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Abstract

Background Adverse muscle composition (MC) as measured by magnetic resonance imaging has previously been
linked to poor function, comorbidity, and increased hospitalization. The aim of this study was to investigate if adverse
MC predicts all-cause mortality using data from UK Biobank.

Methods There were 40 178 participants scanned using a 6 min magnetic resonance imaging protocol. Images were
analysed for thigh fat-tissue free muscle volume and muscle fat infiltration (MFI) using AMRA® Researcher (AMRA
Medical, Linkoping, Sweden). For each participant, a sex, weight, and height invariant muscle volume z-score was
calculated. Participants were partitioned into four MC groups: (i) normal MC, (ii) only low muscle volume [<25th
percentile for muscle volume z-score (population wide)], (iii) only high MFI [>75th percentile (population wide,
sex-specific)], and (iv) adverse MC (low muscle volume z-score and high MFI). Association of MC groups with mortality
was investigated using Cox proportional-hazard modelling with normal MC as referent (unadjusted and adjusted for
low hand grip strength, sex, age, body mass index, previous diagnosis of disease (cancer, type 2 diabetes and coronary
heart disease), lifestyle, and socioeconomic factors (smoking, alcohol consumption, physical activity, and Townsend
deprivation index).

Results Muscle composition measurements were complete for 39 804 participants [52% female, mean (SD) age 64.2
(7.6) years and body mass index 26.4 (4.4) kg/m?]. Three hundred twenty-eight deaths were recorded during a
follow-up period of 2.9 (1.4) years after imaging. At imaging, adverse MC was detected in 10.5% of participants. The
risk of death from any cause in adverse MC compared with normal MC was 3.71 (95% confidence interval 2.81-4.91,
P < 0.001). Only low muscle volume and only high MFI were independently associated with all-cause mortality [1.58
(1.13-2.21), P = 0.007, and 2.02 (1.51-2.71), P < 0.001, respectively]. Adjustment of low hand grip strength [1.77
(1.28-2.44), P < 0.001] did not attenuate the associations with any of the MC groups. In the fully adjusted model,
adverse MC and only high MFI remained significant (P < 0.001 and P = 0.020) while the association with only low
muscle volume was attenuated to non-significance (P = 0.560). The predictive performance of adverse MC [1.96
(1.42-2.71), P < 0.001] was comparable with that of previous cancer diagnosis [1.93 (1.47-2.53), P < 0.001] and
smoking [1.71 (1.02-2.84), P = 0.040]. Low hand grip strength was borderline non-significant [1.34 (0.96-1.88),
P = 0.090].

Conclusions Adverse MC was a strong and independent predictor of all-cause mortality. Sarcopenia guidelines can be
strengthened by including cut-offs for myosteatosis enabling detection of adverse MC.
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Introduction

Whether suffering in later or end stages of a disease, from
metabolic disorders, or of natural effects from aging,
maintaining muscle health and functional performance is of
high importance.”™ Older adults progressively lose muscle
mass and strength as they age—a process that is intensified
in individuals with metabolic disorders, like type 2 diabetes
and non-alcoholic steatohepatitis, and is rapidly occurring in
end-stage diseases like cancer, cirrhosis, or chronic kidney
disease.”™°

Sarcopenia is @ muscle disorder characterized by progres-
sive and generalized loss of skeletal muscle mass, strength,
and/or physical performance, and predisposes individuals to
adverse health outcomes.>* Although consensus has not yet
been reached on the definition of sarcopenia, it has moved
from focusing only on muscle mass to include muscle func-
tion, and today, there is growing evidence of the importance
of myosteatosis as a measure of muscle quality.****

Studies investigating the associations between muscle
mass or sarcopenia and mortality show ambiguous
results.”>™*” Some studies indicate that muscle strength, not
mass, is more important to assess.**> Others suggest that
muscle mass is predictive of adverse outcomes and mortality;
however, they note that previous techniques used to assess
muscle mass, and/or commonly used body size normaliza-
tions, have obscured this relationship.***”™*° Throughout
the literature, a wide variety of techniques have been used
to measure muscle mass [bioelectrical impedance (BIA),
dual-energy X-ray absorptiometry (DXA), deuterated creatine
(D3Cr) dilution, single slice computer tomography (CT), or
magnetic resonance imaging (MRI)] and sarcopenia has been
identified in many different ways (e.g. by using cut-offs for
muscle mass alone or together with a functional measure like
hand grip strength, walking pace or stair climbing).>*” In ad-
dition, different health outcomes have been used to validate
the diagnostic criteria and/or technique investigated. Still, the
precise role of muscle mass in relation to functional perfor-
mance, adverse outcomes, and mortality remains unsolved.

Studies investigating the associations between myos-
teatosis (also called intramuscular fat or muscle fat infiltra-
tion) and mortality are generally consistent in showing a
strong link to mortality.?°~*> However, as myosteatosis cannot
be assessed using simpler techniques such as BIA or DXA, the
vast majority of data seen in current literature is from popu-
lations where CT is routinely used. Studies utilizing CT data
commonly rely on opportunistic assessments of skeletal mus-
cle attenuation as a surrogate for muscular fat deposition
from single slice assessments. Further, they are restricted to
specific patient groups like cancer populations, critically ill pa-
tients or patients with cirrhosis.'*?*™23 There are also studies
of such populations showing the predictive performance of
the combined assessment of muscle mass and myosteatosis

using opportunistic CT.2>** However, few (if any) studies
have investigated the association of the collective description
of muscle mass and myosteatosis with adverse outcomes or
mortality in a general aging population.

In recent years, methods quantifying muscle composition
with high accuracy and precision have been developed using
3D-volumetric MRI coupled with advanced image processing
techniques.”>?® A rapid and standardized MRI protocol
enabling muscle composition assessment is currently running
in the large UK Biobank imaging study,”® where more
than 40 000 participants have been imaged to date. Based
on this large population study, the collective description of
MRI-measured fat-tissue free muscle volume (FFMV) and
muscle fat infiltration (MFI) has been shown to increase the
predictive performance of increased hospitalization and poor
function, and recently, cut-points to identify an adverse mus-
cle composition phenotype have been published.*3**9
These cut-points have been tested in a non-alcoholic fatty
liver disease (NAFLD) population of 1200 individuals.** The
condition was prevalent in 14% of those with NAFLD and
was associated with 1.7-2.4 times higher prevalence of poor
function, as well as 2.1 times, and 3.3 times higher preva-
lence of type 2 diabetes and coronary heart disease.***°

The current evidence indicates that assessment of adverse
muscle composition identifies vulnerable individuals both
within the general population and metabolic diseases.*>***°
Prospective studies linking adverse muscle composition to
adverse outcomes are needed to determine whether identifi-
cation of this condition could guide treatment strategies or
motivate preventive healthcare. The aim of this work was
to investigate if adverse muscle composition predicts
all-cause mortality in the UK Biobank imaging study.

Materials and methods

This study was based on the 40 178 participants first scanned
in the UK Biobank imaging study. UK Biobank is a long-term
study following 500 000 volunteers 40-69 years of age at
recruitment in 2006—2010.%° As a sub-study, 100 000 partici-
pants are being recalled for a detailed imaging assessment,
including repeat of baseline assessment.

This research was conducted using the UK Biobank re-
source, project ID 6569. The study was approved by the
North West Multicenter Research Ethics Committee, UK.
Written informed consent was obtained prior to study entry.

Inclusion

Participants were required to have known sex, age, weight,
height, and complete description of muscle composition
(FFMV and MFI of at least one leg).
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Muscle composition measurements

The participants were scanned in a Siemens MAGNETOM
Aera 1.5-T MRI scanner (Siemens Healthineers, Erlangen,
Germany) using a 6 min dual-echo Dixon Vibe protocol,
providing a water and fat separated volumetric data set
covering neck to knees. Body composition analyses were
performed using AMRA® Researcher (AMRA Medical AB,
Linkdping, Sweden).>>2® The supporting information
provides details of in vivo acquisitions and analysis. Muscle
composition measurements and the definition of adverse
MC has been previously described and utilized in other
studies.****® The MRI measurements utilized in this study
are publicly available through UK Biobank (Category 149,
Abdominal composition):

e Fat-tissue free muscle volume (FFMV, referred to as ‘mus-
cle volume’): FFMV is defined as the volume of all voxels
with fat fraction <50% (‘viable muscle tissue’) in the
thighs. This is to be differentiated from lean muscle vol-
ume (sometimes called ‘contractile muscle volume’) calcu-
lated by subtracting the fat volume from the entire muscle
volume.?®?” |f data were missing for one leg, the total
thigh muscle volume was estimated through multiplication
by two of the other leg.

e Fat-tissue free muscle volume z-score (referred to as ‘mus-
cle volume z-score’): For each participant, a matched vir-
tual control group (VCG) was stratified among the study
participants with complete muscle composition data. Each
participant’s VCG included at least 150 individuals with the
same sex and with similar body mass index (BMI). Based
on each VCG, a personalized muscle volume z-score was
calculated measuring how many standard deviations each
participant was from the mean thigh FFMV/height® of
their VCG.*3 This variable is sex, weight, and height invari-
ant and has been associated with poor function and in-
creased hospitalization.*®

e Muscle fat infiltration (MFI): MFl is defined as the mean fat
fraction in the ‘viable muscle tissue’ (FFMV) of the right
and left anterior thighs.?®?” If data were missing for one
leg, the mean MFI was estimated by the MFI of the other
leg. Due to the difference in magnitude between female
participants (higher) and male participants (lower), a
sex-adjusted MFI was included in tables calculated by
subtracting the sex-specific population median for each
participant.

e Adverse muscle composition (MC): Adverse MC is defined
by low muscle volume coupled with high MFL.** As the
muscle volume z-score is sex invariant,*> ‘Low muscle vol-
ume’ was defined as <25th percentile of the whole cohort
(participants included in this study) for both female and
male participants (muscle volume z-score < —0.68 SD).
As the magnitude of MFI differs between female and male
participants,****>> ‘high MFI' was defined as >75th

percentile for female and male participants separately
[MFI > 8.82% (female participants), 7.69% (male partici-
pants)]. Figure S1 provides a scatter plot of muscle volume
z-score and MFI including sex-specific distributions of the
variables and illustration of the cut-points for adverse MC.

Data collection UK Biobank

Mortality data were obtained through UK Biobank’s linkage
to national death registries. Height was recorded using a Seca
stadiometer (Seca GMBH, Hamburg, Germany), and weight
with a Tanita BC418ma (Tanita Europe, Amsterdam, The
Netherlands). Previous diagnoses of cancer, coronary heart
disease and type 2 diabetes were based on electronic health
care records (accessed November 2020, available from April
1992 to August 2020) in combination with self-reported
information collected via interviews with trained nurses.
Information on smoking, alcohol consumption, and physical
activity were acquired through touchscreen questionnaires,
and the Townsend deprivation index was calculated by UK
Biobank immediately prior to each participant joining UK
Biobank. Further details on variable definitions can be found
in the supporting information.

Measures of functional performance and frailty

e Hand grip strength was measured using a Jamar J00105
hydraulic hand dynamometer (Lafayette Instrument,
Lafayette, IN, USA) (protocol in supporting information).
Handedness was collected through the touchscreen
questionnaires, and the data recorded for the dominant
hand were used. If information of handedness was missing
or a participant reported using both hands, the mean of
the right and left hand was used. Low hand grip strength
was defined using the sex-specific cut-offs recommended
by the European Working Group on Sarcopenia in Older
People (EWGSOP2) (16/27 kg for female participants/male
participants).?

e Walking pace was collected through the touchscreen ques-
tionnaires with categories ‘slow pace’, ‘steady average
pace’, and ‘brisk pace’ (touchscreen screenshot in
supporting information).

e Falls was collected through the touchscreen question-
naires with categories ‘no falls’, ‘only one fall’, ‘more than
one fall'’ in the last year (touchscreen screenshot in
supporting information).

Statistical analysis

Associations between muscle composition variables and
all-cause mortality

The association between muscle volume z-score and MFI
with all-cause mortality was investigated using Cox
proportional-hazard models with days after the time of
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imaging as timescale. An unadjusted model including muscle
volume z-score (continuous) and MFI (continuous) (M0) was
implemented followed by models subsequently adjusted for
hand grip strength (continuous) (M1), sex, age and BMI
(M2), previous disease (diagnosis of cancer, coronary heart,
and disease type 2 diabetes prior to imaging) (M3), and life-
style and socioeconomic factors (alcohol consumption,
smoking status, physical activity level, and Townsend depriva-
tion index) (M4). The interaction effect of muscle volume
z-score and MFI on all-cause mortality was tested by includ-
ing the corresponding interaction term in model MO.

Associations between adverse muscle composition and
all-cause mortality

The participants were categorized into one out of four muscle
composition groups using the cut-points for adverse MC:
(i) normal MC, (ii) only low muscle volume (low muscle vol-
ume z-score), (iii) only high MFI, and (iv) adverse MC. The as-
sociations of muscle composition with all-cause mortality
were investigated using Kaplan—Meier survival curves and
Cox proportional-hazard models with days after the time of
imaging as timescale. Adjustments were subsequently added
according to models M1-M4 described earlier but with a bi-
nary representation of hand grip strength (cut-offs 16/27 kg
for female participants/male participants®).

Combining adverse muscle composition with measures of
functional performance and frailty

Three combined variables were created using adverse MC
(yes/no), hand grip strength (high/low), slow walking pace
(no/yes) and >1 fall last year (no/yes), and associated with
all-cause mortality using unadjusted Cox proportional-hazard
models with days after imaging as timescale and adverse
MC = no, hand grip strength = high; adverse MC = no, slow
walking pace = no; adverse MC = no, and >1 fall last
year = no as referents.

An experienced statistician independently replicated the
results. Computations were performed using R version 3.4.4
(The R Foundation, Vienna, Austria). Associations were con-
sidered significant for o < 0.05. The supporting information
lists R packages used for analysis and visualizations.

Patient and public involvement
It was not appropriate or possible to involve patients or the

public in the design, or conduct, or reporting, or dissemina-
tion plans of our research.

Results

Of the 40 178 participants, 39 804 (99%) had complete data
for sex, age, height, weight, and muscle composition and

were included for analysis. The mean age was 64.2 years
(SD 7.6), 52% were female, and the mean BMI was 26.4 (SD
4.4) kg/m?. N = 24 061 (61%) of 39 804 participants presented
with normal MC, N = 5791 (15%) with only low muscle vol-
ume, N = 5785 (15%) with only high MFI and N = 4167
(11%) with adverse MC (Table 1). Tables 2 and 3 present
sex-specific data by muscle composition groups. The distribu-
tion of muscle composition was similar between female and
male participants. For both female and male participants,
the highest prevalence of disease (cancer, coronary heart dis-
ease, and type 2 diabetes) was found within the adverse MC
group. The highest BMI was found in the only high MFI group
and the oldest participants in the adverse MC group.

During a mean follow-up of 2.9 (SD 1.4) years and 114 862
person-years at risk, 328 (out of 39 804) individuals died (209
male and 119 female participants). Figure 1 shows the break-
down of primary and secondary causes of death across
ICD-10 blocks and chapters. The most common primary and
secondary causes of death were recorded within Chapter ||
(neoplasms, 37.2% of ICD-10 codes) and Chapter IX (diseases
of the circulatory system, 29.1% of ICD-10 codes). Table 4
show the most common primary and secondary causes of
death per ICD-10 code block and the distribution of count
and incidence across the different MC groups. The most com-
mon causes of death were cancers of the digestive system
(N = 88 codes) and ischaemic heart disease (N = 74 codes). Al-
though numbers for specific causes of death are still low, the
incidence of death was generally higher in adverse MC than
compared with the other three muscle phenotypes. For some
ICD-10 blocks, the only high MFI group showed as high (or
even higher) mortality as adverse MC. This was true for
130-152 (other forms of heart disease), 110-115 (hypertensive
disease), C81-C96 (malignant neoplasms, stated or presumed
to be primary, of lymphoid, haematopoietic and related
tissue), 126-128 (pulmonary heart disease and diseases of pul-
monary circulation), and Covid-19. Figure S2 provides a visual
representation of Table 4.

Associations between muscle composition
variables and all-cause mortality

Cox proportional-hazards modelling the continuous muscle
composition variables showed that muscle volume z-score
and MFI were both significantly, and independently,
associated with all-cause mortality [hazard ratios (HRs): 0.70
(95% confidence interval 0.62-0.79), P < 0.001, and 1.10
(1.05-1.15), P < 0.001]. The interaction between muscle vol-
ume z-score and MFI was not significant (P = 0.116). In the
model including hand grip strength, muscle volume z-score
and MFI remained significant [0.70 (0.62—0.79), P < 0.001;
1.12 (1.06-1.17), P < 0.001] while hand grip strength showed
non-significance [1.01 (1.00-1.02), P = 0.053]. In the fully ad-
justed model, MFI remained significant [1.09 (1.01-1.16),
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Table 1 Population characteristics

Total

N 39 804 (100.0%)
Sex (female/male) 52.1% /47.9%

Female participants

20 718 (52.1%)
100.0% /0.0%

Male participants

19,086 (47.9%)
0.0% /100.0%

Age (years) 64.20 (7.55) 63.54 (7.40) 64.92 (7.64)
BMI (kg/mz) 26.41 (4.37) 25.97 (4.72) 26.89 (3.89)
Waist circumference (cm) 88.33 (12.66) 82.83 (11.84) 94.28 (10.69)
FFMV, total thigh (L) 10.17 (2.55) 8.19 (1.17) 12.33 (1.76)
FFMV, left anterior thigh (L) 1.70 (0.48) 1.34 (0.23) 2.10 (0.36)
FFMV, right anterior thigh (L) 1.71 (0.49) 1.34 (0.23) 2.11 (0.36)
FFMV, left posterior thigh (L) 3.35 (0.80) 2.74 (0.38) 4.02 (0.57)
FFMV, right posterior thigh (L) 3.40 (0.82) 2.76 (0.39) 4.08 (0.57)
FFMV, z-score (SD) —0.01 (0.98) —0.01 (0.99) —0.01 (0.98)
MFI, mean anterior thigh (%) 7.34 (1.88) 7.82 (1.87) 6.81 (1.75)
MFI, left anterior thigh (%) 7.50 (1.91) 8.01 (1.90) 6.93 (1.75)
MFI, right anterior thigh (%) 7.19 (1.92) 7.65 (1.91) 6.70 (1.81)
MFI, left posterior thigh (%) 11.06 (2.41) 11.62 (2.34) 10.44 (2.33)
MFI, right posterior thigh (%) 10.85 (2.42) 11.43 (2.34) 10.22 (2.34)
MFI, sex-adjusted (pp) 0.27 (1.81) 0.27 (1.87) 0.28 (1.75)

10.4% /88.7% /0.9%
5.0% /94.5% /0.5%
5.2% /94.4% /0.4%
7.1% /89.7% /3.2%
61.9% /33.6% /3.5% /1.0%
22.77 (25.47)
43.6% /19.7% /36.0% /0.8%

10.9% /88.1% /1.0%
3.2% /96.2% /0.6%
2.6% /96.9% /0.4%
7.1% /89.5% /3.4%
65.5% /30.5% /2.9% /1.1%
16.67 (19.66)
44.2% /21.5% /33.4% /0.8%

9.8% /89.3% /0.8%
7.0% /92.6% /0.4%
7.9% /91.7% /0.4%
7.1% /89.9% /3.0%
58.1% /37.0% /4.1% /0.9%
29.39 (29.14)
42.9% /17.6% /38.8% /0.7%

Cancer (yes/no/missing)

Type 2 diabetes (yes/no/missing)

Coronary heart disease (yes/no/missing)
Hand grip strength = low (yes/no/missing)
Smoking (no/previous/current/missing)
Alcohol consumption (g/day)

Physical activity IPAQ
(moderate/low/high/missing)

Townsend deprivation index —-1.91 (2.71) —1.86(2.72) —1.95 (2.71)

BMI, body mass index; FFMV, fat-tissue free muscle volume; IPAQ, international physical activity questionnaire; MFI, muscle fat infiltration.
Low muscle volume defined as <25th percentile of the whole cohort for muscle volume z-score [cut-point —0.68 (both female partici-
pants and male participants)], and high muscle fat infiltration (MFI) as >75th percentile of the whole cohort [cut-points 8.82% and
7.69% (female participants/male participants)]. Adverse MC defined as low muscle volume coupled with high MFI.2 Values are mean (stan-

dard deviation) for continuous variables and fraction per category for categorical and binary variables.

P = 0.020], while muscle volume z-score reached borderline
significance [0.87 (0.76—-1.01), P = 0.064] and the association
with hand grip strength was non-significant [0.99 (0.97-1.00),
P = 0.162]. Tables S1-S5 shows complete modelling results.
Associations between adverse muscle composition and all-
cause mortality Figure 2 shows the Kaplan—Meier survival
curves for all-cause mortality by muscle composition pheno-
type. In the unadjusted Cox proportional-hazards model, the
risk of death from any cause among those with adverse MC
compared with normal MC was 3.71 (95% confidence interval
2.81-4.91), P < 0.001. Only low muscle volume and only high
MFI were also significantly associated with a higher risk for
all-cause mortality as compared with normal muscle compo-
sition [1.58 (1.13-2.21), P = 0.007, and 2.02 (1.51-2.71),
P < 0.001, respectively]. In the model including muscle com-
position groups and low hand grip strength, adverse MC, only
low muscle volume, and only high MFI remained significant
[3.39 (2.54-4.53), P < 0.001; 1.49 (1.06-2.10), P = 0.020;
and 2.02 (1.51-2.70), P < 0.001] and low hand grip strength
was independently associated with increased mortality [1.77
(1.28-2.44), P < 0.001]. For the fully adjusted model (includ-
ing adjustment for low hand grip strength, sex, age, BMI, pre-
vious disease, lifestyle, and socioeconomic factors) (Figure 3),
37 681 participants had complete data, among which 306
deaths were recorded. Results showed that adverse MC and
only high MFI remained significantly associated with higher

rates of mortality [1.96 (1.42-2.71), P < 0.001, and 1.49
(1.08-2.07), P = 0.020, respectively]. Other factors that
reached level of significance in the fully adjusted model were
sex [male 1.60 (1.25-2.05), P < 0.001), age (1.09 (1.07-1.11),
P < 0.001], previous cancer diagnosis [1.93 (1.47-2.53),
P < 0.001], previous type 2 diabetes diagnosis [1.58 (1.09—
2.29), P = 0.020], previous coronary heart disease diagnosis
[1.46 (1.03-2.07), P = 0.040], smoking status [current 1.71
(1.02-2.84), P = 0.040] and physical activity [low (1.37
(1.03-1.82), P = 0.030]. Low hand grip strength was
non-significant [1.34 (0.96-1.88), P = 0.090]. Tables S6-510
show the complete modelling results.

Combining adverse muscle composition with
measures of functional performance and frailty

Figure 4 shows the results from the combined assessment of
adverse MC with measures of functional performance and
frailty (hand grip strength, walking pace, and falls). Results
showed that within those with good function (high hand grip
strength, average/brisk walking pace, or no falls last year),
adverse MC was significantly associated with all-cause mor-
tality (HRs 2.5-2.9, all P < 0.001). In addition, among those
with poor function (low hand grip strength, slow walking
pace, or >1 fall last year), adverse MC was also significantly
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Figure 1 Breakdown of primary and secondary causes of death across ICD-10 blocks and chapters.

Table 4 Most common primary and secondary causes of death with distribution of codes and incidence within the different muscle composition (MC)
groups

Only low Only high
Normal muscle muscle fat Adverse

ICD-10 block N MC volume infiltration MC P value Description

C15-C26 88 38 (1.58%o0) 11 (1.90%o) 19 (3.28%o) 20 (4.80%o0) <0.001 Malignant neoplasms of digestive
organs

120-125 74 29 (1.21%0) 6 (1.04%o) 17 (2.94%o) 22 (5.28%o0) <0.001 Ischaemic heart diseases

C76-C80 49 19 (0.79%o) 7 (1.21%o) 6 (1.04%o) 17 (4.08%o) <0.001 Malignant neoplasms of ill-
defined, secondary and
unspecified sites

130-152 47 15 (0.62%o) 3 (0.52%o) 17 (2.94%o) 12 (2.88%o) <0.001 Other forms of heart disease

160-169 31 17 (0.71%o) 4 (0.69%0) 4 (0.69%o) 6 (1.44%o) 0.249 Cerebrovascular diseases

110-115 30 7 (0.29%o) 4 (0.69%0) 12 (2.07%o) 7 (1.68%o) <0.001 Hypertensive diseases

J09-J18 26 10 (0.42%o) 5 (0.86%o0) 4 (0.69%o) 7 (1.68%o) 0.007 Influenza and pneumonia

C30-C39 22 9 (0.37%0) 1 (0.17%0) 5 (0.86%o) 7 (1.68%o) 0.002 Malignant neoplasms of
respiratory and intrathoracic
organs

C81-C96 21 9 (0.37%o) 2 (0.35%o) 8 (1.38%o) 2 (0.48%o) 0.087 Malignant neoplasms, stated or

presumed to be primary, of
lymphoid, haematopoietic, and
related tissue

C69-C72 17 8 (0.33%o) 5 (0.86%o0) 2 (0.35%o0) 2 (0.48%o) 0.604 Malignant neoplasms of eye,
brain, and other parts of central
nervous system

E10-E14 17 2 (0.08%o) 2 (0.35%o) 5 (0.86%o) 8 (1.92%o) <0.001 Diabetes mellitus

J80-J84 17 5 (0.21%o) 2 (0.35%o) 5 (0.86%o0) 5 (1.2%o) 0.001 Other respiratory diseases
principally affecting the
interstitium

J40-)47 15 4 (0.17%o) 0 (0.00%o) 2 (0.35%o) 9 (2.16%o) <0.001 Chronic lower respiratory diseases

C60-C63 14 2 (0.08%o) 3 (0.52%o) 4 (0.69%0) 5 (1.20%o0) <0.001 Malignant neoplasms of male
genital organs

C64-C68 12 4 (0.17%o) 3 (0.52%o) 0 (0.00%o) 5 (1.20%o0) 0.014 Malignant neoplasms of urinary
tract

C50-C50 10 6 (0.25%o) 3 (0.52%o) 1 (0.17%o) 0 (0.00%o) 0.452 Malignant neoplasm of breast

G10-G14 10 3 (0.12%o) 1 (0.17%so0) 3 (0.52%o) 3 (0.72%o0) 0.011 Systemic atrophies primarily
affecting the central nervous
system

(Continues)
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Table 4 (continued)

Only low Only high
Normal muscle muscle fat Adverse

ICD-10 block N MC volume infiltration MC P value Description

126-128 10 2 (0.08%o0) 1 (0.17%o0) 4 (0.69%o) 3 (0.72%o0) 0.002 Pulmonary heart disease and
diseases of pulmonary circulation

Covid-19 9 1 (0.04%o) 1 (0.17%o) 4 (0.69%o) 3 (0.72%o) <0.001 Covid-19

J95-J99 9 3 (0.12%o) 0 (0.00%o) 1 (0.17%o) 5 (1.20%o) 0.001 Other diseases of the respiratory
system

N17-N19 9 1 (0.04%o) 2 (0.35%o) 2 (0.35%o0) 4 (0.96%0) <0.001 Renal failure

K70-K77 8 2 (0.08%o) 0 (0.00%o) 0 (0.00%o) 6 (1.44%0) <0.001 Diseases of liver

A30-A49 7 2 (0.08%o0) 1 (0.17%o) 2 (0.35%o0) 2 (0.48%o) 0.039 Other bacterial diseases

C43-C44 7 4 (0.17%o) 0 (0.00%o0) 0 (0.00%o) 3 (0.72%o) 0.178 Melanoma and other malignant
neoplasms of skin

C51-C58 7 3 (0.12%o0) 3 (0.52%0) 1 (0.17%o) 0 (0.00%o0) 0.928 Malignant neoplasms of female
genital organs

R50-R69 7 5 (0.21%o0) 0 (0.00%o0) 1 (0.17%o0) 1 (0.24%o0) 0.928 General symptoms and signs

Y83-Y84 6 1 (0.04%o) 1 (0.17%o) 2 (0.35%o0) 2 (0.48%o) 0.012 Surgical and other medical
procedures as the cause of
abnormal reaction of the patient,
or of later complication, without
mention of misadventure at the
time of the procedure

D80-D89 5 2 (0.08%o0) 0 (0.00%o) 2 (0.35%o0) 1 (0.24%o) 0.167 Certain disorders involving the
immune mechanism

E70-E90 5 1 (0.04%o) 0 (0.00%o) 2 (0.35%o0) 2 (0.48%o) 0.008 Metabolic disorders

G30-G32 5 4 (0.17%o) 1 (0.17%o0) 0 (0.00%o) 0 (0.00%o0) 0.242 Other degenerative diseases of
the nervous system

J60-J70 5 1 (0.04%o) 0 (0.00%o0) 3 (0.52%o) 1 (0.24%o0) 0.026 Lung diseases due to external
agents

K55-K64 5 1 (0.04%o0) 0 (0.00%o0) 3 (0.52%o) 1 (0.24%o0) 0.026 Other diseases of intestines

Values for the MC groups are count of codes for primary and secondary causes of death and incidence within MC group in per-mille. P

values are results from y? tests for trend in proportions.

associated with all-cause mortality (P < 0.001, P < 0.05, and
P < 0.05, respectively). The most vulnerable participants
were found in the groups with poor function and adverse
MC [HRs 5.7 (3.6-9.1), P < 0.001, for low hand grip strength
and adverse MC vs. high hand grip strength without adverse
MC; 5.4 (3.3-8.7), P < 0.001 for slow walking pace and ad-
verse MC vs. average/brisk walking pace without adverse
MC; 4.0 (2.0-8.1), P < 0.001 for >1 fall last year and adverse
MC vs. no falls last year without adverse MC.

Discussion

In this work, we present results from the large UK Biobank
imaging study illustrating the impact of muscle composition
on all-cause mortality. The main findings include that (i) ad-
verse MC was significantly, and independently, associated
with all-cause mortality with a magnitude of HR comparable
with that of previous cancer diagnosis or smoking, (ii) adverse
MC was highly associated with all-cause mortality, both
within those with good function and within those with poor
function, and (iii) the combination of poor function with ad-
verse MC identified the most vulnerable participants.
Adverse MC combines measurements of muscle fat infiltra-
tion and fat-free muscle volume (in a sex-invariant and sex,
weight, and height invariant muscle volume z-score).

Although there is a growing body of evidence supporting
the importance of myosteatosis,”**71420724 the literature on
associations of muscle quantity (usually muscle mass) with
adverse outcomes is inconsistent.*131>1771930 Ambiguous re-
sults on the predictive performance of muscle mass could be
attributed to studies using different techniques (e.g. BIA,
DXA, DsCr, CT, or MRI), and different methods for quantifica-
tion based on acquired images (e.g. segmentation and calcu-
lation), and for body size adjustment. Recent investigations
on different ways of normalizing muscle quantity for body
size has, for example, shown that division by height?® and
weight results in strong correlations with BMI but with in-
verse directions of association.'® Further, a NHANES III study
showed that these two ways of calculating skeletal muscle in-
dex (SMI), measured by BIA (i.e. SMi=muscle mass/height?
and SMI=muscle mass/weight), for sarcopenia detection also
resulted in inversely directional associations with NAFLD.3?
Our study showed that muscle volume z-score was signifi-
cantly associated with mortality independent of both
myosteatosis and hand grip strength, and in contrast to hand
grip strength, remained significant when applying full
adjustment.

In this study, the thigh muscles were used to assess muscle
volume and fat infiltration. Studies on sarcopenia and
wasting disorders have utilized different muscles or groups
to assess muscle health (e.g. total or appendicular lean mass,
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Figure 2 Kaplan—Meier survival curves for all-cause mortality across
muscle composition (MC) groups.

total lumbar muscle cross-sectional area, or single muscles
like psoas major)*3? but no studies, to our knowledge, have
been performed that compare the predictive performance
of different muscle groups for specific diseases and out-
comes. From the existing MRI data in UK Biobank, several dif-
ferent muscles can be assessed and could provide a greater
understanding of a patient’s overall muscle health by captur-
ing different aspects of a disease process, everyday functional
fitness, and the resulting quality of life.

The breakdown of primary and secondary causes of death
into ICD-10 blocks indicated that adverse MC seems to be as-
sociated with increased mortality risk across many different
disease areas. Although interestingly for some ICD-10 blocks,
only high MFI was associated with similar (or higher) mortal-
ity rates as adverse MC. It has been shown that low muscle
mass and myosteatosis are weakly correlated with each other
and they seem to represent two different biological pro-
cesses involved in muscle wasting.*>**222% Results from this
study on the non-significant interaction between muscle vol-
ume and MFI with all-cause mortality further strengthens this
hypothesis. That the mechanisms causing differences in

muscle composition may differ should be considered when
developing new treatment and prevention strategies.

Although the associations between mortality and hand
grip strength (both continuously and binary represented)
were attenuated when models were adjusted for previous
disease, the associations were borderline significant and the
results indicate that MFI, muscle volume z-score, and hand
grip strength could effectively aid in the identification of vul-
nerable individuals independent of each other. The predictive
promise of such combination was further strengthened by
the analysis combining adverse MC with measures of func-
tional performance and frailty (low hand grip strength, slow
walking pace, and >1 fall last year) where the most vulnera-
ble individuals were those with poor function and adverse
MC. However, even though participants had good functional
performance (high hand grip strength, average/brisk walking
pace, and 0-1 falls last year), adverse MC was still associated
with increased mortality with HRs as high has 2.5-2.9 com-
pared with those without adverse MC. This indicates that
knowing a patient’s muscle composition could be valuable
even though they do not yet express poor function or frailty.
However, detection of adverse MC requires tomographic im-
aging (MRI or CT), which is not readily available in many clin-
ical workflows today. In certain disease populations, such as
end-stage liver disease or heart failure, MRI is commonly
used and thus, adverse MC could more easily be assessed
and potentially aid in identifying high-risk patients. It has
been shown that low muscle mass and myosteatosis is asso-
ciated with higher mortality in patients with cirrhosis and a
patient’s muscle composition may affect the outcome of dis-
ease interventions like liver transplantation.***® In workflows
where tomographic imaging is less available and resources to
intervene are scarce, other tests that have shown predictive
performance for sarcopenia related outcomes, like hand grip
strength, walking pace or DsCr dilution, could be used to
identify who may benefit most from a muscle composition as-
sessment. One benefit of volumetric MRI-based muscle com-
position assessment is the high precision allowing close
tracking of muscle wasting and disease progression*®*—some-
thing that is not as important for diagnostic purposes but im-
perative during development and evaluation of new
treatments. The main challenge is the access to, and cost
of, MRI.

Reaching standardized and accurate ways to measure mus-
cle quantity and quality is highly important for future studies
or clinical applications of techniques to assess sarcopenia or
muscle wasting. A challenge with DXA is that it does not mea-
sure muscle mass directly. For example, the measurement of
lean muscle mass by DXA includes water and fibrotic tissue
and thus confounds the muscle assessment depending on
the patient’s status.>* Muscle mass as assessed by D5Cr dilu-
tion has shown strong relation with physical performance, in-
cidence of falls, mobility limitations, and mortality but does
not measure myosteatosis.”*® Measurements of muscle

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1513-1526
DOI: 10.1002/jcsm.12834



Adverse muscle composition predicts all-cause mortality

1523

Variable N Hazard ratio P
Muscle composition (MC) normal mc 22905 - Reference
only low muscle volume 5439 '—E— — 1.11 (0.78, 1.59) 0.56
only high muscle fat infiltration 5477 i — 1.49 (1.08, 2.07) 0.02
adverse mc 3860 i —— 1.96 (1.42,2.71)  <0.001
Low hand grip strength no 34945 - Reference
yes 2736 n—.—' 1.34 (0.96, 1.88) 0.09
Sex female 19520 i Reference
male 18161 é —— 1.60 (1.25, 2.05) <0.001
Age, years 37681 i | | 1.09 (1.07, 1.11) <0.001
BMI, kg/m? 37681 - 0.98 (0.95, 1.01) 0.28
Cancer no 33720 + Reference
yes 3961 — 1.93 (1.47,2.53)  <0.001
Type 2 diabetes no 35779 i Reference
yes 1902 — . 1.58 (1.09, 2.29) 0.02
Coronary heartdisease no 35759 ! Reference
yes 1922 ._._4 1.46 (1.03, 2.07) 0.04
Smoking status no 23601 i Reference
previous 12760 -—|—I—- 1.10 (0.86, 1.40) 0.45
current 1320 i L] 1.71 (1.02, 2.84) 0.04
Alcohol consumption, g/day 37681 ] 1.00 (1.00, 1.00) 0.81
Physical activity moderate 16535 + Reference
low 7409 — . 1.37 (1.03, 1.82) 0.03
high 13737 '—é—I—' 1.21 (0.93, 1.58) 0.15
Townsend deprivation index 37681 I. 1.02 (0.98, 1.06) 0.35
1 15 2 25

Figure 3 Cox proportional-hazard ratios of all-cause mortality for muscle composition (MC) phenotypes (green, light green, yellow, and pink) adjusted
for low hand grip strength, sex, age, body mass index BMI, previous diagnosis of disease, lifestyle- and socioeconomic factors.

mass and myosteatosis is achievable with CT. However, CT is
limited by the substantial ionizing radiation, which hinders
its applicability for wider research purposes or for the sole
purpose of body/muscle composition assessment. In addition,
factors like tube voltage, equipment calibration, slice thick-
ness, use of contrast agents and phases can affect the skeletal
muscle radiodensity and the resulting measurement of the
amount of muscular mass and fat.>*” Body and muscle com-
position is not commonly assessed from clinically obtained
MRI images, but opportunistic assessment of body/muscle
composition based on MRI would face similar challenges as
CT with regard to standardization. The MRI protocol and pro-
cess used to measure thigh muscle volume and fat infiltration
in this study has shown high repeatability and reproducibility
across common MR scanners (GE, Philips, and Siemens) and
different magnetic field strengths (1.5 and 3 T).?®

The strengths of this work include the high number of
participants included, the high-quality muscle biomarkers,

and the access to proper measurements of hand grip
strengths. The main limitations were the relatively short ob-
servation time and few deaths in relation to cohort size. In
addition, although modelling included adjustment with pre-
vious diseases (cancer, type 2 diabetes, and coronary heart
disease) as well as other factors that have been shown to
associate with increased mortality risk, time of onset was
not available for all conditions (adverse MC and previous
diseases) and was not accounted for in the analysis. It is
not possible from these study results to conclude whether
diseases cause worsening of the muscle composition, or if
adverse MC contributes to the aggravation of diseases. In
the latter case, assessing muscle composition could poten-
tially help identify patients that have a poor prognosis and
guide treatment strategies. Lastly, there is evidence of UK
Biobank exhibiting a ‘healthy volunteer’ selection bias.>®
However, conclusions on associations between exposures
and health outcomes are generalizable to the wider
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Figure 4 Cox proportional-hazard ratios (unadjusted) of all cause-mortality for the combined assessment of functional performance (high or low hand

grip strength, slow or average/brisk).

population because of the large sample size and heteroge-
neity of exposure measures.>®

Future analysis should investigate aspects of causality, spe-
cific causes of death and disease specific cut-points to iden-
tify high-risk patients based on muscle composition
assessment. Such investigations would be most beneficial to
perform for disease populations where tomographic imaging
is more commonly used today. It should be noted that the
cut-points published in this paper are based on a general
population and may be too inclusive if applied to specific pa-
tient populations that more commonly suffer from
sarcopenia related issues. In addition, UK Biobank is a rela-
tively young cohort, and age might influence what is an opti-
mal threshold for identifying vulnerable patients, especially
for myosteatosis.3°

Conclusions

Adverse MC was a strong, and independent, predictor of
all-cause mortality. The combination of adverse MC and poor

function identified the most vulnerable participants. Includ-
ing cut-offs for myosteatosis to enable detection of adverse
MC could strengthen sarcopenia guidelines.
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strength, sex, age and BMI (M2).

Table S4. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition variables adjusted for hand grip

strength, sex, age, BMI and previous disease (type 2 diabetes,
coronary heart disease and cancer) (M3).

Table S5. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition variables adjusted for hand grip
strength, sex, age, BMI, previous disease (type 2 diabetes,
coronary heart disease and cancer), lifestyle- and socioeco-
nomic factors (M4).

Table S6. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition (MC) phenotypes (MO).

Table S7. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition (MC) phenoptypes adjusted for
low hand grip strength (M1).

Table S8. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition (MC) phenotypes adjusted for
hand grip strength, sex, age and BMI (M2).

Table S9. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition (MC) phenotypes adjusted for
hand grip strength, sex, age, BMI and previous disease (type
2 diabetes, coronary heart disease and cancer) (M3).

Table S10. Cox proportional-hazard ratios of all-cause mortal-
ity for muscle composition (MC) phenotypes adjusted for
hand grip strength, sex, age, BMI, previous disease (type 2 di-
abetes, coronary heart disease and cancer), lifestyle- and so-
cioeconomic factors (M4).

Figure S1. Scatter plot of muscle volume z-score and muscle
fat infiltration with corresponding sex-specific density plots
(blue = females, red = males) showing the distributions of
each variable on top and to the left respectively. Dashed lines
indicate the cut-offs for identification of Adverse muscle
composition.

Figure S2. The most common specific primary and secondary
causes of death divided into ICD-10 code blocks and number
of codes (per mille) across muscle composition (MC)
phenotypes.
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