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Abstract: Background: Using residual values calculated from models regressing appendicular lean mass on
fat mass and height is one of several suggested strategies for adjusting appendicular lean mass for body size
when measuring sarcopenia. However, special consideration is required when using this technique in different
subgroups in order to capture the correct individuals as sarcopenic. Objectives: To provide guidance about
how to conduct stratified analyses for the regression adjustment technique using age groups as an example.
Design: Cross-sectional study. Setting: Data collected at baseline (2012-2015) for the Canadian Longitudinal
Study on Aging. Participants: Community dwelling participants of European descent aged 45 to 85 years
(n=25,399). Measurements: Appendicular lean mass, height, and weight were measured. Sex-specific residuals
were calculated in participants before and after stratifying participants by age group (45-54, 55-64, 65-74, 75-85
years). Cut offs corresponding to the sex-specific 20th percentile residual values in participants =65 years were
determined first in the residuals calculated in all participants and residuals calculated in only those aged =65
years. For each set of cut offs, the percentage of age and sex-stratified participants with low appendicular lean
mass were compared for the residuals calculated in all participants and the residuals calculated after stratifying
by age. Results: In 12,622 males and 12,737 females, regardless of the cut off used, the percentage of participants
with low appendicular lean mass decreased with age when residuals were calculated after age stratification.
When the residuals were calculated in all participants, the percentage of participants with sarcopenia increased
from the youngest to the oldest age groups. Conclusions: Sex-specific residuals in all participants should be
calculated prior to stratifying the sample by age group, or other stratification variables, for the purposes of
developing appendicular lean mass cut offs or subgroup analyses.
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Introduction be adjusted for body size due to the strong correlation between
ALM with height and weight, however there is little agreement

Sarcopenia refers to the decline in muscle mass, muscle about which measure of body size should be utilized (6, 11).

strength, and muscle function that occurs with age (1). It
is associated with an increased risk of falls and fractures,
activities of daily living limitations, and mortality (2-5). Given
the profound individual and societal costs of sarcopenia, there
has been substantial interest in finding ways to prevent and
treat sarcopenia. However, the field of sarcopenia research has
been hindered by the lack of a clear definition and standardized
diagnostic criteria (6).

Four expert-group definitions for sarcopenia define
sarcopenia as the combination of low muscle mass, typically
measured as appendicular lean mass (ALM), with either low
muscle strength or impaired physical performance (6-10).
There is a consensus among the definitions that ALM should
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Four techniques are recommended; dividing by height squared,
body mass, body mass index (BMI), and regressing ALM
on height and fat mass (6—10). Of these methods, regressing
ALM on height and fat mass may most accurately identify
individuals with low ALM as it adjusts for two measures of
body size whereas the other techniques only adjust for one
measure of body size (12). This technique involves creating
a regression model (ALM = intercept + height (m2) + fat
mass (kg)) in a sample of individuals. For each individual, a
predicted value of ALM is calculated based on the regression
equation. Subtracting the estimated value of ALM from the
actual value of ALM for each person provides a residual value.
Positive residual values indicate that the individual has more
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ALM than would be expected given their height and weight and
negative residual values indicate the individual has less ALM
than would be expected given their height and weight.

Unlike adjusting ALM by height, weight, or BMI which
are done at the individual level and are not influenced by
other participants, calculating residuals is dependent on
the sample. For height, weight, and BMI adjustment, the
adjusted values refer to the same amount of ALM relative
to the anthropometric measure adjusted for regardless of the
person or sample. In contrast, the residual value for each
person is dependent on the regression equation which in
turn is dependent on the distribution of the variables in the
sample. Consequently, even if low ALM offs are developed
in a random, population-based sample, they cannot be
appropriately applied to another population unless the two
samples have identical joint distributions of ALM, fat mass,
and height. Due to the unavailability of cut offs, studies that
have investigated sarcopenia using the residual adjustment
technique have considered the lowest quintile of sex-specific
residual values as sarcopenic (13—19). However, a consequence
of using the lowest quintile is that sarcopenia prevalence is the
same for all studies, regardless of age, which is problematic for
a condition for which the prevalence increases with age. This
poses additional challenges for studies with a wide range of
ages which want to conduct age stratified analyses.

To our knowledge, there has not been any discussion in the
literature about the implications of stratifying a sample by age
when applying the residual technique. We aimed to provide the
necessary guidance for how to handle age stratification when
calculating residual values for ALM adjusted for height and fat
mass.

Methods

Setting and study population

We used data from the Canadian Longitudinal Study on
Aging (CLSA), a national longitudinal research platform.
There were 51,338 participants aged 45 to 85 years recruited
from the ten Canadian provinces at baseline. Participants
had to be physically and cognitively able to participate on
their own as well as not living in institutions such as long
term care to be eligible for the study. The participants were
recruited in to one of two cohorts, the Tracking cohort and
the Comprehensive cohort. Participants from all ten provinces
were randomly selected for the Tracking cohort (n=21,241)
and were interviewed by telephone. The Comprehensive
cohort participants (n=30,097) lived within 25-50kg of one
of 11 Data Collection Sites located in seven provinces. The
Comprehensive cohort participants were interviewed in-person
and also completed in-depth physical assessments and provided
blood and urine samples. Details on the study design have
been described elsewhere (20). Only participants from the
Comprehensive cohort (n=30,097) were included in these
analyses as the physical assessment data was required. The

sample was further limited to those identifying as European as
ALM, muscle strength, and physical function have shown to
vary by ethnicity (21-23). This project uses data collected at
baseline (September 2011 to May 2015). Ethics approval was
received by the Hamilton Research Ethics Board (#2686).

Clinical measurements

Trained research assistants collected data on height,
weight, and muscle mass. Height was measured twice using
a stadiometer and the mean value of the two measurements
was used in the analyses. The Hologic Discovery ATM DXA
machine was calibrated daily using a spine phantom, weekly
using a whole body step phantom, and yearly using a gold
standard phantom. DXA provides a valid measures of ALM and
fat mass when compared to the gold standards of computerized
tomography (CT) and magnetic resonance imaging (MRI) scans
(24, 25).

All analyses were stratified by sex. We used multiple linear
regression models with ALM as the dependent variable and
height (m2) and fat mass (kg) as the independent variables to
estimate the predicted value of ALM for each participant. The
residual values were calculated as the predicted value of ALM
subtracted from the actual value of ALM. To test the impact
of age stratification on the residual values, we first calculated
residuals based on the regression model including participants
aged 45 to 85 years. We then calculated residuals based on
regression models run separately for each age strata (45 to
54, 55 to 64, 65 to 74, and 75 to 85 years). We followed the
EWGSOP recommendation of using the lowest sex-specific
20th percentile of residual values as the cut off for low ALM
(7). We chose to limit the sample for calculating cut offs to
participants =65 years based on guidance from the literature (7).
To explore the impact of age stratification on the values of the
residual cut offs, we determined the cut offs for the residuals in
the model that included all participants aged 45 to 85 years, as
well as for residual values based on a model that only included
participants 65 years and older.

The cut-offs detertmined using the non-age stratified
residuals and the residuals calculated in just participants
aged =65 years were applied to the residuals calculated in the
whole sample and the age-stratified residuals. Therefore, there
were four different strategies used to identify participants:
Strategy 1: all residuals calculated in all participant; Strategy
2: individual residuals calculated in all participants, cut offs
developed in participants =65 years; Strategy 3: individual
residuals calculated in specific age groups, cut offs developed
in all participants; Strategy 4: individual residuals calculated
in specific age groups, cut offs developed in participants =65
years.

Statistical anaylses

Of the 30,097 participants at baseline, 1324 were excluded
as they were non-European, 3356 were excluded for missing
ALM, grip strength, gait speed, or BMI data resulting in a final
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Table 1
Participant characteristics

Aged <65 years Aged 265 years
Males Females Males Females
Mean or N SEor %  Meanor N SE or % Mean or N SE or % Mean or N SE or %
Total population 7286 48.7 7677 51.3 5376 515 5060 48.5
Age, years 558 54 555 54 73.0 5.6 73.0 5.7
Height, cm 176.6 6.7 163.1 6.3 1739 6.7 159.9 6.3
Weight, kg 89.0 16.5 74.1 16.9 84.6 14.1 709 14.3
BMI, kg/m? 28.5 5.0 278 6.3 28.0 42 278 55
Total body fat mass, % 255 9.5 29.8 11.0 255 8.0 29.6 94
Appendicular lean mass (kg) 272 42 179 34 244 3.7 163 29
ALM/height® 8.71 1.16 6.72 1.14 8.05 1.03 6.37 1.01
ALM/weight 30.89 3.17 24.55 3.05 29.03 3.00 2327 2.74
ALM/BMI 0.97 0.13 0.66 0.11 0.88 0.11 0.60 0.09
Gait speed, meters per second 1.03 0.18 1.02 0.19 0.94 0.19 0.90 0.19
Grip strength, kg 473 9.1 28.6 5.6 394 8.5 236 52
Chronic conditions
Heart disease' 648 9.0 375 49 1403 26.6 772 155
Cardiovascular disease? 151 2.1 147 19 416 7.8 332 6.6
Diabetes 1108 153 1011 132 1296 242 876 174
COPD 259 3.6 341 45 348 6.5 408 8.1
Cataracts or glaucoma 707 99 984 13.1 2652 509 3027 61.7
Osteoarthritis 1070 149 1632 21.7 1379 264 2060 422
Depression 937 129 1325 174 527 10.0 888 179
Dementia/Alzheimer’s Disease 7 0.1 9 0.1 22 04 17 03
Neurological conditions? 648 89 1678 219 376 7.0 864 172
Osteoporosis 82 1.1 616 8.1 202 3.8 1223 24.5
Hypertension 2212 305 1884 24.6 2626 492 2463 489
Peripheral vascular disease 214 30 309 40 380 7.1 386 7.7
Kidney disease 2011 277 1960 25.6 1516 283 1444 28.6
Cancer 478 6.6 768 10.0 1205 225 975 19.3
Poor or fait self-rated health (%) 635 8.7 572 75 454 8.5 417 8.3
Smoking (%)
Never 6483 89.4 6811 89.1 5056 94.7 4763 95.0
Former 160 22 157 2.1 45 0.8 42 0.8
Current 611 84 673 8.8 237 44 211 42
Household income (%)
< $20,000 242 34 329 45 179 35 423 94
> $20,000 < $50,000 770 109 1200 16.5 1309 259 1872 41.8
= $50,000 <$100,000 2114 30.0 2496 343 2235 442 1579 352
> $100,000 < $150,000 1862 26.5 1661 228 866 17.1 423 94
= 150,000 2051 29.1 1593 219 472 9.3 185 4.1
PASE score 172.6 80.3 150.9 744 125.5 60.4 107.8 532

1. Heart disease includes angina, myocardial infarction, and heart disease; 2. Cardiovascular disease includes stroke and transient ischemic attack; 3. Neurological conditions include
multiple sclerosis, epilepsy, migraine headaches, and Parkinson’s Disease
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sample size of 25,399 participants. All statistical analyses were
completed using SAS (version 12.3).

The percentage of age and sex-stratified participants
categorized as having low ALM by each of the four strategies
for handling age-stratification for the development of cut offs
and individual residual values were determined. Bootstrap
percentile confidence intervals were calculated for each
estimate. This technique involves resampling with replacement
and calculating the proportion of participants with sarcopenia
for each resample (26). We resampled 10,000 times and
identified the values corresponding to the 2.5th and 97.5th
percentiles of the 10,000 resamples in order to estimate the 95%
confidence interval. This technique has the advantage of only
including valid values of parameter estimates in the confidence
interval (26).

Results

Participant characteristics

The mean (SD) age of the participants was 62.8 (10.2) years
and 49.9% of the sample were males (Table 1). Younger males
and females had greater mean (SD) ALM: 27.2kg (4.2) and
17.9kg (3.4), grip strength: 47.3kg (9.1) and 28.6kg (5.6), and
gait speed: 1.03m/s (0.18) and 1.02m/s (0.19) compared to older
males and females (ALM: 24.4kg (3.7) and 16.3kg (2.9), grip
strength: 39.4kg (8.5) and 23.6kg (5.2), and gait speed: 0.94m/s
(0.19) and 0.90m/s (0.19).

Distribution of residuals

The overall distribution of the residual values was
calculated in all participants versus calculating the residuals
in age-stratified groups. In males, the mean (SD) for all
participants was 0 (2.90), while the mean of the residuals for
all age-stratified residuals pooled together was 0 (3.13). The
corresponding values were 0 (2.08) and 0 (2.16) in females.
However, the distribution of the data within each age group
was markedly different. In both males and females, when the
residuals were calculated after stratifying the sample by age, the
residuals of each age group had a mean of 0. In contrast, when
the residuals were calculated in the whole sample, there was
a gradient of mean values when stratified by age group. The
mean residual value for males 45 to 54 years was 1.36 and for
females was 0.84 which decreased to -1.95 in males and -0.67
in females aged 75 to 85 years (Supplementary Appendix 1).

Muscle mass cut off estimates

The lowest 20th percentile cut offs corresponded to -3.51
for males and -2.15 for females when the residual values
were calculated all participants, then restricted to participants
aged =65 years. When the residuals were calculated in only
participants =65 years, the 20th percentile cut offs were -2.23
for males and -1.58 for females.

Low muscle mass prevalence

The lower cut offs determined using the non-age stratified
residual values of -3.51 for males and -2.23 for females
identified fewer participants as having low muscle mass
compared to the age-stratified residual values of -2.15 for
males and -1.58 for females (Figure 1). For these cut offs, the
prevalence of low muscle mass was 12.3% for males and 14.6%
for females when the individual residuals were not age stratified
(Strategy 1) and 10.3% for males and 13.8% for females when
the individual residuals were age stratified (Strategy 3). The
cut offs developed using residual values calculated in only
participants =65 years, identified 23.8% of males and 22.8%
of females as having low ALM when the non-age stratified
residual values (Strategy 2) and 21.7% of males and 21.9%
of females as having low ALM when the age-stratified values
were used (Strategy 4).

When looking at the percentage of people with low muscle
mass within each age group, the percentage of males and
females with low muscle mass increased with age when the
individual residuals were not age-stratified, regardless of the cut
offs used (Strategy 1 and Strategy 2). In contrast, the percentage
of males and females with low muscle mass decreased with
age when the age-stratified residuals were used (Strategy 3 and
Strategy 4).

Discussion

To our knowledge, this is the first study to investigate the
implications of age stratification when using the residual
values for ALM after regressing on height and fat mass. We
determined that residual values should be calculated in all
participants before stratifying by age for the purposes of
subgroup analyses or developing muscle mass cut offs (Strategy
1).

Stratifying the sample by age prior to calculating residuals
for the purpose of subgroup analyses based on age or for
developing cut offs proved problematic. When the sample was
stratified by age before calculating the residuals (Strategy 3
and Strategy 4), the percentage of participants with low ALM
decreased from the youngest to the oldest age groups (Figure
1) because of how the residuals are calculated. The maximum
likelihood estimation technique used in linear regression to
calculate the residuals requires that the sum of the residuals for
the sample to equal zero. When the sample was stratified by age
before calculating the residuals, the mean value of the residuals
for each age group was zero. However, the standard deviation
decreased with age (Supplementary Appendix 1). The greater
the standard deviation for the age group, the more participants
were below the low ALM cut off and therefore the higher the
percentage of people with low ALM.

The problems we encountered stratifying our sample by
age before calculating the residuals extend to any situation
in which residuals calculated in one sample are combined
or applied to another sample. Residual values are sample
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Figure 1
Percentage of participants with low ALM adjusted for height and fat mass stratified by age group and sex
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dependent and therefore unless two groups of participants have
identical joint distributions of ALM, height, and fat mass, the
residuals from one study will not identify people with the same
amount of ALM relative to height and fat mass. This means
that cut offs for the residual technique, even if developed in a
population-based random sample with cut offs validated against
relevant health outcomes, cannot be meaningfully applied to
another sample. For this reason, in our analyses Strategy 1
which calculates the residuals in all participants before limiting
to those =65 years to determine the lowest quintile is the
appropriate strategy.

To resolve the issue of residual values and corresponding
cut offs not being comparable between studies, prediction
equations, similar to those that have been used for lung function
can be developed (27). A sample of representative older adults
could be used to create sex-specific prediction equations for
ALM based on height and fat mass. Variables such as age,
ethnicity, and other body composition variables could be
explored for inclusion in the equation, as well as possible
interactions between variables. These equations would allow for
results to be meaningfully compared between studies and would
also allow clinicians to use this technique to diagnose low
ALM in individuals. Low ALM cut offs, ideally determined by
assessing which cut offs best predict health outcomes relevant
to sarcopenia, could be established and used differents studies.

To our knowledge, only one study has assessed the
relationship between low ALM operationalized using the
residual adjustment technique with health (12, 28). Cawthon et
al. observed that low ALM adjusted for height and fat mass was
significantly associated with risk of functional limitations and
mortality, but not recurrent falls or hip fractures (12). Studies
operationalizing sarcopenia as low ALM only often do not find

significant associations with health, therefore the associations
found with functional limitations and mortality are particularly
notable (12, 29, 30). Given this evidence as well as the strong
face validity for adjusting ALM simultaneously for height and
fat mass, future studies are required to determine if adjusting
ALM for height and fat mass, alone and in combination with
muscle strength or function, better identifies people at poor risk
for health compared to the other adjustment techniques.

In conclusion, adjusting ALM for height and fat mass
using the regression technique is a promising method of
operationalizing low ALM that warrants greater inclusion
in future sarcopenia studies. In this study, we show that to
appropriately apply the residual technique to a stratified sample,
the regression equation must be calculated in all participants
before stratifying the sample in order to identify the correct
individuals as sarcopenic.
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