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Abstract

Background Ageing is accompanied by muscle loss and fat gain, which may elevate the risk of type 2 diabetes (T2D).
However, there is a paucity of data on the distribution of regional lean and fat tissue in older adults with T2D or predia-
betes compared with healthy controls. The objective of this study was to compare regional body composition [by
dual-energy x-ray absorptiometry (DXA)], muscle and subcutaneous adipose tissue (SAT) thicknesses (by ultrasound),
and ultrasound-based muscle texture features in older adults with T2D or prediabetes compared with normoglycaemic
controls.
Methods Eighteen adults > 60 years with T2D or prediabetes (T2D group) were individually matched to
normoglycaemic participants [healthy matched (HM) group] for age (±5 years), sex, and body fat (±2.5%). In a single
study visit, all participants received a whole-body DXA scan and ultrasound assessment of the abdomen and anterior
thigh. At these two landmarks, we used ultrasound to measure muscle and SAT thickness, as well as texture features
of the rectus femoris and rectus abdominis. We also conducted an exploratory subanalysis on a subset of participants
(n = 14/18 in the T2D group and n = 10/18 in the HM group) who underwent additional assessments including
strength testing of the knee extensors (using a Biodex dynamometer), and a fasting blood sample for the measurement
of circulating markers of glucose metabolism [glucose, insulin, c-peptide, and the homoeostatic model assessment of
insulin resistance (HOMA-IR)].
Results The T2D group was 72 ± 8 years old (mean ± SD), predominantly male (n = 15/18; 83%), and overweight
(BMI: 27.8 ± 4.2 kg/m2, 33.2 ± 5.3% body fat). DXA-derived upper arm lean mass was 0.4 kg greater (P = 0.034),
and leg fat mass was 1.4 kg lower (P=0.048), in the T2D vs. HM group. Ultrasound-based texture features were distinct
between the groups [rectus abdominis blob size: 0.07 ± 0.06 vs. 0.30 ± 0.43 cm2, P= 0.045; rectus femoris local binary
pattern (LBP) entropy: 4.65 ± 0.05 vs. 4.59 ± 0.08 A.U., P = 0.007]. When all participants who underwent additional
assessments were pooled (n= 24), we observed that certain ultrasound-based muscle texture features correlated signif-
icantly with muscle strength (rectus abdominis histogram skew vs. power during an isokinetic contraction at 60°/s:
r = 0.601, P = 0.003) and insulin resistance (rectus femoris LBP entropy vs. HOMA-IR: r = 0.419, P = 0.042).
Conclusions Our findings suggest a novel body composition phenotype specific to older adults with T2D or prediabe-
tes. We are also the first to report that ultrasound-based texture features correspond with functional outcomes. Future
larger scale studies are needed to uncover the mechanisms underpinning these regional body composition differences.
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Introduction

Ageing is accompanied by muscle atrophy and/or increased
adiposity that elevates the risk of type 2 diabetes. Given that
skeletal muscle is the primary organ responsible for glucose
disposal,1 low skeletal muscle mass may predispose older in-
dividuals to the development of type 2 diabetes. In addition
to reduced skeletal muscle mass, fat mass tends to increase
with age.2 Of particular concern is the age-related redistribu-
tion of adipose tissue from subcutaneous to visceral and ec-
topic depots (such as the liver and skeletal muscle),3 which
increases the risk of type 2 diabetes regardless of
whole-body fat mass.4

Considering the deleterious changes to body composition
and metabolism that develop in older age, muscle, and adi-
pose tissue characteristics may be distinct in type 2 diabetics
who are older (≥60 years) compared with younger
(<40 years) or middle-aged (~40–60 years). Yet many of the
existing studies on body composition in this patient popula-
tion include any adult > 30 years with type 2 diabetes. Of
the relatively few studies performed exclusively in older
adults with type 2 diabetes, some,5–9 but not all,10–12 have
observed higher fat mass and/or lower lean mass in patients
compared with age-matched normoglycaemic controls. How-
ever, percent body fat directly influences the distribution of
lean mass in both healthy13 and diabetic14 adults. As such,
there may be important underlying regional body composi-
tion differences (e.g. arms, legs, and trunk) between diabetic
and non-diabetic older adults that have yet to be identified.
In particular, lean mass may be greater in the
weight-bearing lower limbs of heavier individuals as a result
of regular ambulation with greater body mass.15 To date,
however, no study has matched diabetic and non-diabetic
older adults for % body fat to probe for differences in re-
gional body composition.

Ultrasound is emerging as a versatile tool for site-specific
muscle and fat thickness measurements in healthy and
clinical populations. Ultrasound is more accessible, safe,
and cost-effective than reference body composition
technologies such as magnetic resonance imaging,
computed tomography, and dual-energy X-ray absorptiome-
try (DXA). Ultrasound can be used to directly measure not
only muscle size (thickness and cross-sectional area), but
also tissue composition or texture, which may provide
valuable information about non-muscle (i.e. fat and/or
fibrotic) tissue infiltration. Muscle echointensity (average
pixel brightness) is a first-order texture feature that corre-
lates positively with muscle fat accumulation.16 Given that
intramuscular17 and intermuscular18 fat accumulation are
positively correlated with insulin resistance, and negatively
related to muscle strength,19 ultrasound texture analysis
may be particularly important for understanding muscle
health in type 2 diabetes. However, echointensity is a rela-
tively simple measure that may be influenced by limb size,

thickness of the overlying subcutaneous adipose tissue
(SAT) layer, and instrument settings.20 Higher order ultra-
sound texture features (e.g. grey-level co-occurrence matri-
ces, local binary patterns, and blob analysis) are less
vulnerable to these variables than echointensity and may
provide more in-depth information on muscle tissue quality.
Understanding these texture features in older adults with
type 2 diabetes is important because ultrasound may offer
a novel non-invasive approach towards evaluating metabolic
health and muscle strength.

The primary objective of this study was to compare the re-
gional distribution of lean soft tissue and fat mass by DXA,
and site-specific muscle and SAT thicknesses by ultrasound
in older adults with type 2 diabetes or prediabetes vs.
normoglycaemic controls, who were individually matched
for age, sex, and % body fat. Our secondary objective was
to compare ultrasound-based muscle texture features be-
tween these groups. A tertiary objective was to examine
the association between ultrasound texture features and
functional outcomes, such as glucose metabolism and muscle
strength. We hypothesized that lean soft tissue mass and
muscle thicknesses would be lower and that fat mass and
SAT thicknesses would be greater, in the older adults with
type 2 diabetes and prediabetes compared with the matched
controls. We further hypothesized that older adults with type
2 diabetes or prediabetes would exhibit significant differ-
ences in muscle texture features indicative of poorer muscle
quality (e.g. higher echointensity and larger mean blob size)
compared with matched controls. Lastly, we hypothesized
that higher order ultrasound texture features would correlate
significantly with aspects of glucose metabolism and muscle
strength.

Methods

Study design

Two groups of participants were recruited from the
Kitchener-Waterloo community for this case–control study:
(i) adults > 60 years with type 2 diabetes or prediabetes
[collectively referred to as the type 2 diabetes (T2D) group]
and (ii) normoglycaemic controls who were individually
matched to each diabetic or prediabetic participant for age,
sex, and % body fat [the healthy matched (HM) group]. All
participants reported to the laboratory after an overnight fast
for a single study visit that included a whole-body DXA scan,
followed by an ultrasound assessment of the abdomen and
anterior thigh. A subset of participants (T2D group: n = 14,
HM group: n = 10) underwent a total of three study visits:
DXA and ultrasound, as above (Day 1), a blood sample for
the measurement of fasting serum glucose, insulin, and
c-peptide (Day 2), and physical function and strength
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assessments (Days 2–3). Blood samples were always obtained
in the morning of Day 2 (prior to physical function and
strength assessments) to avoid the confounding effects of
acute exercise on circulating metabolic markers.

Participants

Individuals were included in the T2D group if they were (i)
≥60 years and (ii) had a physician diagnosis of type 2 diabetes
or prediabetes, or fasting blood glucose > 5.6 mM or 2-h
blood glucose > 7.8 mM during a 75-g oral glucose tolerance
test. Every participant with type 2 diabetes or prediabetes
was individually matched to a non-diabetic control
participant for age (±5 years), sex (male or female), and %
body fat (±2.5% by DXA) (HM group). Exclusion criteria for
all participants were as follows: (i) barium swallow in the pre-
vious 3 weeks (due to interference with DXA measurements);
(ii) infectious disease; (iii) any form of muscular dystrophy;
(iv) stroke resulting in muscular disability; (v) cancer or other
metabolic disorder; and (vi) cardiac or gastrointestinal
problems.

Dual-energy x-ray absorptiometry

Positioning
Whole-body and regional lean soft tissue and fat mass were
measured using DXA (Hologic Discovery QDR 4500; Hologic,
Toronto ON) according to our previously published
protocol.21 A second scan was required for one participant
(in the T2D group) who did not fit within the lateral limits
of the scanning table. This scan was analysed by summing
the left limbs, trunk, and head of one scan, and the right
limbs of the second scan, as previously described.22

Regional analysis
Using Hologic software (Version 13.2), whole-body scans
were segmented into the head, trunk, left and right arms,
and left and right legs by a single investigator according to
a standardized protocol. Appendicular lean mass index (in
kg/m2) was calculated by summing the lean soft tissue mass
of all four limbs and dividing by height squared.23 Each limb
was further segmented into upper and lower portions
by bisecting across the medial epicondyle of the humerus
(Figure 1A) and the tibial plateau.

Figure 1 Landmarks for DXA regional analysis. Thin yellow lines indicate the boundaries between the head, trunk (which included the spine and pel-
vis), left and right arms, and left and right legs. (A) The forearms and lower legs (see dashed blue boxes) were isolated by bisecting across the medial
epicondyle of the humerus and tibial plateau. This analysis was performed bilaterally, but for clarity, only the left forearm and left lower leg are
highlighted in the figure. (B) The android region is indicated by the dashed green box, and the gynoid region is indicated by the dashed red box.
The white letter ‘T’ represents the distance between the horizontal pelvic line and the neck cut line. The height of the android region (‘A’) was calcu-
lated as 20% of the length of ‘T’. The horizontal pelvic line was the lower boundary of the android region. The height of the gynoid region was twice the
height of the android region. The upper boundary of the gynoid region began below the horizontal pelvic line at a distance equal to 1.5 times ‘A’. The
lateral limits of the android and gynoid regions were the arm and leg cut lines.

Body composition in older adults with T2D and prediabetes 1089

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1087–1099
DOI: 10.1002/jcsm.12957



We measured android and gynoid fat mass using the auto-
mated analysis included in the Hologic software package. The
lower boundary of the android region began at the top of the
iliac crests (horizontal pelvic line), and the upper boundary
was located 20% of the distance between the horizontal pel-
vic line and the neck cut line (Figure 1B). The height of the
gynoid region was twice the height of the android region.
The upper boundary of the gynoid region began below the
horizontal pelvic line at a distance equal to 1.5 times the
height of the android region. The leg cut lines were the lat-
eral limits of the gynoid region. The A/G ratio was calculated
by dividing android fat mass by gynoid fat mass.

Ultrasound

Landmarking

Prior to image acquisition, the sites were landmarked using a
flexible tape measure and pen while the participants lay su-
pine with their feet hip width apart and secured in place
using foot-strap. The foot-strap remained in place during
landmarking and image acquisition to prevent excessive in-
ternal or external hip rotation, which may influence thigh tis-
sue thickness. Anterior thigh images were taken two-thirds of
the distance from the anterior superior iliac spine to the up-
per pole of the patella. Abdominal images were taken 3 cm to
the right of the umbilicus. All ultrasound images were ac-
quired on the right side of the body while participants re-
mained supine.

Image acquisition
Transverse images of the abdomen and anterior thigh were
obtained using a real-time B-mode ultrasound imaging device
(M-Turbo, Sonosite) equipped with a multi-frequency linear
array transducer (L38xi: 5–10 MHz). Details concerning our
instrument settings and probe placement have been previ-
ously published.20

Thickness measurements
Abdominal and anterior thigh muscle and SAT thicknesses
were measured using ImageJ (Version 1.52a, NIH; Bethesda,
MD). Anterior thigh muscle thickness (rectus femoris and
vastus intermedius; Figure 2A) was obtained by measuring
the perpendicular distance between the upper margin of
the femur and the rectus femoris fascia, as previously
described.21 Abdominal muscle thickness was obtained by
measuring the perpendicular distance between the lower
and upper rectus abdominis fascia (Figure 2B). SAT thick-
nesses were obtained by measuring the perpendicular dis-
tance between the rectus femoris or rectus abdominis
fascia and the skin. Three SAT measurements were taken
for each image (Figure 2), and the average of these measure-

ments was used in the analysis. A single trained analyst per-
formed all thickness measures.

Tissue quality
We evaluated tissue quality using ultrasound texture analysis
within a specific region of interest (ROI) of the rectus
abdominis and rectus femoris muscles. Previously, we
showed that ultrasound images of muscle tissue captured
on our instrument at a depth of 9.0 cm have distinct texture
features compared with images captured at shallower depths
(e.g. 7.3, 5.9, and 4.7 cm).20 As such, in cases where a depth
of 9.0 cm was required to optimize the field of view for mus-
cle and SAT thickness measurements, we obtained a second
image at 7.3 cm that was used exclusively for texture analy-
sis. For muscle texture analysis, ROIs were manually selected
in ImageJ to capture as much of the muscle cross-sectional
area as possible while excluding the surrounding muscle fas-
cia (Figure 2C,D). To ensure consistent tissue resolution be-
tween scans of different depths, each ROI was scaled to a
resolution of 0.0153 cm/pixel (corresponding to a depth of
5.9 cm using our equipment) using bilinear interpolation.

Within these ROIs, we assessed several different first-
order, second-order, and higher order texture features.
First-order features account for individual pixel intensity, in-
dependent of spatial distribution, and were extracted from
the ROI pixel intensity histogram. The specific first-order fea-
tures we examined were mean echointensity, skew, kurtosis,
energy, and entropy. The mean echointensity of muscle can
range from 0 (black) to 255 (white). Histogram kurtosis repre-
sents the peakedness of the pixel intensity distribution, with
values > 3 indicating a leptokurtic (i.e. sharper) peak and
values < 3 indicating a platykurtic (i.e. flatter) peak. Pixel in-
tensity distribution is normal (i.e. ordinary) when kurtosis is
equal to 3.

Second-order and higher order features account for pixel in-
tensity as well as the spatial relationships between pairs of
pixels (second-order) or three or more pixels (higher order).
Second-order features were extracted from the grey-level
co-occurrence matrix (GLCM), which encodes the frequency
of pixel pair occurrences at given intensities for a set distance
and angle between two pixels.24 The specific second-order
texture features we examined were GLCM energy, contrast,
correlation, and homogeneity. These features were averaged
across a distance of 5 pixels at angles of 0°, 45°, 90°, and
135° (symmetric matrix).25 Higher order features were exam-
ined using local binary patterns (LBP)26 and blob analysis.27

LBP evaluates the local spatial patterns of edges, points, and
spots of an image. The specific LBP features we examinedwere
energy and entropy, which were extracted from an LBP image
derived using a circular radius of 5 and 8 sampling points.

Blob analysis evaluates the average size of connected
islands of white pixels (termed blobs) from a thresholded ul-
trasound image.27 Intensity thresholds for the abdomen and
anterior thigh landmarks were selected as the 99th percentile
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from the pixel intensity histogram from a healthy young ref-
erence group (rectus femoris—55; rectus abdominis—51,
based on unpublished results using our equipment).

Physical function and strength assessments

A subset of participants (n = 14 in the T2D group and n = 10 in
the HM group) underwent physical function, strength, and

metabolic assessments over two additional study visits. On
Day 2, participants received a fasting blood draw followed
by five physical function assessments: (i) Short Physical Per-
formance Battery (SPPB), (ii) gait speed, (iii) 6-min walk test
(6MWT), (iv) 30-s chair stand test, and (v) grip strength. The
SPPB is a standardized test that assesses three key features
of physical performance (leg strength, balance, and gait
speed) and is scored out of 12 points. The 6MWT was
performed on a 20-m course along an indoor hallway.

Figure 2 Placement of ImageJ measurement tools for ultrasound thickness (A, B) and muscle quality (C, D) analysis. Green lines indicate where ante-
rior thigh and abdominal muscle thickness measurements were made; blue arrows indicate where anterior thigh and abdominal SAT thickness mea-
surements were made. Purple boxes indicate the ROI where anterior thigh (rectus femoris) and abdominal (rectus abdominis) muscle quality was
evaluated. RA, rectus abdominis; RF, rectus femoris; ROI, region of interest; SAT, subcutaneous adipose tissue; VI, vastus intermedius.
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Participants were instructed to attempt to cover as much dis-
tance as possible within 6 min while walking in a safe manner
at their usual walking speed. The 30-s chair stand required
participants to rise from a chair without the use of their arms
as many times as possible in 30 s. We measured grip strength
of the left and right hands using a Model J00105 JAMAR® Hy-
draulic Hand Dynamometer (Performance Health;
Warrenville, IL). Participants were seated in a chair with their
forearms fixed at 90° flexion and supported by armrests. We
verbally encouraged participants to squeeze the dynamome-
ter as hard as possible for 5 s. Participants were given three
trials per hand, with 30 s rest in between each trial. The peak
strength in kilogrammes for each hand was included in statis-
tical analyses. The SPPB, 6MWT, and 30-s chair stand were
each measured once.

We measured isometric and isokinetic strength of the right
knee extensors using a Biodex dynamometer (Biodex Medical
Systems; Shirley, NY). To increase the accuracy and consis-
tency of our measurements, participants underwent a famil-
iarization session with the Biodex after the physical function
assessments on Day 2. One week later, on Day 3, we repeated
these measurements. Both Biodex testing days began with a
5-min warm-up at a low-intensity (~25 W) on a stationary bi-
cycle. Participants were then positioned in the dynamometer
chair, and chest, waist, mid-thigh, and lower leg straps (se-
cured 5 cm above the inferior aspect of the calcaneus) were
used to stabilize the participant and limit extraneous
movement. With the knee fixed at 60° flexion, participants
were verbally encouraged to perform a 5-s maximal isometric
voluntary contraction. Participants performed 3 maximal iso-
metric voluntaries separated by 30 s rest, and the peak
torque of each contraction was recorded. Next, we tested
isokinetic strength at 60°/s and 180°/s. For each velocity, par-
ticipants performed three contractions separated by 30 s
rest, and the peak torque and maximal power of each con-
traction was recorded. The average of three trials was
analysed.

Blood sampling and biochemical analysis

After an 8–12 h of overnight fast, blood was drawn from an
antecubital vein into evacuated collection tubes. The blood
was allowed to clot at room temperature for 20 min before
centrifugation. The serum was aliquoted and frozen at
�80°C for batch analysis.

Glucose was measured spectrophotometrically using the
glucose oxidase method, and insulin and c-peptide were
measured using commercially available radioimmunoassay
kits (Millipore Sigma; Oakville, ON). HOMA-IR was calculated
using the following equation:

HOMA � IR ¼
Fasting glucose in

mmol
L

� �
� Fasting insulin in

μIU
mL

� �

22:5

Statistical analysis

We used two-tailed paired t-tests (T2D vs. HM) to evaluate
differences in DXA measures of whole-body and regional lean
soft tissue and fat mass, ultrasound measures of muscle and
SAT thickness (for the anterior thigh and abdomen), and ul-
trasound texture features (for the rectus femoris and rectus
abdominis).

To better understand the ability of ultrasound to capture
aspects of muscle function and glucose metabolism, we con-
ducted an exploratory subanalysis in participants who
volunteered to undergo additional testing (T2D group:
n = 14, HM group: n = 10). We used independent samples t-
tests to compare physical function and strength measure-
ments, and circulating metabolic markers, between these
two subgroups. In the pooled group of participants (n = 24),
we conducted two-tailed Pearson correlations between ultra-
sound-based muscle measurements (abdominal and anterior
thigh muscle and SAT thicknesses, and texture features of the
rectus abdominis and rectus femoris) and (ii) physical func-
tion and strength outcomes and (ii) circulating markers of glu-
cose metabolism.

Statistical analysis was completed using SPSS (v26.0, IBM
Corporation). Statistical significance was accepted as
P < 0.05. Data are presented as means ± standard deviations,
unless otherwise indicated.

Results

Participants

Participants in the T2D group were 72 ± 8 years old, predom-
inantly male (n = 15 or 83%), and had 33.2 ± 5.3% body fat
(Table 1). According to BMI, both the T2D and HM groups
were overweight on average. There were no between-group
differences in these outcomes.

Individuals in the T2D group had been living with either
type 2 diabetes (n = 13) or prediabetes (n = 5) for 10 ± 8 years
(Table 1). Participants managed their diabetes or prediabetes
using oral hypoglycaemic medication (n = 11) and/or insulin
therapy (n = 3); six participants did not take any
anti-diabetic medication. Three participants in the T2D group
reported diabetes-related complications (retinopathy, n = 2;
nephropathy, n = 1).

The prevalence of additional (i.e., non-diabetic) health con-
ditions was n = 18 in the T2D group and n = 11 in the HMgroup.

Regional lean and fat mass

Upper arm lean mass was 14% (0.4 kg) greater in the T2D
group compared with the HM group (P = 0.034, Table 2), while
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total arm leanmass tended to be 0.5 kg (or 10%) greater in the
T2D group compared with the HM group (P = 0.063). Leg and
trunk lean mass was similar between groups.

Total leg fat mass was 1.4 kg (or 17%) lower in the T2D
group compared with the HM group (P = 0.048, Table 2),
which may have been driven by the tendency for 14%
(0.8 kg) less upper leg fat mass in the T2D group compared
with the HM group (P = 0.072). There were no other be-
tween-group differences in regional fat mass.

Ultrasound measures of muscle and subcutaneous
adipose tissue thickness

Anterior thigh SAT was 0.23 cm thinner in the T2D group
compared with the HM group (P = 0.034, Table 3). We did
not observe any between-group differences in abdominal
SAT or muscle thickness.

Muscle texture analysis

Rectus abdominis mean blob size was 0.25 cm2 smaller in the
T2D group compared with the HM group (P = 0.045, Table 4).

We defined blobs as islands of connected hyperechoic pixels,
which may represent fat deposits within the muscle.28 We
did not observe any other between-group differences in rec-
tus abdominis texture features.

Rectus femoris mean blob size tended to be 0.03 cm2

smaller in the T2D group compared with the HM group
(P = 0.053, Table 4). Rectus femoris LBP entropy was 0.06 A.
U. (or 1%) greater in the T2D group compared to the HM
group (P = 0.007). Images with higher entropy have more ran-
domly scattered pixels, whereas images with lower entropy
have more organized pixels, which may imply clearly struc-
tured muscle architecture (e.g. television static vs. a
checkerboard).28 We did not observe any other
between-group differences in rectus femoris texture
features.

Physical function, strength, and metabolic
subanalysis

On average, SPPB scores were 1-point lower in the T2D
subgroup (n = 14) compared with the HM subgroup (n = 10,
Table 5). The T2D subgroup also completed more chair stands

Table 1 Physical and clinical characteristics

T2D group (n = 18) HM group (n = 18) P value
Physical characteristics
Age (years) 72 ± 8 74 ± 7 0.111
Proportion male, n (%) 15 (83%) 15 (83%) —

Weight (kg) 82.7 ± 14.5 81.7 ± 14.8 0.732
Height (m) 1.72 ± 0.08 1.73 ± 0.10 0.866
BMI (kg/m2) 27.8 ± 4.2 27.3 ± 4.1 0.665
Whole-body lean mass (kg) 51.4 ± 9.6 50.1 ± 8.3 0.492
Whole-body fat mass (kg) 27.2 ± 6.9 27.2 ± 7.7 0.990
% body fat 33.2 ± 5.3 33.4 ± 5.2 0.651

Clinical characteristics
HbA1c (%) 6.4 ± 0.7 —

Time since diagnosis (years) 10 ± 8 —

Anti-diabetic medications
Biguanide 10 (56%) —

DPP-4 inhibitor 7 (39%) —

SGLT2 inhibitor 5 (28%) —

Sulfonylurea 3 (17%) —

Insulin 3 (17%) —

Incretin mimetic 1 (6%) —

None 6 (33%) —

Diabetes-related complications
Retinopathy 2 (11%) —

Nephropathy 1 (6%) —

Additional health conditions
Hypertension 10 (56%) 5 (28%)
Hypercholesterolemia 10 (56%) 3 (17%)
Arthritis 5 (28%) 4 (22%)
Othera 6 (33%) 4 (22%)

Meets PA guidelinesb 5 (28%) 9 (50%)

BMI, body mass index; DPP-4, dipeptidyl peptidase-4; HbA1c, glycated haemoglobin; HM, healthy matched; PA, physical activity; SGLT2,
sodium-glucose transport protein-2; T2D, type 2 diabetes.
Data are mean ± SD or n (%). No statistically significant differences.
aOther health conditions include heart disease, gout, benign prostate hyperplasia, and osteoporosis.
bBased on the Canadian Society for Exercise Physiology’s Physical Activity Guidelines of 150 min per week of moderate-to-vigorous inten-
sity aerobic activity, plus 2 days per week of muscle strengthening activities.
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in 30 s compared with the HM subgroup (three chair stands
or ~23%). We did not observe any other significant differ-
ences in physical function or Biodex strength outcomes be-
tween the subgroups. Fasting serum glucose (+22%), insulin
(+104%), and HOMA-IR (+141%) were all significantly greater
in the T2D vs. HM subgroup (Table 5).

When all participants (T2D and HM) who underwent addi-
tional testing were pooled together (n = 24), we observed
moderate-to-strong correlations between ultrasound-based
muscle measurements and functional outcomes, such as
knee extensor strength. For example, maximal knee extensor
power during an isokinetic contraction at 60°/s was nega-
tively correlated with rectus femoris mean echointensity
(r = �0.416, P = 0.048; Figure 3A) and positively correlated
with rectus abdominis histogram skew (r = 0.601, P = 0.003;
Figure 3B). We also observed moderate-to-strong correla-
tions between ultrasound-based muscle measurements and

circulating markers of glucose metabolism. For example,
HOMA-IR was positively correlated with rectus femoris LBP
entropy (r = 0.419, P = 0.042; Figure 3C) and rectus abdominis
first-order energy (r = 0.441, P = 0.035; Figure 3D). All other
significant correlations can be found in Tables S1–S4.

Discussion

In this study, we identified regional differences in body com-
position between older adults with type 2 diabetes or predi-
abetes vs. non-diabetic participants who were individually
matched for age, sex, and % body fat. DXA-derived measure-
ments of upper arm lean mass were greater, and leg fat mass
measurements were lower, in the T2D group compared with
the HM group. These findings may indicate a novel body com-
position phenotype specific to older adults with type 2 diabe-
tes or prediabetes, although confirmation of these findings is
warranted through larger studies. In addition, we observed
between-group differences in ultrasound texture features of
the rectus abdominis and rectus femoris muscles. We show,
for the first time, that certain muscle texture features were
associated with the degree of insulin resistance and muscle
strength in older adults, which may point towards ultrasound
as a surrogate tool for evaluating metabolic health and phys-
ical function, or tracking the progression of type 2 diabetes.
In future, approaches leveraging the measurement of the re-
gional body composition differences described herein could
aid in the evaluation of metabolic health in older adults.

Despite the lack of differences in appendicular, leg, or
trunk lean mass between groups, older adults with type 2 di-
abetes and prediabetes had greater upper arm lean mass (by
DXA) compared with matched controls. Our findings are in
contrast to our original hypothesis, which was based on pre-
vious studies that reported lower appendicular,8–11 leg,11 and
trunk8 lean mass in older adults with type 2 diabetes com-
pared with normoglycaemic controls. Importantly though,
these studies did not control for whole-body adiposity, which
is directly associated with the distribution of lean mass in
both healthy13 and diabetic14 adults. In particular, lean mass
may be greater in the weight-bearing lower limbs of heavier
individuals as a result of regular ambulation with greater
body mass. For this reason, we individually matched each
older adult with type 2 diabetes or prediabetes to a
non-diabetic individual for % body fat (as well as age and
sex) in order to tease out differences in the distribution of
lean mass related specifically to insulin resistant conditions
such as type 2 diabetes and prediabetes. When % body fat
was matched there were no between-group differences in
DXA-based whole-body lean (or fat) mass. However, the dis-
tribution of regional fat and lean mass differed whereby up-
per arm lean mass was greater, and leg fat mass was lower,
in the T2D group compared with the HM group.

Table 2 DXA regional body composition

T2D group (n = 18) HM group (n = 18) P value

Lean mass
Trunk (kg) 25.9 ± 5.1 25.6 ± 4.1 0.806
ALM (kg) 21.8 ± 4.4 20.9 ± 4.0 0.239
ALMI (kg/m2) 7.33 ± 1.18 6.97 ± 0.88 0.198
Arms (kg) 5.6 ± 1.4 5.1 ± 1.2 0.063
Upper arms 3.3 ± 0.9 2.9 ± 0.7 0.034
Forearms 2.3 ± 0.6 2.3 ± 0.5 0.382

Legs (kg) 15.5 ± 4.2 15.8 ± 3.0 0.688
Upper legs 11.0 ± 2.1 10.6 ± 2.0 0.410
Lower legs 5.3 ± 1.0 5.2 ± 1.1 0.707

Fat mass
Trunk (kg) 15.9 ± 4.7 15.0 ± 4.2 0.281
Android 2.7 ± 1.0 2.6 ± 0.9 0.551
Gynoid 4.0 ± 1.0 4.2 ± 1.2 0.206
A/G ratio 0.67 ± 0.11 0.63 ± 0.15 0.325

AFM (kg) 10.1 ± 2.4 11.0 ± 4.1 0.214
Arms (kg) 2.9 ± 0.8 2.8 ± 1.0 0.491
Upper arms 2.0 ± 0.7 1.9 ± 0.8 0.544
Forearms 0.9 ± 0.2 0.9 ± 0.2 0.479

Legs (kg) 6.9 ± 2.1 8.3 ± 3.2 0.048
Upper legs 5.2 ± 1.2 5.9 ± 2.4 0.072
Lower legs 2.1 ± 0.5 2.3 ± 0.9 0.167

A/G ratio, android-to-gynoid ratio; AFM, appendicular fat mass;
ALM, appendicular lean mass; ALMI, appendicular lean mass index;
HM, healthy matched; T2D, type 2 diabetes.
Significant P values are bolded.

Table 3 Ultrasound measurements of muscle and SAT thickness

T2D group (n = 18) HM group (n = 18) P value

Muscle thickness (cm)
Abdomen 0.86 ± 0.22 0.87 ± 0.23 0.988
Anterior thigh 2.88 ± 0.82 2.64 ± 0.59 0.240

SAT thickness (cm)
Abdomen 2.12 ± 0.75 2.46 ± 0.79 0.094
Anterior thigh 0.67 ± 0.32 0.90 ± 0.58 0.034

HM, healthy matched; SAT; subcutaneous adipose tissue; T2D, type
2 diabetes.
Data are mean ± SD. Significant P values are bolded.
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Table 4 Ultrasound-based muscle texture features

T2D group (n = 18) HM group (n = 18) P value

Rectus abdominis
First-order features
Mean echointensity 53 ± 12 58 ± 21 0.341
Histogram skew 0.89 ± 0.40 0.72 ± 0.25 0.243
Histogram kurtosis 1.13 ± 1.20 0.93 ± 0.76 0.569
Energy 0.018 ± 0.004 0.019 ± 0.006 0.875
Entropy 4.25 ± 0.22 4.19 ± 0.31 0.847

Second-order features
GLCM energy 0.023 ± 0.004 0.025 ± 0.008 0.585
GLCM contrast 506 ± 329 423 ± 380 0.768
GLCM correlation 0.38 ± 0.10 0.43 ± 0.16 0.651
GLCM homogeneity 0.075 ± 0.014 0.088 ± 0.036 0.349

Higher order features
LBP energy 0.028 ± 0.003 0.029 ± 0.003 0.464
LBP entropy 4.47 ± 0.15 4.50 ± 0.16 0.611
Mean blob size (cm2) 0.07 ± 0.06 0.30 ± 0.43 0.045

Rectus femoris
First-order features
Mean echointensity 46 ± 10 49 ± 16 0.428
Histogram skew 1.40 ± 0.26 1.33 ± 0.34 0.476
Histogram kurtosis 2.94 ± 1.32 2.53 ± 1.52 0.380
Energy 0.017 ± 0.003 0.017 ± 0.005 0.834
Entropy 4.28 ± 0.16 4.32 ± 0.25 0.496

Second-order features
GLCM energy 0.022 ± 0.003 0.022 ± 0.006 0.913
GLCM contrast 542 ± 238 605 ± 329 0.472
GLCM correlation 0.40 ± 0.11 0.42 ± 0.12 0.567
GLCM homogeneity 0.080 ± 0.016 0.081 ± 0.024 0.954

Higher order features
LBP energy 0.026 ± 0.002 0.027 ± 0.003 0.523
LBP entropy 4.65 ± 0.05 4.59 ± 0.08 0.007
Mean blob size (cm2) 0.03 ± 0.04 0.07 ± 0.08 0.053

GLCM, grey-level co-occurrence matrix; HM, healthy matched; LBP, local binary pattern; T2D, type 2 diabetes.
Measurements are in arbitrary units, unless indicated otherwise. Data are mean ± SD. Significant P values are bolded.

Table 5 Physical function, strength, and metabolic subanalysis

T2D group (n = 14) HM group (n = 10) P value

Physical function and strength
SPPB score 10 ± 2 11 ± 1 0.033
Gait speed (m/s) 1.2 ± 0.2 1.1 ± 0.2 0.653
6MWT (m) 508 ± 54 518 ± 123 0.789
30-s chair stands (#) 16 ± 3 13 ± 2 0.020
Grip strength (kg)
Left 35.3 ± 10.5 32.2 ± 8.2 0.445
Right 36.2 ± 9.9 35.1 ± 10.1 0.790

Isometric peak torque (Nm) 173 ± 58 163 ± 44 0.662
Isokinetic 60°/s
Peak torque (Nm) 138 ± 50 127 ± 33 0.566
Power (W) 132 ± 45 133 ± 35 0.924

Isokinetic 180°/s
Peak torque (Nm) 90 ± 39 89 ± 25 0.948
Power (W) 244 ± 102 280 ± 79 0.388

Circulating metabolic markers
Glucose (mM) 6.2 ± 1.1 5.1 ± 0.3 0.005
Insulin (μIU/mL) 19.6 ± 13.6 9.6 ± 5.1 0.038
C-peptide (ng/mL) 3.2 ± 1.4 2.3 ± 0.9 0.077
HOMA-IR 5.3 ± 3.7 2.2 ± 1.2 0.015

6MWT, 6-min walk test; HM, healthy matched; HOMA-IR, homoeostatic model assessment of insulin resistance; SPPB, Short Physical Per-
formance Battery; T2D, type 2 diabetes.
Data are mean ± SD. Significant P values are bolded.
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Arm lean (and fat) mass is rarely reported in the literature;
indeed, leg lean mass, appendicular lean mass index, and
trunk fat mass are the regional depots most commonly re-
ported in studies that evaluate body composition in older
adult and type 2 diabetic individuals. The emphasis on these
depots may be attributed to the well-described loss of appen-
dicular lean mass (leg lean mass, in particular) with age,29 as
well as the association between abdominal obesity and insu-
lin resistance.30 However, the focus on the lower body and
trunk—and the exclusion of the arms—may have prevented
previous studies from identifying specific regional body com-
position changes relevant to this clinical condition. The rea-
son behind our observed difference in upper arm lean mass
is unclear but might be related to greater fasting insulin con-
centrations in the T2D group compared with the matched ref-
erence group. Insulin is an anabolic hormone that may
protect against muscle atrophy via its inhibitory effect on
muscle protein breakdown.31 In support of this hypothesis,
we observed that upper arm lean mass was directly corre-
lated with fasting insulin concentrations. We did not observe
a relationship between leg lean mass and circulating insulin,
possibly because there was no between-group difference in

leg lean mass. But this is speculation that requires further in-
vestigation. Future work is needed to confirm if higher upper
arm lean mass is a consistent feature of type 2 diabetes and
prediabetes and to help better understand the mechanism
underpinning it.

Older adults with type 2 diabetes or prediabetes had re-
duced leg fat mass compared with the matched reference
group. We also showed that ultrasound measures of anterior
thigh SAT thickness were lower in the T2D group compared
to the reference group, suggesting that SAT storage was re-
duced in older adults with type 2 diabetes or prediabetes.
Our findings are supported by Stoney et al.12 and Raška
et al.,6 who observed lower leg fat mass in older females with
type 2 diabetes compared with BMI-matched and
weight-matched controls, respectively. Leg fat, and thigh
SAT in particular, may be protective against metabolic
disease,32 possibly due to inherent differences in tissue qual-
ity between SAT and ectopic fat, such as intermuscular and
visceral adipose tissue. Adipocytes isolated from leg fat have
been shown to secrete more adiponectin (an adipokine posi-
tively associated with insulin sensitivity)33 and take up
greater quantities of circulating non-esterified fatty acids,34

Figure 3 Ultrasound-based muscle texture features correlate with muscle strength (A, B) and circulating metabolic markers (C, D). Two-tailed Pearson
correlations were performed on all participants in a single pooled group (n = 24). However, for clarity, the groups are represented by different symbols
(T2D group: open circles; HM group: closed circles). HM, healthy matched; HOMA-IR, homoeostatic model assessment of insulin resistance; LBP, local
binary pattern; T2D, type 2 diabetes.
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compared with adipocytes isolated from the abdominal re-
gion. Therefore, our observations of reduced thigh SAT and
leg fat in older adults with type 2 diabetes or prediabetes is
consistent with the metabolic impairments that characterize
this population. Our findings also emphasize the importance
of using tools like ultrasound, which (in contrast to DXA) al-
low for the measurement of SAT as well as muscle.

Echointensity is a commonly reported first-order ultra-
sound texture feature that may be indicative of tissue
quality. 35 However, given that echointensity comprises the
average brightness of all pixels, it may not be sensitive
enough to capture important features in tissue quality within
the imaged region. Second-order and high-order texture
analysis, which incorporates the spatial arrangement of two
or more pixels, can identify patterns in the ultrasound image
and, as such, may provide a more robust indication of tissue
quality. Indeed, in the present study, although we did not ob-
serve between-group differences in mean echointensity,
older adults with type 2 diabetes or prediabetes exhibited
distinct ultrasound-based higher order muscle texture fea-
tures compared to matched normoglycaemic controls. Specif-
ically, rectus femoris LBP entropy was higher, and rectus
abdominis mean blob size was smaller, in the T2D group. Con-
sidering that both abdominal and anterior thigh muscle thick-
nesses were similar between groups, these texture
differences likely represent differences in tissue quality and
composition. Because LBP entropy is a measurement of pixel
randomness, our observations may indicate rectus femoris
deterioration or reduced tissue organization in the type 2 di-
abetes/prediabetes group. Reduced rectus abdominis blob
size, on the other hand, may represent smaller fatty deposits.
However, further work is needed to determine the physiolog-
ical meaning of these texture features.

Higher order texture features of muscle ultrasound images
reflect pixel organization and have previously been used to
assess muscle damage and track disease progression in my-
opathies such as amyotrophic lateral sclerosis.36 As well,
higher order texture features are distinct in males vs.
females,26 older vs. younger adults,37 and across individual
muscles (e.g. biceps brachii vs. biceps femoris vs. tibialis
anterior).26 Previous work using muscle biopsies38 and mag-
netic resonance imaging16 has also shown that
ultrasound-based texture features correspond to both intra-
muscular and intermuscular adipose tissue, respectively.
Given that higher quantities of intramuscular and
intermuscular adipose tissue are positively associated with in-
sulin resistance, and negatively associated with quadriceps
strength, we hypothesized that ultrasound-based texture fea-
tures would reflect metabolic health and physical function in
our group of participants. We are the first to report that mul-
tiple texture features of two distinct muscles (rectus femoris
and rectus abdominis) were significantly correlated with
HOMA-IR and muscle power (during an isokinetic contrac-
tion) in a subgroup of older adults in this study. Because we

did not observe any significant between-group difference in
muscle strength, our study suggests that ultrasound texture
features may represent a novel and non-invasive method of
tracking metabolic health and physical function in older
adults. Future studies are needed to confirm our findings,
as well as to determine whether texture features of other
muscle groups are associated with insulin resistance.

There are several limitations to the present study. Al-
though we recruited a relatively small and heterogeneous
group of patients, each patient was tightly and individually
matched to a non-diabetic control for age, sex, and % body
fat to augment our ability to detect between-group differ-
ences. We included any older adult with type 2 diabetes or
prediabetes, regardless of sex or treatment regimen. Given
the influence of sex and insulin therapy on weight and body
composition, this may have increased the variability of our
measurements. Some hypoglycaemic medications, such as
biguanides and sulfonylureas, have been shown to promote
muscle atrophy, while others, such as SGLT-2 inhibitors, are
associated with lean mass preservation.39 Importantly, most
patients in the current study were taking more than one
anti-diabetic drug, and the effect of multiple anti-diabetic
drugs on body composition is not well-understood. Lastly,
we did not assess nutrition or an objective measurement of
physical fitness, which may have helped to explain differ-
ences in fat and lean mass between older adults with type
2 diabetes and matched controls.

In conclusion, we present evidence for a unique body com-
position phenotype specific to older adults with type 2 diabe-
tes and prediabetes, which was characterized by greater lean
mass in the upper arm and reduced leg fat mass compared
with a matched normoglycaemic reference group. We also
showed, for the first time, that (i) ultrasound-based muscle
texture features differ between older adults with type 2 dia-
betes or prediabetes and non-diabetics, and (ii) certain thigh
and abdominal muscle texture features align with the degree
of insulin resistance and physical function. Altogether, this
study provides evidence for new phenotypic and ultrasound
markers of metabolic health and physical function in older
adults. Further work is warranted to confirm our findings
and to uncover the mechanisms underpinning these distinct
regional distributions of lean and fat mass in older adults
with type 2 diabetes or prediabetes.
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