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Abstract 

Purpose: Intensive care unit (ICU) survivors have reduced physical function likely due to skeletal muscle wasting 
and weakness acquired during critical illness. However, the contribution of pre-morbid muscle mass has not been 
elucidated. We aimed to examine the association between pre-ICU muscle mass and ICU admission risk. Secondary 
outcomes include the relationship between muscle mass and ICU outcomes.

Methods: ICU admissions between June 1, 1998, and February 1, 2019, were identified among participants of 
Geelong Osteoporosis Study (GOS), a population-based cohort study. Cox proportional hazard regression models 
estimated hazard ratios (HR) for ICU admission across T-score strata and continuous values of DXA-derived lean mass 
measures of skeletal mass index (SMI, lean mass/body mass %) and appendicular lean mass corrected for height 
(ALM/h2, kg/m2). Multivariable regression was used to determine the relationship between lean mass and ICU 
outcomes.

Results: One hundred and eighty-six of 3126 participants enrolled in GOS were admitted to the ICU during the 
follow-up period. In adjusted models, lean mass was not predictive of ICU admission (SMI: HR 0.99 95%CI 0.97–1.01, 
p = 0.32; ALM/h2: HR 1.11 95%CI 0.94–1.31, p = 0.23), while greater appendicular lean mass was related to reduced 
28-day mortality (ALM/h2 adjOR: 0.25, 95%CI 0.10–0.63, p = 0.003, SMI adjOR: 0.91, 95%CI 0.82–1.02, p = 0.09).

Conclusion: Lean mass was not associated with ICU admission in this population-based cohort study; however, 
greater appendicular lean mass was associated with reduced mortality. This suggests pre-ICU muscle status may not 
predict development of critical illness but is associated with better survival after critical illness occurs.
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Introduction
Survivors of Intensive Care Unit (ICU) admission are 
identified as having reduced physical function in the years 
following their critical illness [1–5]. This is proposed to 
be part of the long-term sequelae of acute skeletal muscle 
wasting and neuromuscular weakness sustained during 
critical illness due to prolonged immobilisation, systemic 
inflammation and bioenergetic failure [6–11].

While older and more co-morbid individuals are at 
increased risk of physical impairment and/or decline 
after ICU admission [12–15], it is not clear whether the 
long-term physical limitations experienced by ICU sur-
vivors are completely or partially attributable to the 
impairments acquired during their time in the ICU, or to 
a continuation of pre-admission functional impairment 
caused by chronic disease or general frailty [12, 16–18].

The challenge in determining the relationship between 
pre-admission physical status and long-term outcomes 
is the ascertainment of accurate pre-ICU patient status, 
given the mostly random nature of ICU admission. The 
use of population-based longitudinal cohort study data 
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has provided opportunities to examine unbiased pre-post 
ICU objective measures, with existing studies providing 
conflicting evidence for newly acquired post-ICU physi-
cal limitations versus a continuation of functional trajec-
tory before and after critical illness [19, 20].

There is an established relationship between muscle 
mass and physical performance and function [21–23]. 
Acute loss of muscle mass in the ICU has been demon-
strated extensively in the literature, but it is not known 
if ICU populations arrive to the ICU with pre-existing 
low muscle mass. Existing data examining pre-admis-
sion muscle status in ICU patients are limited to specific 
chronic disease populations [24, 25]. Quantification of 
pre-ICU muscle mass in the broader ICU population and 
its potential contribution to post-ICU functional impair-
ment is required.

This study aims to examine the association between 
pre-ICU lean mass and admission to the ICU using data 
from an existing population-based prospective study. We 
hypothesised that participants with lower pre-ICU lean 
mass are at an increased risk of admission to the ICU. 
We also aimed to examine the relationship between pre-
admission lean mass and ICU outcomes.

Methods
Study design
A retrospective observational study was performed 
including all participants from the Geelong Osteoporosis 
Study (GOS). Participants from the GOS with an admis-
sion to ICU were identified by data linkage to determine 
risk of admission based on lean mass measures. Ethics 
approvals were obtained from the Barwon Health Human 
Ethics Research Committee. All participants provided 
informed, written consent and consented to use of hospi-
tal data at the time of assessment.

Study population
The GOS is a population-based cohort study established 
to investigate the epidemiology of osteoporosis in Aus-
tralia [26]. It comprises adult participants randomly 
selected, using the electoral roll as a sampling frame, 
from the Barwon Statistical Division in Victoria, south-
eastern Australia, where voting is compulsory. This 
region has population characteristics comparable with 
the national population. Female participants were first 
enrolled in 1993, with enrolment of male participants 
commencing in 2001. Participants undergo an array of 
measures including regional and whole-body dual energy 
X-ray absorptiometry (DXA) at baseline and regular fol-
low-up intervals (2, 4, 6, 8, 10 and 15 yr for women and 5 
and 15 yr for men).

The University Hospital Geelong (UHG) ICU is a 
24-bed tertiary regional mixed medical, surgical, and 

cardiothoracic ICU situated in Geelong, Australia. It 
serves a catchment of approximately 500,000 people and 
is the only tertiary ICU in the Barwon Statistical Divi-
sion. Data were available for ICU admissions from 1 of 
June 1998 to 1 of February 2019.

Participants from the GOS with an admission to 
UHG ICU were identified via data linkage of the GOS 
and UHG ICU databases. Participants with ICU admis-
sion without available pre-admission DXA imaging were 
excluded from the analysis. For participants with multi-
ple ICU admissions, data from their first admission were 
used.

Data collection
Demographic data for GOS participants included age, 
sex, date of birth and if applicable, date of death from 
the National Death Index (NDI). Data collected at each 
study visit included: the date of visit, height measured 
to the nearest 0.1  cm using a wall-mounted Harpenden 
stadiometer, weight measured to the nearest 0.1  kg and 
body mass index (BMI) was calculated as weight/height2 
(kg/m2). DXA whole body scans were also performed at 
each study visit providing measures of whole-body lean 
mass, whole body fat mass, whole body bone mass and 
lean mass of each limb. Initial scanning of both men and 
women was via a DPX-L scanner (Lunar, Madison, WI, 
USA) until it was replaced with a Prodigy Pro (Lunar) 
during baseline assessment of men and after 10-year 
follow-up for women. The sum of lean mass of the four 
limbs was used to calculate appendicular lean mass 
(ALM). Skeletal Mass Index (SMI) and relative Appen-
dicular Lean Mass (ALM/h2, kg/m2) are the two meas-
ures of lean mass used in this study as surrogate measures 
of muscle mass. SMI represents whole body lean mass 
expressed as a percentage of total body mass, and ALM/
h2 was calculated as appendicular lean mass corrected 
for height. An ICU electronic database provided infor-
mation on ICU and hospital admission date, ICU, and 
hospital length of stay (LOS), ICU and hospital survival, 
admission category, APACHE II score, co-morbidities, 
and duration of mechanical ventilation. To determine if 
the GOS-ICU sample was representative of the general 
UHG ICU population, these data were also collected for 
all admission to UHG ICU during the study period.

Outcomes
The primary outcome was relative risk of ICU admission 
based on measures of lean mass expressed as continu-
ous variables or T-score strata. For the ICU-GOS par-
ticipants, secondary outcomes included hospital and ICU 
survival, hospital and ICU length of stay, and duration of 
mechanical ventilation.
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Statistical analysis
Characteristics of participants were described by mean 
(± SD) or median (IQR) or relative frequencies (%) 
stratified by ICU admission, ICU, or in-hospital mor-
tality status. Participant characteristics were compared 
using t-test or Mann–Whitney U test for continuous 
data and χ2 test (or Fisher’s exact test) for categorical 
data. ICU admission rates (per 1000 person-year) based 
on SMI and ALM/h2 T-score strata were calculated. 
Cox proportional hazard regression models were used 
to estimate hazard ratios (HR) and 95% CIs for ICU 
admission status across T-score strata of SMI or ALM/
h2. T scores for SMI were calculated using the full 
dataset to calculate the young adult (20–39  yr) mean 
(men = 74.10 ± 7.37 [n = 356], women = 59.62 ± 8.99 
[n = 315]), and published T-score values for ALM/h2 
were used [27]. Age and sex adjusted HRs were esti-
mated from multivariable Cox proportional hazard 
regressions. The proportional hazard assumption was 
evaluated graphically by log(-log(survival)) plots, and 
Kaplan–Meier survival curves and model-based sur-
vival plots after adjusting for sex and gender for T-score 
strata of SMI and ALM/h2 were illustrated.

Multivariable logistics regression was used to esti-
mate odds ratio (OR) and 95% CIs for ICU, hospital, and 
28-day mortality across continuous scores and propor-
tions status across T-score strata of SMI and ALM/h2. 
The multivariable logistic models were adjusted for age, 
sex, APACHE III score, admission category, co-morbidi-
ties, and smoking status, which were determined a priori 
based on known risk factors for mortality. Due to poten-
tial improvement in mortality rates during the study 
period, the analysis was repeated with the addition of 
ICU admission year in the form of five-yearly strata.

Multivariable linear regression analysis was used to 
model the association between SMI or ALM/h2 with 
ICU, hospital length of stay (LOS) or length of mechani-
cal ventilation. Due to skewness, ICU and hospital LOS 
were log-transformed. The covariates included in each 
model were the same as previously described for logis-
tic models. A two-sided alpha level of 0.05 was used to 
determine statistical significance. Stata 16 (StataCorp. 
2019. Stata Statistical Software: Release 16. College Sta-
tion, TX: StataCorp LLC) was used for statistical analysis.

Results
Participants
Between June 1998 and February 2019, across 48.155 
person-years, data linkage identified 186 GOS partici-
pants with admission to UHG ICU and at least one pre-
admission DXA scan, with multiple admissions among 31 
participants (Fig. 1).

At enrolment to GOS, baseline comparison of the ICU 
and non-ICU GOS participants revealed the ICU-GOS 
group had a higher proportion of men, were older, and 
had a higher BMI (Table  1). Due to its nonlinear rela-
tionship with ICU admission, age was expressed as a 
categorical variable with four strata (< 40, 40–59, 60–79 
and ≥ 80 yr). Most participants admitted to the ICU were 
over the age of 60  years, with two and 21 participants 
admitted to the ICU from the < 40 yr and 40–60 yr age 
strata, respectively. A high proportion of ICU-GOS par-
ticipants were admitted following surgery (38.2% general 
surgery, 35.5% cardiothoracic surgery), and cardiovascu-
lar co-morbidities were the most common. More than 
half (58.1%) of the ICU–GOS participants were mechani-
cally ventilated, for a median duration of 12  h [IQR 8, 
22], with ICU mortality 7.1%, and hospital mortality 
13.1%. Compared to all admissions to UHG ICU during 
the study period, there were no differences in proportion 
of males, ICU- or hospital LOS, duration of mechani-
cal ventilation, or ICU mortality rate for the GOS-ICU 
participants. However, our sample was older at ICU 
admission (median 75 yr [IQR 68, 81] vs 66 yr [IQR 54, 
75], p < 0.001), had a higher APACHE III score (median 
55 [IQR 43, 66] vs 51 [39, 65], p = 0.03) and contained 
a higher proportion of surgical patients (73.4 vs 57.8%, 
p < 0.001).

Muscle mass as a risk factor for ICU admission
Overall rate for ICU admission was 3.86 (95%CI 3.35–
4.46) per 1000-person-years, with the rate for men more 
than double that of women (6.47; 95%CI 5.39–7.76 vs. 
2.34; 95%CI 1.85–2.95). Overall, ICU admission rate 
increased with decreasing T-score strata for both ALM/
h2 and SMI (Table  2). Kaplan–Meier curves for ICU 
admission risk across T score strata are presented in 
Fig.  2. When separated into sex, the pattern of pro-
gressive ICU admission risk with decreasing lean mass 
remained present for both males and females; however, 
differences between T scores were not significant for 
females due to lower numbers in each stratum.

In Cox regression analysis, the unadjusted hazard ratio 
for ICU admission increased with decreasing T-score 
of lean mass but was only significant for SMI and not 
ALM/h2. After adjustment for age and sex, neither lean 
mass measure was a significant predictor of ICU admis-
sion risk (Table  3). Expressed as continuous variables, 
age- and sex-adjusted SMI or ALM/h2 were not pre-
dictors of ICU admission rate (SMI: HR 0.989 [95%CI 
0.967, 1.010, p = 0.315], ALM/h2: HR 1.108 [95%CI 0.936, 
1.311, p = 0.233). There were no significant interactions 
detected between age and sex in analysis of lean mass as 
either categorical or continuous variables.
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Post hoc power calculations were performed based on 
median split samples. Type I error was set at 0.05, and 
detectable effect size (i.e. RR) was estimated under 80% 
statistical power. With a total sample size of 3126 and 
48,166 total person-years exposure time, an ICU admis-
sion event rate ratio of 1.4 or greater is detectable. So, the 
study had statistical power to detect moderate effect sizes 
and potentially underpowered for very small effect sizes.

Pre‑ICU muscle mass and its relationship to ICU outcomes
Of the 186 ICU-GOS participants, three were transferred 
to other hospitals leaving 183 participants with data on 
ICU and hospital outcomes. Participants who died in 
ICU or hospital were older, more likely to have medi-
cal ICU admission, had a higher APACHE III score, and 
lower ALM/h2. Those who did not survive hospital also 

had higher proportions with smoking history and respir-
atory or cardiovascular co-morbidity (Additional file  1: 
Table S1).

When expressed as a continuous variable and after 
adjustment for sex, age, ICU admission category, co-
morbidities, APACHE III score and time from DXA scan 
to ICU, increasing SMI was associated with a reduction 
in the odds for ICU death (adjOR: 0.78: 95%CI 0.63–0.98; 
p = 0.029), whereas ALM/h2 was not (adjOR 0.68: 95%CI 
0.25–1.87; p = 0.46). In contrast, ALM/h2 (adjOR 0.40: 
95%CI 0.18 to 0.90; p = 0.027) but not SMI (adjOR 0.92: 
95%CI 0.84–1.01; p = 0.08) was associated with reduced 
odds of in-hospital death. Increased relative appen-
dicular lean mass was associated with reduced 28-day 
mortality, while percentage lean mass was not (ALM/
h2 adjOR: 0.25, 95%CI 0.10–0.63, p = 0.003, SMI adjOR: 

GOS Participants
n=3278 (1539M, 1739F)

GOS Participants
n=3138 (1429M, 1699F)

Excluded due to no whole-body 
scans or missing data n=110

Data linkage with UHG ICU database
containing admissions from 1998-2019

n=26777 (16402M, 10375F)

GOS participants with ICU admission 
n=229

GOS Participants without ICU admission 
n=2940

GOS participants with ICU admission and 
pre-admission DXA scan 

n=186

Fig. 1 Flowchart for included participants
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0.91, 95%CI 0.82–1.02, p = 0.09). Admission year was 
not associated with ICU, hospital, or 28-day mortal-
ity and did not alter the results for lean mass. Pearson 
χ2 test was performed to compare the distribution of 
ICU mortality across T score strata of lean mass. There 

was a significant relationship between ALM/h2 and 
ICU mortality (χ2 = 9.38, p 0.009) and hospital mortal-
ity (χ2 = 23.54, p < 0.001) but not SMI (ICU mortality 
χ2 = 1.47, p = 0.48; hospital mortality χ2 = 3.19, p = 0.2). 
However, low numbers (< 5) in expected frequency 
counts for several T score strata limit the reliability of 
these results. In multivariable linear regression analysis 
of 186 GOS-ICU participants, neither measure of pre-
admission lean mass was a predictor of ICU LOS (SMI 
Beta 1.01, 95%CI 0.99–1.02, p = 0.55; ALM/h2 Beta 1.14, 
95%CI 0.98–1.32, p = 0.08) or hospital LOS (SMI Beta 
1.00, 95%CI 0.98–1.02, p = 0.82; ALM/h2 Beta 1.02, 
95%CI 0.88–1.18, p = 0.82) when expressed as a continu-
ous variable. When lean mass values were expressed as a 
categorical variable in the form of T score strata, results 
remained unchanged. In 108 ICU patients who received 
mechanical ventilation, lean mass was not related to 
duration (SMI Beta 1.02, 95%CI 0.99–1.06, p = 0.20; 
ALM/h2 Beta 1.16, 95%CI 0.93–1.45, p = 0.19).

Discussion
In this study, we aimed to determine the association 
between muscle mass and admission to the ICU, using 
DXA-derived measures of pre-ICU lean mass, in partici-
pants from a population-based cohort study. Lean mass 
expressed as percentage lean mass or relative appen-
dicular lean mass was not a significant predictor of ICU 
admission, indicating that we did not detect a difference 
in lean mass between ICU and non-ICU participants 
prior to ICU admission. However, greater pre-ICU per-
centage lean mass (SMI) was associated with reduced 
ICU mortality, suggesting a relationship between relative 
lean mass rather than absolute lean mass. Interestingly 
appendicular lean mass but not percentage lean mass was 
associated with in-hospital mortality. Finally, our obser-
vation of a twofold increase in ICU admission rate among 
men has not previously been reported in the Australian 
setting and could represent a previously described sex-
bias [28, 29].

This is the first known study to use population-based 
data to examine pre-ICU muscle mass with previous 
research existing only in specific subgroups without com-
parison with population norms. Accelerated muscle loss 
(> 2% per year) measured via computed tomography (CT) 
at the third lumbar spine was reported in 68% of liver 
cirrhosis patients admitted to the ICU [25] while in the 
liver and lung transplant populations lower pre-operative 
muscle mass is common (32–35%) [24, 30, 31]. These are 
very specific ICU admission sub-groups where low mus-
cle mass is likely to be a surrogate marker of more severe 
chronic disease. Low muscle mass estimated via bio-
electrical impedance analysis was less common (8.3%) in 

Table 1 Baseline characteristics of participants included in 
analysis

Results are presented as median [interquartile range], mean (± standard 
deviation), or percentage (%)

GOS Geelong Osteoporosis Study; yr. years; cm centimetre; kg kilogram; BMI 
body mass index; ALM/h2 relative appendicular lean mass (kg/m2); ICU intensive 
care unit; LOS length of stay; Hr hours; APACHE III acute physiology, age, and 
chronic health evaluation system III

*At time of ICU admission

ICU GOS Non‑ICU GOS P value

Number 186 2940 –

Male/Female 115/71 1312/1628  < 0.001

Age at GOS enrolment (yr) 66.6 [59.8, 73.6] 50.5 [33.4, 70.3]  < 0.001

 < 40 9 (4.8) 1027 (35.0)

 40–59 39 (21.0) 819 (27.9)

 60–79 112 (60.2) 731 (24.9)

 > 79 26 (14.0) 362 (12.3)

Height at first scan (cm) 167.3 (± 9.4) 167.4 (± 10.2) 0.87

Weight at first scan (kg) 79.3 (± 16.8) 74.7 (± 16.1)  < 0.001

BMI at first scan (kg/m2) 28.4 (± 4.8) 26.6 (± 4.8)  < 0.001

Lean mass at first scan

 Total (kg) 50.4 (± 11.2) 47.4 (± 11.5)  < 0.001

 Percentage (%) 64.2 (± 9.3) 64.2 (± 9.8) 0.98

Fat mass at first scan

 Total (kg) 25.4 (± 9.0) 23.7 (± 9.7) 0.03

 Percentage (%) 32.2 (± 9.7) 31.6 (± 10.1) 0.43

ALM/h2 at first scan (kg/m2) 7.82 (± 1.26) 7.48 (± 1.33)  < 0.001

Age at ICU admission (yr) 75 [68, 81] – –

Admit category

 Medical 49 (26.3) – –

 Surgical 71 (38.2) – –

 Cardiothoracic surgery 66 (35.5) – –

Co-morbidities*

 Respiratory 68 (36.6) – –

 Cardiovascular 118 (63.4) – –

 Renal 26 (14.0) – –

 Diabetes 42 (22.6) – –

 Smoker 88 (47.3) – –

ICU LOS (days) 1.67 [0.94, 2.31] – –

Hospital LOS (days) 9.65 [6.09, 14.37] – –

APACHE III score 55 [44, 66] – –

Mechanically ventilated 108 (58.1) – –

 Duration of ventilation (h) 12 [8, 21.5]

Died in ICU 13 (7.1) – –

Died in hospital 24 (13.1) – –

28-day mortality 21 (11.3)
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elective cardiac surgery patients [32], in keeping with the 
results of this study, which contains a high proportion of 
cardiothoracic surgery patients.

Our results show that lean mass does not predict 
which community-based adults will require ICU admis-
sion and indicate that these patients arrive at ICU with 
normal muscle mass. However, the ICU admissions from 
the cohort in this study comprised predominately surgi-
cal patients who underwent mechanical ventilation for 
relatively short periods of time with short ICU length of 
stay. Surgical patients have been shown to have lower risk 
of new functional impairment at one year following dis-
charge (OR 0.3; 95%CI 0.2–0.44) [4] compared to medi-
cal ICU patients while known risk factors for post-ICU 
physical impairment from existing literature include age, 
history of anxiety, co-morbidities, sepsis, duration of 
mechanical ventilation and ICU length of stay [3, 4, 33, 
34]. This cohort was older and had more co-morbidity, 
but other risk factors were absent, indicating their risk 
of functional impairment may be lower than other ICU 
patients admitted with sepsis, respiratory failure, acute 
respiratory distress syndrome or trauma, where much of 
the existing research has been conducted [2, 33, 35–37]. 
The GOS is also an ambulant population-based sample 
which may not be representative of the entire ICU popu-
lation regarding pre-ICU muscle mass.

Muscle mass and quality measured within 48  h of 
ICU admission has been shown to be predictive of ICU 
outcomes including mortality [38–41]. However, acute 
illness is likely to have commenced days to weeks pre-
ceding ICU admission and with the early commence-
ment of skeletal muscle wasting in critical illness [6], 
these measures are not representative of pre-admission 
muscle mass. Existing literature examining the associa-
tion of true pre-admission muscle mass with ICU and 
hospital outcomes has produced varying results, possi-
bly due to inconsistencies in measurement approaches 
and cut-offs for low muscle mass, and heterogeneity 

Table 2 ICU admission rates (per 1000 person-year) based on percentage lean mass (SMI) and appendicular lean mass corrected for 
 height2 (ALM/h2)

SMI skeletal mass index; ALM/h2 relative appendicular lean mass

Person-years is a form of person-time measurement, it is summation of the actual time-at-risk that all participants contributed to the study. It is the sum of the time 
the participants spent in the study during the follow-up period (prior to ICU admission, death, or end of study period)

Overall N Rate SMI N Rate ALM/h2 N Rate

Total 186 3.86 (3.35–4.46) T > − 1 123 3.43 (2.88–4.10) T > − 1 133 3.58 (3.02–4.24)

− 2 < T ≤ − 1 49 4.67 (3.53–6.18) − 2 < T ≤ − 1 43 4.67 (3.46–6.29)

T ≤ − 2 14 7.65 (4.53–12.91) T ≤ − 2 10 6.06 (3.26–11.26)

Males 115 6.47 (5.39–7.76 T > − 1 73 5.87 (4.67–7.39) T > − 1 79 5.78 (4.63–7.20)

− 2 < T ≤ − 1 32 7.13 (5.04–10.08) − 2 < T ≤ − 1 29 8.41 (5.85–12.11)

T ≤ − 2 10 11.50 (6.19–21.37) T ≤ − 2 7 11.64 (5.55–24.41)

Females 71 2.34 (1.85–2.95) T > − 1 50 2.14 (1.62–2.82) T > − 1 54 2.30 (1.76–3.00)

− 2 < T ≤ − 1 17 2.84 (1.76–4.56) − 2 < T ≤ − 1 14 2.43 (1.44–4.10)

T ≤ − 2 4 4.16 (1.56–11.09) T ≤ − 2 3 2.86 (0.92–8.87)

82 30 0
464 177 0

2013 757 0

0

Number at risk

T score > -1 2331
-2 < T score < -1 655

T score > -2 125

10 20 30
Time (years)

114 26 0
585 243 0

1865 696 0

0

Number at risk

T score > -1   2496
-2 < T score < -1    543

T score < -2 86

10 20 30
Time (years)

T score >-1
-2 < T score < -1 
T score < - 2

IC
U

 a
dm

is
si

on
 ri

sk

ICU Admission Risk based on ALM/h2.

T score >-1
-2 < T score < -1 

T score < - 2

IC
U

 a
dm

is
si

on
 ri

sk

ICU Admission Risk based on SMI.

Fig. 2 Kaplan–Meier curves for ICU admission risk. SMI: Skeletal mass 
index; ALM/h2: relative appendicular lean mass
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between population groups. Measurement at the L3 
vertebra or psoas via clinically obtained abdominal or 
pelvic computed tomography are common approaches. 
Muscle mass is an independent predictor of hospi-
tal mortality in elderly surgical patients, is associated 
with duration of mechanical ventilation in lung trans-
plant patients and increased ICU and hospital mortal-
ity in liver cirrhosis patients [24, 25, 42]. In contrast, 
muscle mass is not a predictor of hospital mortality in 
non-elderly surgical patients, and low muscle mass was 
not associated with mortality or ICU length of stay in 
cardiac surgery patients [32]. These studies used non-
validated or regional measures of muscle mass and 
included specific ICU sub-populations.

Our study used a reliable measure of lean mass (DXA) 
in a general ICU population and observed a relationship 
between pre-ICU percentage lean mass and ICU mor-
tality. Percentage lean mass represents body composi-
tion and has an inverse relationship with percentage fat 
mass. This suggests a protective effect of lean mass rela-
tive to fat mass or could be due to increased fat mass 
itself. In contrast, hospital and 28-day mortality were 
associated with relative appendicular lean mass. Muscle 
mass of the limbs is likely to be more closely associated 
with strength and function than percentage lean mass, 
and lower appendicular lean mass could be a surrogate 
for increased frailty. Frailty is defined by a lack of physi-
ological reserve and compromised ability to cope with 
stressors [43], such as critical illness, and therefore 
may be more closely associated with overall survival. In 
keeping with previous research reporting muscle mass 
as a predictor of all-cause mortality [44], our finding 
supports the need to maintain muscle mass across the 
lifespan. Given the high proportion of surgical patients 
in this cohort, our findings could support a role in pre-
operative rehabilitation to improve post-surgical ICU 
outcomes.

Muscle mass is only one determinant of physical 
function, and an absence of difference between ICU 
and non-ICU participants does not exclude a difference 

in physical function. Muscle quality, strength and per-
formance are also important measures in the overall 
health of an older population and could potentially pre-
dict ICU admission, given that pre-admission low grip-
strength and walking speed have been associated with 
poorer acute and long-term outcomes in the ICU popu-
lation [45].

Limitations and strengths
A strength of this study is the use of data from a popu-
lation-based cohort study providing the opportunity for 
objective measurement of pre-admission lean mass in 
ICU patients who were not selected based on disease. 
The use of whole-body measures via DXA is a precise 
method for evaluating whole-body and appendicular lean 
mass and its use in this study is in keeping with recom-
mendations for assessment of lean mass as a surrogate 
measure for skeletal muscle mass in sarcopenia research 
[46, 47]. Limitations of this study include the large pro-
portion of surgical patients in the GOS participants 
admitted to ICU, potentially limiting the extrapolation 
to non-surgical ICU populations. We collected data from 
the sole tertiary level ICU in the region; however, it is 
possible that admissions to an ICU outside of the area 
were unaccounted for. It is not known if frailer and sar-
copenic patients were not admitted to the ICU due to 
poor prognosis and whether this has limited our power 
to detect a relationship between muscle mass and ICU 
admission. Due to the intervals in follow-up in GOS, we 
are also not able to account for any changes in lean mass 
in the time between DXA scanning and ICU admission. 
Finally, with the use of longitudinal observational studies 
there is a risk of loss to follow-up bias.

Conclusion
This study examined the association between lean mass 
and the risk for admission to the ICU. We report that DXA-
derived lean mass was not identified as an independent 
predictor for ICU admission; however, a greater percent-
age lean mass was associated with lower ICU mortality. 

Table 3 Comparison of ICU admission risk using T-scores of SMI and ALM/h2: results of unadjusted and age and sex adjusted Cox 
proportional hazard models

SMI skeletal mass index; ALM/h2 relative appendicular lean mass; HR hazard ratio; AdjHR adjusted hazard ratio, CI confidence interval; SE standard error

T score Unadjusted HR (95%CI) SE P value AdjHR (95%CI) SE P value

SMI T > − 1 1.00 – – 1.00 – –

− 2 < T ≤ − 1 1.40 (1.01–1.95) 0.24 0.05 1.00 (0.71–1.40) 0.17 0.99

T ≤ − 2 2.26 (1.30–3.93) 0.64 < 0.01 1.51 (0.86–2.64) 0.43 0.15

ALM/h2 T > − 1 1.00 – – 1.00 – –

− 2 < T ≤ − 1 1.29 (0.91–1.81) 0.23 0.15 0.95 (0.67–1.34) 0.17 0.75

T ≤ − 2 1.66 (0.87–3.16) 0.55 0.12 0.95 (0.49–1.83) 0.32 0.88
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Further research examining pre-post changes in muscle 
mass in ICU patients and the association with functional 
outcomes will assist in determining the relationship of pre-
morbid muscle with post-ICU impairments.

Abbreviations
ICU: Intensive care unit; GOS: Geelong Osteoporosis Study; HR: Hazard ratio; 
DXA: Dual x-ray absorptiometry; SMI: Skeletal mass index; ALM: Appendicular 
lean mass; UHG: University Hospital Geelong; NDI: National death index; BMI: 
Body mass index; APACHE: Acute physiology and chronic health evaluation; 
OR: Odds ratio; LOS: Length of stay; CT: Computed tomography.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13054- 021- 03788-y.

Additional file 1. Baseline characteristics of GOS-ICU participants based 
on hospital survival.

Acknowledgements
The authors acknowledge the Australian Institute for Health and Welfare 
(AIHW) for deaths data.

Authors’ contributions
All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by MT and MM. The first 
draft of the manuscript was written by MT, and all authors commented on 
previous versions of the manuscripts. All authors read and approved the final 
manuscript.

Funding
The Geelong Osteoporosis Study has received funding from the National 
Health and Medical Council (NHMRC) Australia (299831, 251638, 628582).

Availability of data and materials
Data available upon reasonable request.

Code availability
Stata 16 (StataCorp. 2019. Stata Statistical Software: Release 16. College Sta-
tion, TX: StataCorp LLC.) was used for statistical analysis.

Declarations

Ethics approval and consent to participate
Ethics approval for the study was provided by Barwon Health Human Research 
Ethics Committee. All participants provided written, informed consent.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Author details
1 IMPACT (Institute of Mental and Physical Health and Clinical Translation), 
Deakin University, Geelong, Australia. 2 Barwon Health, Geelong, Australia. 
3 Faculty of Health, Biostatistics Unit, Deakin University, Geelong, Australia. 
4 Australian and New Zealand Intensive Care Research Centre (ANZIC-RC), 
Department of Epidemiology and Preventive Medicine (DEPM), Monash Uni-
versity, Melbourne, Australia. 5 Department of Medicine-Western Health, The 
University of Melbourne, St Albans, Australia. 6 Department of Epidemiology 
and Preventive Medicine (DEPM), Monash University, Melbourne, Australia. 

Received: 15 September 2021   Accepted: 2 October 2021

References
 1. Herridge M, Cheung A, Tansey C, Matte-Martyn A, Diaz-Granados N, 

Al-Saidi F, et al. One-year outcomes in survivors of the acute respiratory 
distress syndrome. N Engl J Med. 2003;348:683–93.

 2. Herridge MS, Tansey CM, Matté A, Tomlinson G, Diaz-Granados N, Cooper 
A, et al. Functional disability 5 years after acute respiratory distress syn-
drome. N Engl J Med. 2011;364:1293–304.

 3. Solverson KJ, Grant C, Doig CJ. Assessment and predictors of physical 
functioning post-hospital discharge in survivors of critical illness. Ann 
Intensive Care. 2016;6(1):92.

 4. Wilson ME, Barwise A, Heise KJ, Loftsgard TO, Dziadzko M, Cheville A, et al. 
Long-term return to functional baseline after mechanical ventilation in 
the ICU. Crit Care Med. 2017;46:562–9.

 5. Geense WW, Zegers M, Peters MAA, Ewalds E, Simons KS, Vermeu-
len H, et al. New physical, mental, and cognitive problems 1-year 
post-ICU: a prospective multicenter study. Am J Resp Crit Care Med. 
2021;203:1512–21.

 6. Puthucheary ZA, Rawal J, McPhail M, Connolly B, Ratnayake G, 
Chan P, et al. Acute skeletal muscle wasting in critical illness. JAMA. 
2013;310(15):1591–600.

 7. Bednarik J, Lukas Z, Vondracek P. Critical illness polyneuromyopathy: the 
electrophysiological components of a complex entity. Intensive Care 
Med. 2003;29(9):1505–14.

 8. Parry SM, El-Ansary D, Cartwright MS, Sarwal A, Berney S, Koopman R, 
et al. Ultrasonography in the intensive care setting can be used to detect 
changes in the quality and quantity of muscle and is related to muscle 
strength and function. J Crit Care. 2015;30(5):1151e9–14.

 9. Koch S, Spuler S, Deja M, Bierbrauer J, Dimroth A, Behse F, et al. Critical 
illness myopathy is frequent: accompanying neuropathy protracts ICU 
discharge. J Neurol Neurosurg Psychiatry. 2011;82(3):287–93.

 10. Puthucheary ZA, Astin R, McPhail MJW, Saeed S, Pasha Y, Bear DE, et al. 
Metabolic phenotype of skeletal muscle in early critical illness. Thorax. 
2018;73:926–35.

 11. Pasco JA. Age-related changes in muscle and bone. In: Duque G, editor. 
Osteosarcopenia: bone, muscle and fat interactions. Cham: Springer 
International Publishing; 2019. p. 45–71.

 12. Griffith DM, Salisbury LG, Lee RJ, Lone N, Merriweather JL, Walsh TS, et al. 
Determinants of Health-Related Quality Of Life After ICU: importance of 
patient demographics, previous comorbidity, and severity of illness. Crit 
Care Med. 2018;46(4):594–601.

 13. Pfoh ER, Wozniak AW, Colantuoni E, Dinglas VD, Mendez-Tellez PA, 
Shanholtz C, et al. Physical declines occurring after hospital discharge 
in ARDS survivors: a 5-year longitudinal study. Intensive Care Med. 
2016;42(10):1557–66.

 14. Khouli H, Astua A, Dombrowski W, Ahmad F, Homel P, Shapiro J, et al. 
Changes in health-related quality of life and factors predicting long-term 
outcomes in older adults admitted to intensive care units. Crit Care Med. 
2011;39(4):731–7.

 15. Parry SM, Nalamalapu SR, Nunna K, Rabiee A, Friedman LA, Colantuoni E, 
et al. Six-Minute Walk Distance After Critical Illness: A Systematic Review 
and Meta-Analysis. J Intensive Care Med. 2021;36(34):343–51.

 16. Geense WW, van den Boogaard M, Peters MAA, Simons KS, Ewalds E, 
Vermeulen H, et al. Physical, mental, and cognitive health status of 
ICU survivors before ICU admission: a cohort study. Crit Care Med. 
2020;48(9):1271–9.

 17. Bagshaw SM, Stelfox HT, McDermid RC, Rolfson DB, Tsuyuki RT, Baig N, 
et al. Association between frailty and short- and long-term outcomes 
among critically ill patients: a multicentre prospective cohort study. 
CMAJ. 2014;186(2):E95-102.

 18. Muscedere J, Waters B, Varambally A, Bagshaw SM, Boyd JG, Maslove D, 
et al. The impact of frailty on intensive care unit outcomes: a systematic 
review and meta-analysis. Intensive Care Med. 2017;43(8):1105–22.

 19. Iwashyna TJ, Ely EW, Smith DM, Langa KM. Long-term cognitive impair-
ment and functional disability among survivors of severe sepsis. JAMA. 
2010;304(16):1787–94.

https://doi.org/10.1186/s13054-021-03788-y
https://doi.org/10.1186/s13054-021-03788-y


Page 9 of 9Thackeray et al. Crit Care          (2021) 25:364  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 20. Ferrante LE, Pisani MA, Murphy TE, Gahbauer EA, Leo-Summers LS, Gill 
TM. Functional trajectories among older persons before and after critical 
illness. JAMA Intern Med. 2015;175(4):523–9.

 21. Newman AB, Haggerty CL, Goodpaster BH, Harris TB, Kritchevsky S, Nevitt 
M, et al. Strength and muscle quality in a well-functioning cohort of older 
adults: the health, aging and body composition study. J Am Geriatr Soc. 
2003;51(3):323.

 22. Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (Sar-
copenia) in older persons is associated with functional impairment and 
physical disability. J Am Geriatr Soc. 2002;50(5):889–96.

 23. Reid KF, Naumova EN, Carabello RJ, Phillips EM, Fielding RA. Lower 
extremity muscle mass predicts functional performance in mobility-
limited elders. J Nutr Health Aging. 2008;12(7):493.

 24. Suh JW, Paik HC, Yu WS, Song SH, Park MS, Kim SY, et al. Effect of sarco-
penic overweight on lung transplant based on 3D reconstructed psoas 
muscle mass. Ann Thorac Surg. 2019;107:1626–31.

 25. Ju S, Choi SM, Park YS, Lee CH, Lee SM, Yoo CG, et al. Rapid muscle loss 
negatively impacts survival in critically Ill patients with cirrhosis. J Inten-
sive Care Med. 2018:885066618775706.

 26. Pasco JA, Nicholson GC, Kotowicz MA. Cohort profile: geelong osteoporo-
sis study. Int J Epidemiol. 2012;41(6):1565–75.

 27. Gould H, Brennan SL, Kotowicz MA, Nicholson GC, Pasco JA. Total and 
appendicular lean mass reference ranges for Australian men and women: 
the Geelong osteoporosis study. Calcif Tissue Int. 2014;94(4):363–72.

 28. Fowler RA, Sabur N, Li P, Juurlink DN, Pinto R, Hladunewich MA, et al. Sex-
and age-based differences in the delivery and outcomes of critical care. 
CMAJ. 2007;177(12):1513–9.

 29. Valentin A, Jordan B, Lang T, Hiesmayr M, Metnitz PG. Gender-related 
differences in intensive care: a multiple-center cohort study of thera-
peutic interventions and outcome in critically ill patients. Crit Care Med. 
2003;31(7):1901–7.

 30. Pravisani R, Soyama A, Isola M, Sadykov N, Takatsuki M, Hidaka M, et al. 
Chronological changes in skeletal muscle mass following living-donor 
liver transplantation: an analysis of the predictive factors for long-term 
post-transplant low muscularity. Clin Transpl. 2019;33:e13495.

 31. DiMartini A, Cruz RJ, Dew MA, Myaskovsky L, Goodpaster B, Fox K, et al. 
Muscle mass predicts outcomes following liver transplantation. Liver 
Transpl. 2013;19(11):1172–80.

 32. van Venrooij LM, de Vos R, Zijlstra E, Borgmeijer-Hoelen MM, van Leeuwen 
PA, de Mol BA. The impact of low preoperative fat-free body mass on 
infections and length of stay after cardiac surgery: a prospective cohort 
study. J Thorac Cardiovasc Surg. 2011;142(5):1263–9.

 33. Hodgson CL, Udy AA, Bailey M, Barrett J, Bellomo R, Bucknall T, et al. The 
impact of disability in survivors of critical illness. Intensive Care Med. 
2017;43(7):992–1001.

 34. Schandl A, Bottai M, Holdar U, Hellgren E, Sackey P. Early prediction of 
new-onset physical disability after intensive care unit stay: a preliminary 
instrument. Crit Care. 2014;18(4):455.

 35. Iwashyna TJ. Trajectories of recovery and dysfunction after acute illness, 
with implications for clinical trial design. Am J Respir Crit Care Med. 
2012;186:302–4.

 36. Hough CL, Herridge MS. Long-term outcome after acute lung injury. Curr 
Opin Crit Care. 2012;18:8–15.

 37. Needham DM, Dinglas VD, Bienvenu OJ, Colantuoni E, Wozniak AW, 
Rice TW, et al. One year outcomes in patients with acute lung injury 
randomised to initial trophic or full enteral feeding: prospective follow-up 
of EDEN randomised trial. BMJ. 2013;346:1532.

 38. Jaitovich A, Khan M, Itty R, Chieng HC, Dumas CL, Nadendla P, et al. ICU 
admission muscle and fat mass, survival, and disability at discharge: a 
prospective cohort study. Chest. 2019;155(2):322–30.

 39. Weijs PJM, Looijaard WGPM, Dekker IM, Stapel SN, Girbes AR, Oude-
mans-van Straaten HM, et al. Low skeletal muscle area is a risk factor 
for mortality in mechanically ventilated critically ill patients. Crit Care. 
2014;18(2):R12.

 40. Moisey LL, Mourtzakis M, Cotton BA, Premji T, Heyland DK, Wade CE, et al. 
Skeletal muscle predicts ventilator-free days, ICU-free days, and mortality 
in elderly ICU patients. Crit Care. 2013;17(5):R206.

 41. Ji Y, Cheng B, Xu Z, Ye H, Lu W, Luo X, et al. Impact of sarcopenic obesity 
on 30-day mortality in critically ill patients with intra-abdominal sepsis. J 
Crit Care. 2018;46:50–4.

 42. Rangel EL, Rios-Diaz AJ, Uyeda JW, Castillo-Angeles M, Cooper Z, Olufajo 
OA, et al. Sarcopenia increases risk of long-term mortality in elderly 
patients undergoing emergency abdominal surgery. J Trauma Acute Care 
Surg. 2017;83:1179–86.

 43. Xue Q-L. The frailty syndrome: definition and natural history. Clin Geriatr 
Med. 2011;27(1):1–15.

 44. Pasco JA, Mohebbi M, Holloway KL, Brennan-Olsen SL, Hyde NK, 
Kotowicz MA. Musculoskeletal decline and mortality: prospective data 
from the Geelong Osteoporosis Study. J Cachexia Sarcopenia Muscle. 
2017;8(3):482–9.

 45. Files DC, Neiberg R, Rushing J, Morris PE, Young MP, Ayonayon H, et al. 
Influence of prehospital function and strength on outcomes of critically 
ill older adults. J Am Geriatr Soc. 2018;66:525–31.

 46. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. 
Sarcopenia: revised European consensus on definition and diagnosis. Age 
Ageing. 2018:afy169-afy.

 47. Dent E, Morley JE, Cruz-Jentoft AJ, Arai H, Kritchevsky SB, Guralnik J, et al. 
International clinical practice guidelines for sarcopenia (ICFSR): screening, 
diagnosis and management. J Nutr Health Aging. 2018;22(10):1148–61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Lean mass as a risk factor for intensive care unit admission: an observational study
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Study design
	Study population
	Data collection
	Outcomes
	Statistical analysis

	Results
	Participants
	Muscle mass as a risk factor for ICU admission
	Pre-ICU muscle mass and its relationship to ICU outcomes

	Discussion
	Limitations and strengths

	Conclusion
	Acknowledgements
	References


