
Set 1 0.65 (0.64,0.66) — - - - - -
Set 2 0.66 (0.65,0.67) — - - - - -
Set 3 0.69 (0.68,0.70) - - - - - -

HR Hazard ratio, C-index Harrell’s Concordance Index
Exposures included in each adjustment set:

Set 1: Age, sex

Set 2: Set 1, BMI, current smoker (yes/no), high alcohol consumption (yes/no), fracture since age 45 years (50 years in MrOS US Study) (yes/

no), femoral neck BMD T-score

Set 3: Set 2, physical activity, BAME ethnicity (yes/no), left school early (yes/no), fall in previous 12 months (yes/no), self-rated health of less
than good (yes/no), low cognitive function (yes/no), number of comorbidities

index, grip strength and gait speed is presented in Fig. 1.
The difference in this risk of mortality at varying levels of
ALM index was much smaller than the difference according
to varying levels of grip strength and gait speed, supporting
the lack of association between ALM index and mortality
described above.

Discriminative capacity for mortality

Discriminative capacity of the models for mortality,
assessed using the C-index, is shown in Table 3. When
included in univariate models, C-indices (95% CI) were
greater for gait speed (0.61 (0.60, 0.61)) compared to grip
strength (0.58 (0.57, 0.58)) and ALM index (0.53 (0.53,
0.54)); a C-index of 0.61 (0.61, 0.62) was also achieved
when these three sarcopenia components were included in
the same model. Including age and sex as exposures, along
with ALM index, grip strength and gait speed increased
the C-index from 0.61 (0.61, 0.62) to 0.67 (0.67, 0.68);
additionally including key clinical risk factors (BMI,
smoking status, alcohol consumption, fracture history and
femoral neck BMD T-score) increased this value to 0.68
(0.67,0.69); and also including physical activity, ethnicity,
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education, fall history, self-rated health, cognitive function
and number of comorbidities increased the C-index to 0.70
(0.69, 0.70).

Although grip strength and gait speed remained indepen-
dently associated with mortality in the fully-adjusted model,
only minimal improvement in the discriminative capacity for
death was observed with the inclusion of the three sarcope-
nia components as exposures over and above the covariates
(Table 3). For example, the C-index of the model with age
and sex as exposures increased only from 0.65 (0.64, 0.66)
to 0.67 (0.67, 0.68) when ALM index, grip strength and gait
speed were also included. Similarly, the model with age,
sex, BMI, smoking status, alcohol consumption, fracture
history and femoral neck BMD T-score as exposures had
a C-index of 0.66 (0.65, 0.67); this only increased to 0.68
(0.67, 0.69) with the inclusion of the three sarcopenia com-
ponents. Finally, the C-index of the full model (age, sex,
BMI, smoking status, alcohol consumption, fracture history,
femoral neck BMD T-score, physical activity, ethnicity, edu-
cation, fall history, self-rated health, cognitive function and
number of comorbidities as covariates) only increased from
0.69 (0.68, 0.70) to 0.70 (0.69, 0.70) with the inclusion of
ALM index, grip strength and gait speed.
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Fig. 1 Probability of mortality within 5-years of follow-up accord-
ing to ALM index, grip strength and gait speed. ALM Appendicular
lean mass. Contour plots were estimated separately among men and
women using logistic regression models with the following expo-

Age- and sex-adjusted associations and mutually-
adjusted associations between exposures and mortality
risk are presented in Table 4, along with the C-indices
of the models fitted. The majority of the exposures con-
sidered were independently associated with mortality
after adjustment for age and sex and in mutually-adjusted
analysis. However, a minimal model, including only age,
sex, smoking status, education, self-rated health and num-
ber of comorbidities as covariates, achieved a C-index of
0.69 (0.68, 0.69), close to that of the mutually-adjusted
model (0.70 (0.69, 0.70)) which comprised 14 exposures.
Even though the increases in the C-indices reported in
this section were modest, they were all statistically sig-
nificant (p < 0.01), probably due to the large number of
participants included in the analysis. All the C-index
values reported were significantly different from 0.50
(» <0.001).

15 20 05 10 15 20
Gait speed (m/s)

Gait speed (m/s)

sure variables: ALM index, grip strength, gait speed and age as lin-
ear terms. Contour plots were estimated at the mean age of the sex-
pooled analysis sample

Sensitivity analyses

Supplementary Tables 2—4 present results from the Cox
regression analyses when conducted within each cohort.
These results were broadly similar to those from the main
analysis where cohorts were pooled together and a shared
statistical frailty factor was included in Cox models to
account for differences in the underlying mortality risk
between cohorts.

Discussion
In this study, lower grip strength and gait speed were inde-
pendently associated with mortality after accounting for a

range of sociodemographic, lifestyle and clinical factors.
In contrast, the association for ALM index was weaker in
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Table 4 Mortality associations and discriminative capacity of individual exposures and combinations of exposures

Exposure Age and sex included in all models Mutually-adjusted model Minimal model

Hazard ratio P value C-index (95% Hazardratio P value C-index (95% Hazard ratio P value C-index (95%

(95% CI) CI) (95% CI) CI) (95% CI) CI)
ALM index 1.01 0.520 0.65 0.70 0.69 (0.68,0.69)
(0.98,1.05) (0.64,0.66)
Grip strength  1.24 <0.001 0.66 1.15 <0.001
(1.20,1.29) (0.65,0.67) (1.10,1.19)
Gait speed 1.35 <0.001 0.67 1.21 <0.001
(1.30,1.39) (0.66,0.68) (1.17,1.26)
Age 1.79 <0.001 0.65 1.63 <0.001 1.78 <0.001
(1.75,1.84) (0.64,0.66) (1.58,1.68) (1.73,1.83)
Sex (female)  0.70 <0.001 0.65 0.50 <0.001 0.67 <0.001
(0.64,0.78) (0.64,0.66) (0.44,0.56) (0.61,0.74)
BMI 1.05 0.002 0.65 0.98 0.156
(1.02,1.08) (0.65,0.66) (0.95,1.01)
Current 1.91 <0.001 0.66 1.81 <0.001 1.93 <0.001
smoker (1.71,2.13) (0.65,0.67) (1.61,2.02) (1.73,2.16)
High alcohol  1.01 0.761 0.65
consumption  (0.94,1.09) (0.64,0.66)
Previous 1.09 0.010 0.65 1.03 0.324
fracture (1.02,1.16) (0.64,0.66) (0.97,1.10)
Femoral 0.99 0.615 0.65
neck BMD (0.97,1.02) (0.64,0.66)
T-score
Physical activ- 0.89 <0.001 0.66 0.96 0.004
ity (0.86,0.91) (0.65,0.66) (0.93,0.99)
Ethnicity 1.14 <0.001 0.65 0.91 0.025
(BAME) (1.06,1.23) (0.65,0.66) (0.84,0.99)
Left school 1.33 <0.001 0.66 1.08 0.082 1.18 <0.001
early (1.22,1.44) (0.65,0.66) (0.99,1.18) (1.09,1.29)
Fall in previ-  1.11 0.001 0.65 1.00 0.889
ous year (1.04,1.19) (0.65,0.66) (0.94,1.07)
Self-rated 1.86 <0.001 0.67 1.39 <0.001 1.54 <0.001
health (1.73,2.00) (0.66,0.67) (1.29,1.50) (1.43,1.66)
(< good)
Low cognitive 1.71 <0.001 0.66 1.44 <0.001
function (1.52,1.92) (0.65,0.67) (1.27,1.64)
Number of 1.22 <0.001 0.67 1.16 <0.001 1.19 <0.001
comorbidi- (1.20,1.25) (0.66,0.68) (1.13,1.18) (1.16,1.21)
ties

Hazard ratios shown per SD lower level of ALM index, grip strength and gait speed; hazard ratios per SD higher level shown for other continu-

Ous exposures

C-index Harrell’s Concordance Index, MrOS Osteoporotic Fractures in Men Study, Health ABC Health, Aging and Body Composition Study,
HCS Hertfordshire Cohort Study, BAME Black, Asian and minority ethnic, ALM Appendicular lean mass

High alcohol consumption: MrOS US (> 7 drinks per week); Health ABC (> 1 drink per day); HCS (> 14 units per week)

Physical activity: MrOS US (Physical Activity Scale for the Elderly score); Health ABC (Mcal/week); HCS (mins/day)

Left school early: MrOS US (did not complete high school); Health ABC (did not complete Grade 12); HCS (left school before age 15 years)
Previous fracture: MrOS US (fracture since age 50 years); fracture since age 45 for Health ABC and HCS
Low cognitive function: MrOS US and Health ABC (Modified Mini-Mental State Exam score < 80); HCS (Mini-Mental State Exam score <24)

Number of comorbidities out of: heart disease, lung disease, hypertension, diabetes, stroke, arthritis, osteoporosis, thyroid disease, Parkinson's

and cancer
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magnitude and not different from the null after consideration
of other characteristics. However, in multivariate models,
it was apparent that grip strength and gait speed did not
substantially add predictive value for death over and above
age and sex, and only minimally above models including
clinical risk factors, educational factors and comorbidity
burden. Thus, a model including only age, sex, smoking sta-
tus, education, self-rated health and comorbidity burden as
covariates achieved a similar predictive performance regard-
ing mortality as a mutually-adjusted model comprising 14
individual exposures.

Many studies have examined grip strength, gait speed and
lean mass measures in relation to risk of adverse health out-
comes and have established stronger associations regarding
grip strength and gait speed in comparison with measures
of lean mass [6, 8, 20]. Indeed, the importance of physical
performance as a predictor of mortality in older people has
been reported previously [21]. However, research compar-
ing the predictive or discriminative capacity of individual
sarcopenia components in relation to mortality is limited.
A study involving 645 US haemodialysis patients evaluated
four lean mass indices, grip strength, and gait speed for their
predictive accuracy for mortality [22]. The base Cox model,
which included age, sex, ethnicity and comorbidities, had a
C-index of 0.63. This increased proportionally by 5% to 0.66
with the addition of gait speed only, and by a further 3% to
0.68 with the addition of grip strength only. However, none
of the lean mass indices achieved C-indices greater than 0.65
when individually added to the base model. This supports
our study’s findings of higher C-indices for grip strength
(0.58 (95% CI: 0.57, 0.58)) and gait speed (0.61 (0.60, 0.61))
as univariate exposures, compared to ALM index (0.53
(0.53, 0.54)). However, larger increases in C-indices were
observed with the inclusion of grip strength and gait speed
compared to our study, where the inclusion of all sarcope-
nia components only increased the C-index of the model
with age and sex as exposures from 0.65 (0.64, 0.66) to 0.67
(0.67, 0.68). This could be due to the significantly younger
average age of 56.7 years for the haemodialysis patients
compared to 73.8 years in our study, leading to age having a
higher discriminative capacity for mortality in our study and
thus less improvement in predictive accuracy from addition-
ally including the sarcopenia components. Differences in
findings could also be due to differences in the study setting
(haemodialysis patients versus community-dwelling older
participants in our study).

There are several potential biological mechanisms which
might underpin the observed associations between lower
grip strength and gait speed and increased mortality risk.
These may represent common underlying mechanisms for
both exposure and outcome or more directly from the mus-
cle measures to mortality. For example, underlying physi-
ological processes such as age-related chronic inflammation

(inflammaging), oxidative stress, accumulation of senescent
cells, and endocrine dysfunction might be causally linked to
declines in grip strength and gait speed, as well as increased
mortality risk [23]. Furthermore, independent walking
requires not only sufficient strength but also adequate motor
control, balance, and coordination. It involves multiple ana-
tomical systems, including the respiratory, cardiovascular,
and nervous systems. Consequently, slower walking speed
might indicate impairments in these systems, leading to a
higher mortality risk [19].

As well as increasing risk of mortality, sarcopenia also
has a significant impact on the health of older people more
widely, affecting both quality of life and daily functional-
ity. For example, in a recent systematic review and meta-
analysis, investigating the impact of age-related sarcopenia
on health-related quality of life using the Sarcopenia Qual-
ity of Life (SarQoL) questionnaire, individuals with sarco-
penia had significantly lower health-related quality of life
compared to those without sarcopenia [3]. Furthermore, in
another systematic review and meta-analysis, sarcopenia was
found to be associated with increased risk of fractures and
falls, which can result in physical disability and loss of inde-
pendence [24]. Reduced muscle strength and function are
key components of sarcopenia and may limit the ability to
perform daily activities such as walking, climbing stairs, and
carrying groceries, thereby reducing individual autonomy
and self-sufficiency. Indeed, sarcopenia was associated with
increased risk of disability regarding basic activities of daily
living (odds ratio: 1.58, 95%CI: 1.18-2.11) and instrumental
activities of daily living (1.87, 95%CI: 1.40-2.51)) among
participants, aged 60 years and older, from the China Health
and Retirement Longitudinal Study [25].

There are several possible reasons why including addi-
tional exposures, especially sarcopenia components, pro-
vided limited improvement in mortality prediction in these
cohorts over and above other factors. Socioeconomic dis-
advantage, poor health behaviours and greater comorbidity
are risk factors for low grip strength and gait speed [26].
Therefore, sarcopenia components are likely to be correlated
with these factors so the additional information on mortal-
ity risk provided by sarcopenia components may be limited
if information on these other factors is already available.
Similarly, exposures such as comorbidity burden and self-
rated health are on the causal pathway from lifestyle factors
to adverse health events and are known to be correlated with
lifestyle factors [27, 28]. Therefore, improvements in dis-
criminative capacity from the incorporation of lifestyle fac-
tors in a model already including comorbidity and self-rated
health as exposures may be limited. Indeed, understanding
the temporal and causal relationships between sarcopenia
components, other participant characteristics and risk of
mortality is a worthwhile topic for future research, but this
would require longitudinal data ascertained over multiple
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time-points. Finally, participants of the Health ABC cohort
had no mobility disability at baseline, and MrOS partici-
pants had to be able to walk without the assistance of another
person. Therefore, measures such as grip strength and gait
speed may have less variation in these two cohorts compared
to in the general population of this age range, resulting in
these measures having lower discriminative capacity regard-
ing mortality. Furthermore, gait speed declines with age
substantially [29], resulting in a strong correlation between
older age and slower gait speed. Therefore, the improvement
in discriminative capacity of gait speed regarding mortality
over and above age may be minimal.

Strengths of this study are that analyses were based on a
large number of community-dwelling participants and that
participants were recruited from cohorts where data were
rigorously collected according to strict protocols. However,
this study does have some limitations. The higher physi-
cal capability levels of the Health ABC and MrOS cohort,
as discussed previously, may limit the generalizability of
findings to the wider population of older people in this
age group. Furthermore, the exclusion of participants with
higher levels of disability from this study, such as nursing
home residents or individuals with advanced disability,
suggests that that the typical values of grip strength, gait
speed and ALM index, and the risk of mortality in these
studies are likely to differ compared to that of the general
population in this age range. The generalizability of find-
ings may also be limited by the fact that white men in the
MrOS Study comprised 59% of the analysis sample; only
17% were women and 19% were BAME. This suggests that
the findings of this study would be most applicable to older
community-dwelling Caucasian men, who are able to walk
unaided, and may be less generalisable to older women and
older BAME individuals, and those in poorer health such
as nursing home residents. Third, DXA lean mass is only a
surrogate measure of muscle mass and also includes organ
weight, water and other non-fat and non-bone soft tissue;
other techniques such as the D;-Creatine (D3-Cr) dilution
method, may provide a more direct and accurate assessment
of muscle mass according to previous publications [30-32].
Computed tomography (CT) and magnetic resonance imag-
ing (MRI) have also been shown to be useful in relating
muscle measures to clinical outcomes. For example, adverse
muscle composition (low muscle volume and high muscle
fat infiltration), ascertained using MRI, was independently
related to increased mortality risk in the UK Biobank [33],
and CT-derived lower baseline muscle area was associated
with increased risk of mortality in the Health ABC Study
[34]. Fourth, functional status, arguably a more relevant out-
come for sarcopenia than mortality, was not considered as
an outcome in this study. This is because, unlike mortality,
functional status was defined differently across the cohorts
considered. Indeed, in a study of older outpatients admitted
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to a tertiary health centre, probable sarcopenia (low grip
strength) was associated with subsequent deterioration in
functional status [35]. However, this was only the case for
population-specific thresholds, rather than the EWGSOP2
grip strength threshold. Fifth, the following limitations of
Harrell’s Concordance Index in a survival analysis setting
have been reported: it only depends on the ranks of the pre-
dicted probabilities; it can be insensitive to the addition of
statistically and clinically significant exposures; it is strongly
affected by the censoring distribution; and the ability to
identify the difference in risk between any two subjects is
often not of clinical interest [36]. However, the C-index was
selected over other indices such as the Brier score due to
its wide use in survival analysis, ease of interpretation, and
focus on discriminative capacity. Furthermore, estimated
5-year cumulative incidence functions for mortality dem-
onstrated minimal differences in mortality risk according
to quartiles of grip strength and gait speed after controlling
for the other risk factors considered (data not shown). This
supports the lack of improvement in discriminative capac-
ity of grip strength and gait speed, over and above other
risk factors, even regarding short term mortality. Sixth, we
cannot exclude the possibility that residual confounding
could have contributed to the associations observed. For
example, the inability to harmonize the required variables
between cohorts meant that it was not possible to include
mental health factors, such as measures of social isolation,
loneliness and depression, as potential confounders in this
study. Finally, some assessment protocols differed between
cohorts, such as the distance used for gait speed tests that
were 8ft in HCS and 6 m in the other cohorts. However,
findings were similar when HCS gait speed values were
transformed to those expected over 6 m using published
equations [18, 19]. Furthermore, differences in the follow-
ing between cohorts may have affected the analysis when the
cohorts were pooled together: lack of calibration of DXA
and grip strength devices between cohorts; methods used
to ascertain exposures; and underlying risk of mortality.
However, Cox models with cohort as the shared statistical
frailty factor were implemented to account for differences
in the underlying mortality risk between cohorts, and find-
ings were broadly similar when replicated internally within
each cohort.

Whilst a non-specific approach to predicting mortality
risk may have limited clinical utility, insomuch as it does
not point to any particular remedial intervention, greater
risk of death is, de facto, likely to indicate poorer health,
and thus identify individuals who may benefit from further
clinical assessment. This might include specific physical
measures relating to muscle strength and mobility, for which
interventions such as exercise regimens might be appropri-
ate [37-39]. However, in the first instance, given that the
adjunctive risk information provided by such measurements
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appears to be minimal, any approach to high-level assess-
ment of mortality risk may be most appropriately predicated
on information likely to be already available in the primary
and/or secondary care record rather than on further meas-
ures. Indeed, the modest set of clinical risk factors consid-
ered in Set 2 corresponds to input variables incorporated in
the FRAX® Fracture Risk Assessment Tool [40], suggesting
that this algorithm might be further evaluated in this context.

In conclusion, we have demonstrated that grip strength
and gait speed are modest predictors of mortality during
follow-up in three international cohorts, with minimal mor-
tality association for DXA ALM index. Whilst lower grip
strength and gait speed retained an association with greater
mortality risk after adjustment for a wide range of covari-
ates, the improvement in risk prediction gained through the
addition of grip strength and gait speed to risk factor-based
models was minimal. This suggests that approaches to clini-
cal status based on mortality might most usefully incorpo-
rate existing measures likely to be readily available from the
clinical record, rather than undertaking new assessments of
muscle-related measures such as grip strength, gait speed
and ALM index.
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