
Improved strength prediction combining clinically
available measures of skeletal muscle mass and quality

Brianna Bourgeois1, Bo Fan2, Neil Johannsen1, Maria Cristina Gonzalez3 , Bennett K. Ng4 , Markus J. Sommer2, John
A. Shepherd5 & Steven B. Heymsfield1*

1Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, LA, USA, 2Department of Radiology and Biomedical Imaging, University of California, San
Francisco, CA, USA, 3Post-graduate Program on Health and Behavior, Catholic University of Pelotas, Pelotas, Brazil, 4Graduate Program in Bioengineering, University of
California, Berkeley, Berkeley, CA, USA, 5Cancer Center, University of Hawaii at Manoa, Honolulu, HI, USA

Abstract

Background Measures of skeletal muscle function decline at a faster rate with ageing than do indices of skeletal muscle
mass. These observations have been attributed to age-related changes in muscle quality, another functional determinant sep-
arate from skeletal muscle mass. This study tested the hypothesis that improved predictions of skeletal muscle strength can be
accomplished by combining clinically available measures of skeletal muscle mass and quality.
Methods The participants included 146 healthy adult (age ≥ 18 years, range 18–77 years; X ± SD 47 ± 17 years and body
mass index 16.5–51.8 kg/m2; 27.7 ± 6.2 kg/m2) men (n = 60) and women (n = 86) in whom skeletal muscle mass was estimated
as appendicular lean soft tissue (LST) measured by dual-energy X-ray absorptiometry and skeletal muscle quality as
bioimpedance analysis-derived phase angle and B-mode-evaluated echogenicity of mid-thigh skeletal muscle. Strength of
the right leg and both arms was quantified as knee isokinetic extension and handgrip strength using dynamometers. The sta-
tistical significance of adding phase angle or echogenicity to strength prediction multiple regression models that included
extremity-specific LST and other covariates (e.g. age and sex) was evaluated to test the study hypothesis.
Results Right leg LST mass alone was significantly (P < 0.0001) correlated with isokinetic right leg strength (R2 = 0.57). The
addition of segmental phase angle measured in the right leg at 50 kHz increased the R2 of this model to 0.66 (P < 0.0001);
other phase angle frequencies (5 and 250 kHz) did not contribute significantly to these models. Results were similar for both
right and left arm handgrip strength prediction models. Adding age and sex as model covariates increased the R2 values of
these models further (e.g. right leg strength model R2 increased to 0.71), but phase angle continued to remain a significant
(all P < 0.01) predictor of extremity strength. Similarly, when predicting isokinetic right leg strength, mid-thigh skeletal muscle
echogenicity added significantly (P < 0.0001) to right leg LST, increasing R2 from 0.57 to 0.64; age was a significant
(P < 0.0001) covariate in this model, increasing R2 further to 0.68.
Conclusions The hypothesis of the current study was confirmed, strongly supporting and extending earlier reports by quan-
tifying the combined independent effects of skeletal muscle mass and quality on lower-body and upper-body measures of
strength. These observations provide a clinically available method for future research aimed at optimizing sarcopenia and
frailty risk prediction models.
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Introduction

Loss of skeletal muscle mass and strength with ageing is
the hallmarks of increasingly recognized sarcopenia1 and
dynapenia.2 These structural and functional senescence-
related changes in skeletal muscle are accompanied by an
increased risk of morbidity3 and mortality.4

At present, identifying people with sarcopenia is
accomplished in the clinical setting using anatomic and
functional measurements alone or in combination.5–7 Debate
still centres on the optimal clinical measures for identifying
patients who have age-related skeletal muscle changes that
place them at risk for developing adverse health outcomes
such as falls, skeletal fractures, or impaired activities of daily
living.

One concern with diagnostic markers is the cost and
practicality involved in measuring skeletal muscle mass in
the clinical setting. Bioimpedance analysis (BIA), dual-energy
X-ray absorptiometry (DXA), computed tomography,
D3-creatine dilution, and magnetic resonance imaging (MRI)
are among the available approaches for quantifying skeletal
muscle mass.2,8 Of these methods, DXA estimates of
appendicular lean soft tissue (LST) mass are most often
used in clinical research protocols as a practical surrogate
measure of total body and regional skeletal muscle mass.9,10,8

Appendicular LST mass as measured by DXA is highly
correlated with total body skeletal muscle mass as
quantified by MRI.11–14 Additionally, DXA-measured LST is
associated with functional limitations and adverse health
outcomes.15,16

An increasingly recognized problem with anatomic skeletal
muscle mass measurements is the potential dissociation be-
tween mass and function. Substantial decreases in skeletal
muscle function with ageing can occur with only minimal loss
of skeletal muscle mass.17,18 This loss of function is often
attributed to changes in muscle ‘quality’ independent of
‘mass’.19 Muscle quality is affected by changes in skeletal
muscle composition with ageing including alterations in
muscle fibre type, expansion of the extracellular space with
relative reductions in myofiber diameter, and loss of mito-
chondrial mass and function.20,21

Several methods of estimating skeletal muscle composi-
tion are available for use in the clinical setting. Computed
tomography, MRI, and magnetic resonance spectroscopy
can be used to derive multiple measures of skeletal muscle
quality such as adipose tissue and lipid infiltration, loss in
tissue elasticity, and relative fluid expansion.8 However, these
valuable research approaches are not usually practical to
apply in the clinical setting. Another measure that relates to
ageing and skeletal muscle, phase angle, can be quantified
with BIA.22,23 Changes in phase angle in otherwise healthy
and physically active adults appear to reflect subtle metabolic
and structural features of muscle fibres with low phase
angle values characteristic of older age.22 Similarly, B-

mode ultrasound can be used to quantify ‘echogenicity’, a
measure thought to represent adipose and connective tissue
infiltration into the skeletal muscle compartment.24 As with
BIA systems, ultrasound devices are often available and prac-
tical to apply in clinical settings.

A reasonable hypothesis emerging from these earlier ob-
servations is that combining measures of skeletal muscle
‘mass’ and ‘quality’ will significantly improve prediction of
skeletal muscle function. We tested this hypothesis in the
current study by examining the associations between DXA-
measured extremity-specific LST alone and in combination
with phase angle or echogenicity in relation to leg and hand-
grip strength measured with leg and hand dynamometers,
respectively.

Materials and methods

Participants

The data for this study were collected as part of the ongoing
National Institutes of Health Shape Up! Adults research
programme (R01DK109008). The study was approved by the
Pennington Biomedical Research Center Institutional Review
Board, and all subjects signed an informed consent prior to
participation. Adult participants at or over the age of 18 years
were recruited on the centre’s website and excluded if they
had any body composition abnormalities, had medical
implants, had joint replacements, had underlying chronic
diseases, had weight over the DXA system limit of 200 kg,
or were pregnant. The study was registered at ClinicalTrials.
gov: https://clinicaltrials.gov/ct2/show/NCT03637855).

All participant measurements were made by trained and
certified technicians, including DXA, BIA, and ultrasonography.
Once enrolled, participants were asked to fast overnight and
to report to the laboratory early on the evaluation day. A
screening medical evaluation ensured they were in good
health, following which they were asked to evacuate their
bladder prior to body composition measurements and skele-
tal muscle function testing. The testing protocol lasted be-
tween 3 and 4 h during which the participants were allowed
to eat a light snack.

The key variables to test the study hypothesis included
DXA-measured extremity-specific LST, BIA-measured phase
angle, B-mode ultrasound-measured mid-thigh skeletal mus-
cle echogenicity, and dynamometer-measured handgrip and
leg strength.

Skeletal muscle mass and quality

Dual-energy X-ray absorptiometry
Each participant completed two whole-body DXA (Hologic
Discovery/A, Hologic Inc., Marlborough, MA, USA) scans,
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which were analysed with Hologic Apex version 5.5 software
according to the manufacturer’s operation manual for LST
mass, fat mass, and bone mineral content of each anatomic
segment (head, left arm, right arm, left leg, right leg, and
trunk). The National Health and Nutrition Survey, Body Com-
position Analysis (NHANES BCA) option was enabled, which
moves 5.4% lean mass to fat mass.25 The coefficients of varia-
tion (CVs) for LST were 1.5%, 2.1%, and 2.5% for the right leg,
left arm, and right arm, respectively. Scans with artefacts and
motion were excluded from the statistical analysis. The first of
the two scans was used for the analysis unless the first
scan was excluded because of an artefact then the second
scan was used.

Bioimpedance analysis
Phase angles corresponding to DXA extremity measurements
were quantified in recumbent subjects with a segmental
multifrequency BIA system (S10, InBody Co., Ltd, Seoul,
South Korea). Touch-type electrodes were attached between
the heel and the ankle bone of the participants’ right and left
feet and on their right and left middle finger and thumb.
Participants were asked to extend their extremities so as
not to touch each other or the torso; they then rested quietly
in the supine position for 7 min prior to the BIA measure-
ments. Resistance and reactance of the right arm, left arm,
right leg, left leg, and trunk were measured at frequencies
of 5, 50, and 250 kHz. Model development was initiated at
the most commonly evaluated frequency, 50 kHz. Phase
angles of each body segment at each frequency were calcu-
lated by the BIA system software as the arctangent of reac-
tance divided by resistance and then transformed from
radian grade.

Ultrasound
Thigh skeletal muscle characteristics were quantified with a
B-mode ultrasound system (Aplio 80, Toshiba, Otawara,
Japan). Echogenicity, also known as echo intensity, was mea-
sured using images taken from the B-mode ultrasound sys-
tem. A 7.5 MHz transducer was placed in the transverse
position at the midpoint of the right thigh while the partici-
pant was lying in the supine position. The midpoint of the
thigh was measured as the midpoint between the inguinal
crease and the proximal border of the patella. The transducer
was gently placed at this point so as to not compress the
thigh. Transducer depth was increased until the femur was
visible on the system’s monitor. The femur was not visible
at any depth in some participants who had large thighs, so
the depth was set at 10 cm. Images were exported as DICOM
files and opened in ImageJ26 for echogenicity measurements.
Once opened in ImageJ, a 10 × 10 mm2 was created just
below but not including the fascia that separates the subcu-
taneous adipose tissue from the muscle. The histogram
analysis function was used to calculate mean intensity within
the created square.

Skeletal muscle strength

Leg
Isokinetic right leg strength measurements were performed
with the Biodex (Biodex System 4, Biodex Medical Systems
Inc., Shirley, NY, USA) resistance set at 60° per second. Partic-
ipants walked on a treadmill for 5 min to warm up prior to
the leg strength measurements. They were then fastened
into the Biodex system with a seatbelt for measurement of
right leg strength through extension and flexion. The partici-
pants then practiced with one set of three repetitions at an
endurance of 50% of maximal effort. For the actual measure-
ments, the participants performed three sets of five repeti-
tions at their maximal effort. Peak torque through extension
was measured in Newton-metres and taken as the maximum
torque achieved during the three sets. We refer to this mea-
surement as leg strength, although it has also been termed
knee extension strength.24,27,21 The CV for leg strength mea-
surements was 6.1%. Participants with a history of right knee
arthritis or an operation on the right knee were excluded
from analysis.

Handgrip
Grip strength for the right and left arms was measured with a
handgrip dynamometer (JAMAR 5030J1, Sammons Preston
Rolyan, Nottinghamshire, UK). The participants were asked
to position their elbow at a 90° angle and then asked to
squeeze the dynamometer as hard as they could and then
encouraged to squeeze even harder. The strength of each
hand was measured in kilograms, and the average of three
measurements was taken. The CVs for grip strength of the
right and left hands were 6.1% and 6.7%, respectively. Partic-
ipants with a history of hand problems (i.e. arthritis and pain)
were excluded from data analysis.

Statistical methods

Demographic, DXA, BIA, and ultrasound results are presented
as the group means and standard deviations stratified by sex.
All statistical analyses were performed with SAS software
(version 9.4, SAS Institute Inc., Cary, NC, USA). All key mea-
surements with the exception of participant age were nor-
mally distributed after excluding two outliers whose data
are not included in this report. The outlier data were
excluded as no physiological or technical explanation could
be found for these aberrant data points and analyses
described below showed no measurable influence when
these two subjects were removed from the dataset. To
further examine the effects of the non-normally distributed
age variable on study outcomes, we stratified participants
into three age groups: 18–39, 40–59, and 60–85 years.
We then tested regression coefficients across the three
age groups, and there were no significant between-group
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differences present. Age was therefore included as a contin-
uous variable in the subsequently developed regression
models.

The initial descriptive analyses examined associations be-
tween LST, strength, phase angle, echogenicity, and age. We
next examined the associations between extremity-specific
LST and corresponding anatomic site strength. Strength
prediction models for the right leg and both arms were first
developed with LST alone as a predictor variable. The signifi-
cance of adding segmental phase angle or thigh muscle
echogenicity to these models was evaluated next with testing
of the additional potential covariates age and sex. Height and
weight were also explored as other potential strength predic-
tion covariates but were not included in the final models as
they did not add measurably to the study conclusions.

These steps were implemented in the form of six stepwise
multiple linear regression analysis model groups. Model 1 in-
cluded extremity-specific strength (right leg and arm and left
arm) as dependent variable and the corresponding extremity
LST as independent variable. Phase angle and echogenicity
were then added as covariates in Models 2 and 5, respec-
tively. Model 3 included age and sex as predictor variables
in Model 1. Phase angle and echogenicity were then added
to Model 3 as covariates in Models 4 and 6, respectively.
Variables with P < 0.1 were selected to enter the models
and P < 0.05 to be included in the final models.

All models that included phase angle only show values in
the regression model tables generated at 50 kHz as neither
5 nor 250 kHz results proved to be significant predictors of
strength. No evidence of interactions was found between
the variables in the final models. Model β-weights and stan-
dard errors are presented in the tables.

A consideration for use of concepts developed in the cur-
rent study is development of clinically applicable strength
prediction formulas. We therefore separately tested the pre-
dictive power of the strength models by completing a five-
fold cross-validation analysis for Models 1–6.28 A five-fold
cross-validation randomly divides the subjects into five
groups where four are training and one is validation through
five iterations where each group is the validation group for
one of the iterations. The resulting coefficients and R2 values
of the prediction models from the five iterations were aver-
aged to create the final cross-validation model. This approach
assesses how the prediction models will perform in an inde-
pendent dataset.

Results

Participant characteristics

There were a total of 148 subjects enrolled in the study, and
146 subjects were included in analyses after exclusion of the

two participants with outlying data. The evaluated sample
included 60 men and 86 women ranging in age from 18 to
77 years (47 ± 17 years) and body mass index from 16.5 to
51.8 kg/m2 (27.7 ± 6.2 kg/m2) (Table 1).

As an example of skeletal muscle mass (i.e. appendicular
LST), quality, and strength associations with age, results for
the right leg are shown in Figure 1. Right leg LST was not sig-
nificantly correlated with participant age (R2 = 0.02, P = 0.13).
In contrast, right leg strength and phase angle were both in-
versely correlated with participant age (R2 = 0.15 and 0.20,
respectively, both P < 0.0001) while echogenicity was posi-
tively correlated with age (R2 = 0.07, P < 0.01).

Strength models

Phase angle
Leg strength Right leg LST was significantly associated with
right leg strength (Model 1, Table 2: R2 = 0.57, P < 0.0001;
Figure 2). When phase angle at 50 kHz was added as a covar-
iate in Model 2, R2 increased from 0.57 to 0.66. When covar-
iates for age and sex were added (Models 3 and 4), the effect
of phase angle on predicted strength was less pronounced
but still significant (P < 0.0001), R2 increasing from 0.67 to
0.71, respectively.

Handgrip strength Grip strength for both the right and left
hands (Model 1) was significantly associated with right
and left arm LST (R2 0.60 and 0.55, respectively, both
P < 0.0001; Figure 2). Similar to leg strength, right and left
arm phase angle measured at 50 kHz added as a significant
covariate in Model 2 and increased R2 to 0.64 and 0.58, re-
spectively (Table 2). Adding age and sex without phase angle
to the regression analysis in Model 3 increased the R2 values
(0.65 and 0.60 for right and left hands, respectively). When
both age and phase angle were included in the model (Model
4), age was no longer a significant covariate but sex further
increased the R2 to 0.66 and 0.61 for the right and left arms,
respectively.

Echogenicity
Echogenicity measured on the right mid-thigh was moder-
ately correlated with phase angle of the right leg (R2 = 0.17,
P < 0.0001) and right leg strength (R2 = 0.37, P < 0.0001;
Table 3 and Figure 3). Similar to phase angle, thigh muscle
echogenicity added significantly to right leg LST to increase
the R2 from 0.57 to 0.64 (Model 5, Table 3). Age added to
the model as a covariate increased R2 to 0.68 in Model 6,
although sex was not a significant predictor variable. The
comparable right leg strength model for phase angle (Model
4, Table 2) had a higher R2 (0.71) and included both age and
sex as significant covariates. Both echogenicity and phase an-
gle added significantly to Model 6, although the model R2

was not measurably increased.
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Cross-validation
Results from the five-fold cross-validation prediction models
are displayed for right leg strength and right and left arm
strength in Supporting Information, Tables S1 and S2. The
same models presented in Table 2 are included in the cross-
validation analysis in Supporting Information, Table S1, and
the models presented in Table 3 are included in the cross-
validation analysis in Supporting Information, Table S2. Re-
sults for the cross-validation analysis were similar to the step-
wise regression analysis with phase angle and echogenicity
still improving prediction equations for strength; however,
some R2 values were slightly lower in the cross-validation
analysis. For example, R2 values for echogenicity Models 5
and 6 were 0.63 and 0.67 for the cross-validation compared
with the stepwise regression analysis values of 0.64 and
0.68, respectively.

Discussion

Strength prediction models

This study tested the hypothesis that, after controlling for
skeletal muscle mass, clinically available measures of muscle

Table 1 Participant characteristics

Men (n = 60) Women (n = 86)

Age [years]a 45 (18) 49 (16)
Height [cm] 176.9 (6.9) 162.8 (6.8)
Weight [kg] 87.3 (17.0) 72.9 (17.6)
BMI [kg/m2] 27.9 (5.2) 27.6 (6.9)
Right leg
Leg strength [Nm] 189 (55) 104 (28)
LST [kg] 9.8 (1.6) 6.7 (1.3)
5 kHz phase angle [°] 3.3 (0.7) 3.0 (0.8)
50 kHz phase angle [°] 7.0 (1.4) 6.4 (1.1)
250 kHz phase angle [°] 4.5 (1.1) 4.6 (1.4)
Echogenicity 62 (23) 110 (26)

Right arm
Grip strength [kg] 41 (11) 23 (6)
LST [kg] 4.0 (0.8) 2.2 (0.5)
5 kHz phase angle [°] 3.5 (0.7) 2.7 (0.5)
50 kHz phase angle [°] 6.7 (0.9) 5.5 (0.6)
250 kHz phase angle [°] 5.9 (0.9) 5.3 (0.9)

Left arm
Grip strength [kg] 41 (11) 22 (6)
LST [kg] 3.7 (0.8) 2.0 (0.5)
5 kHz phase angle [°] 3.4 (0.7) 2.7 (0.5)
50 kHz phase angle [°] 6.6 (0.9) 5.4 (0.6)
250 kHz phase angle [°] 5.8 (1.0) 5.1 (1.0)

BMI, body mass index; LST, lean soft tissue.
Results are in mean (standard deviation).
aAs age was not normally distributed, we also give here the median
age of 45 years for men and 53 years for women with interquartile
ranges of 27–61 and 34–64 years, respectively.

Figure 1 Right leg LST (top left), right leg strength (top right), right leg phase angle at 50 kHz (bottom left), and mid-thigh echogenicity (bottom right)
vs. age. The data are fit with linear regression models with results shown in each panel. LST, lean soft tissue; PA, phase angle; RL, right leg.
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quality add significantly to the prediction of strength. Our
results strongly support this hypothesis: leg and handgrip
strength were significantly associated with BIA-measured
extremity phase angle and ultrasound-measured thigh mus-
cle echogenicity in regression models after controlling for
LST and other covariates including age and sex.

Many cross-sectional and longitudinal studies report
age-related reductions in muscle mass,29,14,30,31 changes in
muscle quality,32,18 and a wide range of related functional
losses.17,33 Older age groups appear to experience func-
tional changes, including reductions in strength and endur-
ance, at rates that exceed those of decrements in muscle
mass.17,33 These differing rates of muscle senescence have

been attributed to changes in tissue quality, a broadly ap-
plied term that includes loss of myofibers,20 changes in
the proportion of Type I and II fibres,18 alterations in mito-
chondrial function,34–36 changes in neural innervation,37

inter-muscular adipose and connective tissue infiltra-
tion,32,38,24,21 and relative increases in extracellular fluid.21

Sarcopenia is thus a multidimensional condition that in-
cludes loss of muscle mass and changes in muscle quality
that lead to functional deficits and ultimately to morbidity
and mortality.15,16 The two measures evaluated in the cur-
rent study, phase angle and echogenicity, fit directly into
this increasingly recognized paradigm as measures of skele-
tal muscle quality.

Table 2 Strength prediction models including phase angle

Right leg
Strength [Nm]

Right arm
Grip strength [kg]

Left arm
Grip strength [kg]

β SE β SE β SE

Model 1
Intercept �25.21 13.16 4.56** 1.88 7.49** 1.87
LST [kg] 20.45*** 1.60 8.52*** 0.60 8.29*** 0.65
R2 0.57 0.60 0.55

Model 2
Intercept �102.56*** 17.95 �9.01** 4.33 �3.64 4.39
LST [kg] 17.69*** 1.50 6.67*** 0.79 6.39*** 0.93
PA 50 kHz [°] 14.62*** 2.57 3.16** 0.92 2.77** 0.99
R2 0.66 0.64 0.58

Model 3
Intercept 86.35** 20.69 20.90*** 4.33 22.45*** 4.29
Age [years] �0.87*** 0.17 �0.09** 0.04 �0.08** 0.04
Sex [female = 1] �32.52** 8.20 �6.99** 2.10 �6.75** 2.08
LST [kg] 13.96*** 1.74 5.81*** 0.95 5.63*** 0.99
R2 0.67 0.65 0.60

Model 4
Intercept 6.07 28.24 2.77 5.62 7.25 5.49
Age [years] �0.57** 0.18 — — — —

Sex [female = 1] �30.36** 7.94 �6.52** 2.07 �6.44** 2.05
LST [kg] 12.82*** 1.90 4.46*** 1.04 4.13*** 1.15
PA 50 kHz [°] 11.12*** 2.58 2.93** 0.89 2.62** 0.96
R2 0.71 0.66 0.61

LST, lean soft tissue; PA, phase angle at 50 kHz; SE, standard error.
All phase angles were measured in respective extremity described in the model.
*P < 0.05.
**P < 0.01.
***P < 0.0001.

Figure 2 Correlations between right leg strength and right leg LST (left), right arm strength and right arm LST (middle), and left arm strength and left
arm LST (right). The data are fit with linear regression models with results shown in each panel. LA, left arm; LST, lean soft tissue; RA, right arm; RL,
right leg.
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Our interest in phase angle began with the observation
that this easily acquired BIA measurement becomes lower
with age, even after controlling for multiple determining
variables, across large healthy adult groups differing in demo-
graphic characteristics.22 The specific mechanisms leading to
this age-related effect are largely unknown but likely reflect
some of the wide-ranging aforementioned changes in muscle
composition and quality accompanying ageing.39 These qual-
ity effects may influence phase angle through their actions on
cell membrane integrity,40 the relationship between cell mass
and total muscle mass,41 and multiple other not yet fully
characterized mechanisms. Our finding of phase angle mea-
sured at 50 kHz as a significant strength model covariate is
consistent with that frequency’s proximity to the characteris-
tic or critical frequency. The critical frequency is the fre-
quency at which the largest reactance and cell membrane
capacitance is observed and the one closest linked to func-
tion and outcomes.42,43

In support of phase angle as a surrogate measure of
muscle quality and consistent with the overall results of the
current study, Tomeleri et al.44 recently reported significant
associations between phase angle, muscle quality, and func-
tional capacity in a cohort of elderly women. The authors de-
fined muscle ‘quality’ as total strength per unit muscle mass,
specifically as 1-repetition max tests (chest press, knee exten-
sion, and preacher curl exercises)/LST.

Phase angle is notably reactive in disease states; particu-
larly when acute illness is present, low values are accompa-
nied by poor clinical outcomes.45,46 Phase angle ideally
should therefore be used as a muscle quality measure only
in people who are medically stable.

Lacking a definitive anatomic or metabolic mechanism, at
present, we can only endorse phase angle as a general mea-
sure of skeletal muscle quality.23 Nevertheless, phase angle is
easily measured in the clinical setting with relatively inexpen-
sive equipment and significantly adds to LST as a predictor of
handgrip and leg strength.

Echogenicity of skeletal muscle is another commonly
evaluated measure of muscle quality that can be acquired
in the clinical setting, although ultrasound equipment tends
to be costly and requires more technical training than for
measuring phase angle. However, many medical facilities
now have advanced ultrasound units that are operated by
highly trained and certified personnel. As with phase angle,
there is not a specific anatomic feature of skeletal muscle
that can be attributed to a high level of echogenicity,
although suggested mechanisms include adipose and fibrous
tissue infiltration of the muscle compartment.24 We detected
a significant correlation between thigh muscle echogenicity
and leg phase angle, although the R2 was relatively low
(0.17), likely reflecting a combination of shared mechanisms
and measurement error. We also observed entry of both
echogenicity and phase angle into strength prediction
models, suggesting some independence between the two
measures of muscle quality.

Figure 3 Correlation between right leg phase angle at 50 kHz and echogenicity of the mid-right leg (left) and right leg strength and echogenicity
(right). The data are fit with linear regression models with results shown in each panel. PA, phase angle; RL, right leg.

Table 3 Strength prediction models including thigh echogenicity

Right leg
Strength (Nm)

β SE

Model 5
Intercept 51.82* 20.37
LST (kg) 16.41*** 1.72
Echogenicity �0.51*** 0.11
R2 0.64

Model 6
Intercept 79.39** 20.62
Age (years) �0.69*** 0.18
Sex (female = 1) — —

LST (kg) 16.15*** 1.63
Echogenicity �0.44** 0.10
R2 0.68

LST, lean soft tissue of the leg; SE, standard error.
*P < 0.05.
**P < 0.01.
***P < 0.0001.
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Concordance with earlier studies

The current observations confirm and extend studies by
Yamada et al.27,21 and Taniguchi et al.24 that included men
and women with mean group ages in the seventh or eighth
decades. Skeletal muscle mass or size was estimated in these
studies using ultrasound24,21 or BIA prediction formulas.27,21

Phase angle was not specifically measured in these studies,
rather quality indices calculated at different frequencies21

or predicted values for extracellular and intracellular water
were derived from bioimpedance spectroscopy measure-
ments.24,21 When controlling for the various estimates of
muscle mass, BIA or ultrasound measures of poor skeletal
muscle quality were associated with lower levels of physical
performance.24,21 Our findings confirm and extend these
observations in both the lower and upper extremities in
adults ranging in age from 18 to 77 years with a commonly
used sarcopenia diagnostic tool, DXA,5,10 to measure
appendicular LST as the reference for muscle mass and
both BIA-phase angle and ultrasound echogenicity as two
estimates of muscle quality. Our study and those of

Yamada et al.27,21 and Taniguchi et al.24 clearly show that
combinations of skeletal muscle mass and quality that are
practical to acquire in the clinical setting provide more in-
formation related to subject strength than either mass or
quality estimates alone.

An important implication of our findings and those of
Yamada et al.,27,21 Taniguchi et al.,24 and Tomerli et al.44 is
that estimates of skeletal muscle mass can be augmented
with BIA measurements when evaluating patients for the
presence of sarcopenia and related functional limitations.
We anticipate that measures of muscle mass and quality
could eventually be combined to create a score that would
predict the risk of developing sarcopenia or related disorders
rather than be used to simply predict muscle function. The
kinds of pathways involved are shown in Figure 4 relating
the different mass and quality measures to functional esti-
mates and clinical outcomes.

Future studies are needed to sort out the optimal BIA mea-
surements (e.g. impedance ratios and phase angle) and the
extent to which BIA and echogenicity measurements are
additive in strength prediction models. Our cross-validation

Figure 4 Pathways through which measures of muscle mass/quantity and quality relate to physical performance and ultimately to clinical outcomes
such as falls and fractures. Selected muscle measures are shown that were evaluated in the current study and by Yamada et al.27,21 and Taniguchi
et al.24 BIA, bioimpedance analysis; DXA, dual-energy X-ray absorptiometry; ECW, extracellular water; ICW, intracellular water; LST, extremity lean soft
tissue.
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analysis revealed similar R2 to our stepwise regression analy-
sis, indicating that the covariates in the current study have
potential for predicting extremity strength. Our exploratory
analysis where measures of body size (e.g. height and
weight) were added as covariates revealed that even stron-
ger prediction models may be possible; however, results
were inconsistent and showed that these measures added
to arm strength predictions but not leg strength. More
information on these topics would be useful in moving
towards longitudinal studies relating combination mass–
quality formulas with clinical outcomes, including mortality.
Studies such as these have the potential to establish if
combinations of muscle mass and quality measurements
could potentially replace or add to functional estimates
that capture a subject’s strength and endurance. One ad-
vantage of phase angle and echogenicity estimates over
those provided by strength and most functional measure-
ments is that both are acquired without relying on partici-
pant performance.

Study limitations

There are several limitations of the present study.
Echogenicity was measured in a small section of the thigh
rectus femoris muscle instead of using the entire quadri-
ceps femoris muscle because the ultrasound images on a
number of participants did not include the femur. This
ultrasound biopsy captures only a small volume of the
quadriceps muscle and leaves muscles of the upper extrem-
ity unmeasured.

Our finding that muscle strength prediction can be im-
proved by combining DXA-measured appendicular LST with
phase angle or echogenicity, two measures of tissue quality,
reveals important often-unappreciated features of DXA body
composition estimates. The appendicular LST compartment
as quantified by DXA includes not only the functional
myofibers but also other components such as connective tis-
sue that are known to increase in relative amount with
age.20,47 Methods that quantify muscle cell mass, such as
24 h urinary creatine excretion48,49 or D3-creatine dilution,50

might improve strength predictions without addition of other
‘quality’ measures. In support of this suggestion, Yamada
et al.47 recently showed that an impedance spectroscopy
approach predicted ~85% of the age-related decrease in ex-
tremity skeletal muscle power compared with ~49% for avail-
able DXA measures.

Additionally, while we were able to show that adding a
measure of muscle quality to LST mass improved predictions
of strength, the current study was based on a cross-sectional
sample that did not allow us to confirm age-related loss
in measures of muscle quality (e.g. phase angle and
echogenicity) in a longitudinal analysis. Lastly, we did not
explore clinical outcomes, and we were unable to conclude

whether phase angle measurements improve outcome
predictions such as falls or fractures.

Conclusions

In sum, the current study strongly supports the position that
clinically available measures of skeletal muscle mass and
quality can be combined to predict functional strength across
the adult age span. These observations provide a rationale for
future studies aimed at determining which of these measures
alone or in combination maximally predict physical perfor-
mance and clinical outcomes.
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