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Abstract
Study design Cross-sectional study.
Objective To establish the association between serum testosterone (T) levels, biomarkers of cardiometabolic health and
regional body composition variables after spinal cord injury (SCI).
Setting Medical research center.
Methods Metabolic and body composition measurements were collected from thirty-six men with chronic motor complete
SCI. Serum T, carbohydrate, and lipid profiles were measured after an overnight fast. Body composition was measured using
anthropometrics, dual-energy X-ray absorptiometry, and magnetic resonance imaging. Participants were evenly classified
into tertiles based on their serum T levels into low, mid–normal and normal ranges.
Results Low, mid–normal, and normal range serum T were 288.8 ± 84.9 ng/dL, 461.0 ± 52.5 ng/dL and 648.0 ± 53.5 ng/dL,
respectively. Low range serum T group had greater total (9.6%, P= 0.04) percentage fat mass and visceral adipose tissue
(VAT) area (72%, P= 0.01) compared to normal range serum T group. Serum T was related to the absolute whole thigh
muscle area (r= 0.40, P < 0.05) after controlling for body mass index. Serum T was negatively related to fasting plasma
glucose (r=−0.46, P= 0.006) and insulin (r=−0.42, P= 0.01), HbA1c (r=−0.39, P= 0.02) and triglycerides (r=
−0.36, P= 0.03).
Conclusion Men with low serum T have more unfavorable body composition and cardiometabolic health outcomes after
SCI. Testosterone replacement therapy may serve as a potential strategy in preventing cardiometabolic disorders after SCI.

Introduction

Spinal cord injury (SCI) leads to dramatic changes in body
composition and metabolic profile, which represents an
accelerated form of aging [1]. Inactivity below the level of
injury contributes up to 50% of the rapid lean muscle mass
atrophy observed following SCI [2], which may lead to

other serious health consequences. A dramatic loss in ske-
letal muscle and increased adiposity often lead to adverse
effects on various aspects of cardiometabolic health. Pre-
vious work has shown that individuals with SCI have up to
58% greater visceral adipose tissue (VAT) compared to
weight and waist circumference (WC) matched able-bodied
controls [3]. Increase in VAT is associated with increase in
inflammatory biomarkers after SCI [4]. The dramatic
changes in body composition and cardiometabolic variables
often develop into costly chronic diseases such as metabolic
syndrome, type 2 diabetes mellitus, and cardiovascular
disease [1, 5].

Testosterone (T) is widely recognized as the primary male
sex hormone. Its anabolic effects contribute to increased
muscle mass, improved bone mineral density, and muscu-
loskeletal strength. As men age, they often experience late-
onset hypogonadism characterized by low serum T pro-
duction [6]. In fact, 60% of men above the age of 65 have
low serum T levels accompanied with sarcopenia and
osteoporosis [7, 8]. It is difficult to discern the etiology of
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these symptoms due to the significant reduction in physical
activity that accompanies aging [9]. Moreover, the decrease
in muscle mass and increase in fat mass that accompanies
aging may be linked to a decrease in serum T levels [10].
Men with SCI experience similar body composition changes
at a younger age which may be influenced by low serum T
levels in aging able-bodied men. In fact, forty to sixty per-
cent of men with SCI have low serum T levels (< 325 ng/dL)
[11]. This phenomenon has been previously described as
pre-mature aging in men with SCI [1]. The inherent decrease
in physical activity following SCI may serve as a repre-
sentative model for studying the association between serum
T and body composition. Barbonetti et al. noted that 35% of
men with SCI have serum T levels below 300 ng/dL, with a
moderate to strong relationship with leisure-time physical
activity (LTPA). Those with 7.6 h per week or more of
LTPA and body mass index (BMI) less than 25.6 kg/m2 had
serum T above 300 ng/dL. However, participants with dif-
ferent American Spinal Injury Association (ASIA) Impair-
ment Scale (AIS) classification A–D were included, which
might have confounded the relationship between serum T
and level of physical activity [12]. It is well established that
men with motor complete SCI are considered the lowest on
the spectrum of physical activity [5]. Therefore, studying
those with motor complete SCI may reflect the accurate
association between serum T and cardiometabolic risk fac-
tors independent of the level of physical activity.

Previous studies have investigated the association
between serum T levels and body composition [13] as well
as biomarkers of cardiometabolic health [12, 13] in men
with SCI and able-bodied men [14]. However, regional
body composition assessments were not captured to exam-
ine the association of serum T levels with total and regional
lean mass, thigh skeletal muscle cross-sectional area (CSA),
intramuscular fat (IMF), and VAT [15, 16]. Regional body
composition changes have been strongly associated with
cardiometabolic risk factors in persons with SCI [17].
Moreover, ectopic adiposity has been linked with impaired
glucose tolerance, insulin resistance, and production of
inflammatory cytokines [3–5]. Considering the escalating
prevalence of cardiovascular disorders after SCI, establish-
ing the role of serum T on regional and whole body com-
position as well as cardiometabolic variables is of
paramount significance to this population prior to pro-
ceeding with long-term intervention. Moreover, it will
provide credence to the hypothesis that serum T may exert a
homeostatic balance between body composition and meta-
bolic health variables independent of the level of physical
activity in men with motor complete SCI. Therefore, the
purpose of the current work was to determine whether
serum T levels may be correlated with changes in total and
regional body composition profiles, with special interest on
muscle size and ectopic adiposity (IMF and VAT) as well as

biomarkers of cardiometabolic health in men with motor
complete SCI.

Methods

Participants

Thirty-six men with chronic (> 1-year post-injury) motor
complete SCI [C5-T11, AIS A or B] participated in one of
two clinical trials (NCT01652040 and NCT02660073).
Participants were recruited within the greater Richmond
area through study flyers, word of mouth and referral by
SCI physicians. The ages ranged from 18 to 65 years, and
the mean ± SD for age, height, and weight of the partici-
pants were 37 ± 5 years, 178 ± 5 cm and 74 ± 14 kg,
respectively. The average BMI, time since injury (TSI), and
level of injury (LOI) are presented in Table 1. Inclusion and
exclusion criteria, along with further details of the clinical
trial protocols were previously published [18]. The data in
this manuscript are cross-sectional and were analyzed prior
to any study intervention. Each participant received and
signed an informed consent that was approved by a local
ethics committee. All aspects of the study procedures were
conducted according to the declaration of Helsinki.

Body composition

Body weight and height

A wheelchair scale (Tanita, Arlington Heights, IL) was used
to weigh participants. To measure height, the participants
were in a supine position. To ensure ankle dorsiflexion, a
board was placed at the soles of the feet. Height was
measured using a Harpenden Stadiometer to the nearest 0.1
cm. BMI (kg/m2) was then calculated as weight (kg) divi-
ded by height (m2).

Anthropometrics

Waist (narrowest region below the ribcage) and abdominal
(widest region at the level of umbilicus) circumferences
were performed in a lying and seated positions wearing
non-restrictive clothes. Participants were instructed to take a
deep breath and then exhale to capture measurements dur-
ing the expiration phase. Measurements were reported to the
nearest 0.1 cm and repeated until three data points were
within 0.5 cm range of one another.

Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DXA) was used to
assess body composition, including fat mass, lean mass, and
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fat-free mass for total body, trunk, and legs. DXA scans
were performed after elevation of the lower extremities for
at least 20 min. Body composition and DXA measurements
were determined using a Lunar Prodigy Advance bone
densitometer (Lunar DPX, Madison, WI, USA). Specific
anatomical regions were manually determined by a DXA

trained researcher by placing region of interest lines using
encore software [19]. The trunk region consisted of the
neck, chest, abdominal, and pelvic areas. Lean mass and
total body % fat mass were calculated after excluding the
bone tissue. Precision of total and regional body composi-
tion compartments have been recently established in men

Table 1 Participants’ physical
characteristics, anthropometrics,
MRI, and DXA outcomes
separated based on tertile
classifications of the level of
serum testosterone

Low range testosterone
(≤ 400 ng/dL)
(n= 12)

Mid–Normal range
testosterone (401–544 ng/dL)
(n= 12)

Normal range testosterone
(≥ 555 ng/dL)
(n= 12)

Physical characteristics

Age (years) 40 ± 12 36 ± 10 34 ± 10

Weight (kg) 78.9 ± 10.3 74.7 ± 18.7 68.1 ± 11.4

Height (cm) 177.4 ± 5.8 180.1 ± 4.8 178.0 ± 5.1

BMI 25.6 ± 3.8 23.0 ± 5.6 21.5 ± 3.2*

TSI (years) 12 ± 11 8 ± 9 8 ± 8

LOI (range) C5–L1 C5–T10 C7–T12

Anthropometric Measurements

Supine waist
circumference (cm)

87.5 ± 10.5 84.2 ± 14.4 74.7 ± 8.1*

Seated waist
circumference (cm)

92.4 ± 9.1 87.9 ± 11.9 81.5 ± 8.8*

Supine abdominal
circumference (cm)

89.8 ± 11.1 85.5 ± 17.2 74.5 ± 8.6*

Seated abdominal
circumference (cm)

89.8 ± 11.1 85.5 ± 17.2 74.5 ± 8.6*

DXA Outcomes

Total

Region fat (%) 33.5 ± 7.3 30.6 ± 12.1 23.9 ± 7.1*

Fat mass (g) 26554 ± 7201 24701 ± 13752 16750 ± 7618

Lean mass (g)a 49038 ± 7587 47795 ± 6768 48553 ± 6194

Trunk

Region Fat (%) 37.9 ± 8.6 32.6 ± 14.6 25.2 ± 9.4*

Fat mass (g) 15682 ± 4657 13629 ± 8857 8650 ± 4860*

Lean mass (g) 23839 ± 2472 23138 ± 3946 23038 ± 2938

Legs

Region fat (%) 33.4 ± 7.6 32.8 ± 11.2 27.4 ± 6.6

Fat mass (g) 74901 ± 2427 7799 ± 4306 5782 ± 2231

Lean mass(g)a 13238 ± 2605 13656 ± 2373 14098 ± 2162

MRI Outcomes

VATCSA (cm2)b 127.9 ± 63.7 97.4 ± 70.5 36.2 ± 26.3*

SATCSA (cm2)b 143.1 ± 61.0 158.2 ± 105.8 102.3 ± 66.4

VAT:SAT Ratiob 1.0 ± 0.58 0.65 ± 0.33 0.46 ± 0.28*

Absolute Whole
Muscle CSAc

78.6 ± 24.9 80.9 ± 15.9 93.3 ± 16.0

IMF (%)c 17.2 ± 11.0 13.6 ± 9.0 7.8 ± 6.1

According to the American Endocrine Society, hypogonadism is defined as testosterone level below 300 ng/
dL, but to evenly stratify our data, we separated groups into evenly dispersed tertiles. Data are presented as
mean ± SD

BMI body mass index, CSA cross-sectional area, DXA dual-energy X-ray absorptiometry, IMF intramuscular
fat, LOI level of injury, MRI magnetic resonance imaging, SATCSA subcutaneous adipose tissue cross-
sectional area, TSI time since injury, VATCSA visceral adipose tissue cross-sectional area

Missing data: an= 35, bn= 30, cn= 27. *P < 0.05
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with SCI [19]. For the short-term precision assessment, the
RMS-CV% for legs, trunk, gynoid regions, and total body
were 2.7, 3.8, 6.5, 5.8, and 2.3%, respectively [19].

Magnetic resonance imaging

Magnetic resonance images (MRI) were captured for each
participant using a General Electric Signa 1.5-T MRI (fast
spin-echo sequence: axial in-phase/out-phase, repetition
time: 140ms, echo time: 4.3 (in-phase), 2 ms (out-phase),
field of view: 42 cm, matrix size: 256 × 256, number of
excitations: 1, and acquisition time: 2 min) and abdominal
coil [15, 16, 18]. For the VAT and subcutaneous adipose
tissue (SAT) analysis, transverse images were captured
between the xiphoid process to the femoral heads, each with
a slice thickness of 0.8 cm and inter-slice space of 1.2 cm.
The participants were asked to inhale deeply and hold their
breath for 20 s to prevent breathing artifact. Additionally, for
thigh imaging, a body array flex coil was used to collect
trans-axial images, 0.8 cm thick and 1.6 cm apart. The knees
and feet were strapped together to attain a neutral supine
position of the lower extremities to prevent involuntary
muscle spasms [15, 16, 18].

Specialized imaging software was used to analyze MRI
images (Win Vessel 2, Ronald Meyer, MSU, MI, USA).
This software segmented the selected MRI images based on
signal intensity into fat, muscle, and bone. Regions of
interest were manually traced by an examiner to quantify
total trunk CSA, VATCSA and SATCSA. The number of
pixels contained within the traced region was then multi-
plied by the matrix size to measure CSA (cm2). The ratio of
VAT:SAT was then calculated. For each participant, 20–32
multi-axial images were analyzed and averaged based on
the length of the trunk. Consistency was maintained among
the participants using anatomical landmarks throughout
each image sequence. Images extended proximally to
include the upper lobes of the two kidneys, and distally to
the femoral heads. The coefficients of variability for mea-
suring the total trunk CSA, VATCSA and SATCSA were less
than 0.3, 2.1. and 1.2%, respectively.

To determine thigh skeletal muscle CSA and % IMF,
the outer perimeter of the thigh muscle group was traced,
and the pixel signal intensity within this region was
determined automatically. A bimodal histogram of two
peaks was then plotted to distinguish between muscle and
IMF pixels. The amount of IMF within the muscle CSA
was then calculated using the midpoint of the two peaks
[20].

Cardiometabolic profile

After a 10–12 h overnight fast, blood samples (~ 4 mL)
were collected to measure triglycerides (TG) and glycated

hemoglobin (HbA1c) after inserting a Teflon catheter into
an antecubital vein of one arm. After allowing the blood
sample to clot for 30 min, it was then centrifuged for 10 min
at 3000 RPM and sent for analysis as previously described
[18] using commercially available colorimetric assays
(Sigma, Wako Chemicals US, Richmond, VA; and Thermo
DMA, Roche, Minneapolis, MN, respectively).

Each participant was then received an intravenous glu-
cose tolerance test (IVGTT). After participants fasted
overnight, an intravenous line was placed to facilitate blood
sampling and the infusion of glucose. For a total of 180 min,
blood samples were briefly drawn at specified time intervals
of 1, 2, 5, 10, and 20 min. At time 0, glucose (0.3 g/kg) was
injected. At time 10, insulin (0.02 U/kg) was then injected.
Using standard methods, fasting lipid profiles were mea-
sured before the glucose injection. The Auto Analyzer
glucose oxidase method was used to measure plasma glu-
cose, and a commercial radioimmunoassay was used to
measure plasma insulin concentration. Plasma insulin con-
centration was quantified in duplicates by colorimetric
enzyme-linked immunosorbent assay (ELISA; Alpco
Diagnostics, Salem, NH, USA). To briefly summarize, the
ELISA is a sandwich type immunoassay. The standards,
controls and samples were placed in a 96-well microplate
after it was coated with a monoclonal antibody which is
specific for insulin. Detection Antibody was added and the
microplate was incubated on a microplate shaker (700–900
rpm). A second incubation was then conducted after
washing the wells. Lastly, chemiluminescent substrate was
added and a luminescence plate reader was used to read the
microplate after 5 min. The amount of serum insulin in the
sample was directly proportional to the intensity of the light
generated.

Glucose effectiveness (Sg) and insulin sensitivity (Si),
were measured using the MinMod software (MinMod Inc.,
Pasadena, CA). Using this software, the glucose disposal
rate per unit of endogenous insulin per unit time and
glucose-mediated glucose disposal rate were then calculated
by using a least-squares fitting of the temporal pattern of
insulin and glucose throughout the IVGTT [18].

Testosterone

Testosterone measurements were performed at Virginia
Commonwealth University Health Clinical Laboratories
after a 10–12 h fast. Liquid chromatography was used to
measure total serum T, with isotope dilution mass spectro-
metry detection after supported liquid extraction [21]. The
amount of testosterone in each sample was calculated from
a linear plot generated by purified testosterone standards
ranging from 2.5 to 5000 ng/dL. Inter-assay standard
accuracy and precision ranged from 1.6–10.6%. A harmo-
nized normal range of serum T has been established for
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healthy non-obese men 19–39 years old as 264–916 ng/dL
[22].

Statistical analysis

All data were primarily checked for normality using
Shapiro–Wilk tests. Data that were not normally distributed
were log-transformed prior to statistical analysis. Partici-
pants were placed into tertiles (low, mid–normal, and nor-
mal range) based on their serum T levels to evenly stratify
our groups (n= 12). One-way analysis of variance
(ANOVA) was then used to examine the effects of different
serum T levels on body composition and cardiometabolic
variables. Pearson’s correlations were used to examine the
relationships between serum T levels and both body com-
position compartments and cardiometabolic variables. Age,
TSI, LOI, and BMI were run against serum T to determine
potential covariates. Also, we have accounted for total body
fat mass, total body % fat mass and VATCSA as covariates.
The data are presented as mean ± standard deviation (SD).
Statistical significance was set at P < 0.05. Statistical ana-
lysis was completed using IBM-SPSS (version 24.0, SPSS,
Chicago, IL, USA).

Results

The mean values for demographic, anthropometric, MRI,
and DXA measurements based on tertile groups for levels
of serum T are presented in Table 1. Serum T and lipid
profiles are compartmentalized into tertile classifications
and presented in Table 2 as average values. It should be
noted that there were no significant correlations between
serum T levels and age, LOI or TSI, and the serum T
subgroups did not differ with respect to these variables.
Accounting for age, TSI and LOI as individual covariates

did not influence the correlations between serum T and any
other dependent variables except for VAT:SAT ratio (r=
−0.17, P > 0.05); after accounting for LOI.

Serum T was negatively correlated with BMI (r=−0.45,
P= 0.006). Table 3 displays Pearson’s r and partial corre-
lation coefficients between serum T and cardiometabolic
risk factors after accounting for BMI, total body fat mass,
total body % fat mass and VAT as covariates.

Body composition

Anthropometrics

Supine (F(2,35)= 4.213; P= 0.02) and seated (F(2,35)=
3.54; P= 0.02) WC were significantly different among men
with different levels of serum T (Table 1). Pairwise com-
parisons revealed that men with normal range serum T had
15 and 12% smaller supine (P= 0.02) and seated (P= 0.03)
WC, respectively, than those with low range serum T.
Serum T level was negatively related to both supine (r=
−0.44, P= 0.007) and seated (r=−0.42, P= 0.01) WC.
These relationships were no longer significant after
accounting for BMI or total fat mass and VATCSA as
covariates.

Supine (F(2,35)= 4.578; P= 0.02) and seated (F(2,35)
= 5.91; P= 0.006) abdominal circumference (AC) were
significantly different among men with different levels of
serum T (Table 1). Pairwise comparisons revealed that men
with normal range serum T had 17 and 18% smaller supine
(P= 0.02) and seated (P= 0.005) AC, respectively, than
those with low range serum T. Serum T level was nega-
tively related to both supine (r=−0.49, P= 0.002) and
seated (r=−0.54, P= 0.0007) AC. However after
accounting for BMI or total fat mass and VATCSA (Table 3),
the relationships between serum T and supine AC were no
longer significant and trends were noted between serum T

Table 2 Participants’ lipid profile separated based on tertile classifications with each level of serum testosterone

Low Range Testosterone
( ≤ 400 ng/dL)
(n= 12)

Mid-Normal Range Testosterone
(401–544 ng/dL)
(n= 12)

Normal Range Testosterone
( ≥ 555 ng/dL)
(n= 12)

Testosterone (ng/dL) 288.8 ± 84.9 (141- 400) 461.0 ± 52.5 (401–544) 648.0 ± 53.5* (586–751)

**Able-bodied population
percentile [22]

2.5–25% 10–50% 50–90%

TG (mg/dL)a 124.6 ± 55.5 102.2 ± 44.8 80.2 ± 28.0*

HbA1c (%)a 5.9 ± 0.54 5.3 ± 0.31 5.3 ± 0.24*

Fasting glucose (mg/dL)a 106.5 ± 20.5 88.7 ± 9.2 83.3 ± 5.9*

Fasting insulin (µU/mL)b 5.3 ± 3.0 3.4 ± 1.9 2.2 ± 0.86

Si [(mU/L)−1 min−1]c 3.5 ± 3.5 8.53 ± 4.79 12.3 ± 7.0

HbA1c glycated hemoglobin, Si insulin sensitivity, TG triglycerides

Missing data: an= 35, bn= 34, cn= 29; *P < 0.05. **. Able-bodied population percentiles were retrieved from Travison et al. [22]. for the
purpose of the comparisons for the healthy non-obese men. Data are presented as mean ± SD
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and seated AC (r=−0.27 to −0.36, P < 0.09; Table 3) but
not for VATCSA.

Dual-energy X-ray absorptiometry

Total body % fat mass (F(2,35)= 3.54, P= 0.04) was
significantly different among men with different levels of T
(Table 1). Pairwise comparisons revealed that men with
normal range serum T had 9.6% lower total body % fat
mass (P= 0.04) compared to those with low range serum T
(Table 1, Fig. 1).

Trunk % fat mass (F(2,35)= 3.54, P= 0.03) and abso-
lute trunk fat mass (F(2,35)= 3.804; P= 0.03) were sig-
nificantly different among men with different levels of T
(Table 1). Pairwise comparisons revealed that men with

Table 3 Pearson’s correlation
coefficients and partial
correlations with adjustments for
BMI, %body fat, and VATCSA as
individual covariates between
serum testosterone and
cardiometabolic risk factors

Outcome No covariates BMI Body fat (%) Body fat (g) VATCSA (cm2)

Anthropometric Measurements

Supine WC −0.44** −0.13 −0.90 −0.13 0.08

Seated WC −0.42* −0.08 −0.12 −0.13 0.16

Supine AC −0.49** −0.23 −0.17 −0.25 0.03

Seated AC −0.54*** −0.33 −0.27 −0.36 −0.03

DXA outcomes

Total

Fat mass (%) −0.48** −0.24 – −0.24 −0.08

Fat mass (g) −0.44** −0.11 0.08 – −0.002

Lean mass (g) 0.08 0.35* 0.08 0.21 0.25

Trunk

Fat mass (%) −0.45** −0.17 −0.02 −0.15 0.06

Fat mass (g) −0.46** −0.16 −0.03 −0.18 0.08

Lean mass (g) −0.02 0.28 0.0002 0.11 0.19

Legs

Fat mass (%) −0.39* −0.16 0.18 −0.02 −0.16

Fat mass (g) −0.32 0.02 0.18 −0.20 0.02

Lean mass (g) 0.22 0.38* 0.23 0.32 0.30

MRI outcomes

VAT (cm2) −0.56** −0.43* −0.35 −0.43 –

VAT:SAT −0.40* −0.38* −0.33 −0.38 0.03

Absolute muscle CSA (cm2) 0.34 0.40* 0.23 0.32 0.18

IMF (%) −0.41* −0.27 −0.16 −0.26 −0.06

Carbohydrate Profile

HbA1C (%) −0.39* −0.35* −0.35* −0.39 −0.16

Fasting glucose (mg/dL) −0.46** −0.41* −0.44** −0.45** −0.25

Fasting Insulin (mg/dL) −0.42* −0.41* −0.28 −0.31 −0.19

Si [(mU/L)−1 min−1] 0.45* 0.40* 0.37 0.39 0.31

Lipid Profile

TG (mg/dL) −0.36* −0.23 −0.23 −0.25 −0.17

AC abdominal circumference, BMI body mass index, CSA cross-sectional area, DXA dual-energy X-ray
absorptiometry, HbA1C glycated hemoglobin, Si insulin sensitivity, IMF intramuscular fat, N/A not available,
SAT subcutaneous adipose tissue, TG triglycerides, VAT visceral adipose tissue, WC waist circumference

*P < 0.05; **P < 0.01; ***P < 0.001; -, variable cannot be assessed

Fig. 1 Mean total, trunk and leg percent fat as analyzed by DXA based
on low, mid–normal and normal serum testosterone levels. *P < 0.05
vs. T ≤ 400 ng/dL
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normal range serum T had 12.7 and 45% lower trunk %fat
mass (P= 0.04; Fig. 1) and absolute trunk fat mass (P=
0.03), respectively, compared to men with low range serum
T. There were no significant differences in leg % fat mass
(Fig. 1), leg fat mass or leg lean mass among men with
different levels of serum T.

Magnetic resonance imaging

VATCSA (F(2,27)= 5.05; P= 0.014) and VAT:SAT ratio
(F(2,27)= 3.99; P= 0.03) were significantly different
among men with different levels of serum T (Table 1).
Pairwise comparisons revealed that men with normal range
serum T had 72 and 55% lower VATCSA (P= 0.01) and
VAT:SAT ratio (P= 0.03), respectively, compared to men
with low range serum T. Serum T was negatively related to
VATCSA and VAT:SAT (Fig. 2a, b, respectively), even after
accounting for BMI (r=−0.43, P= 0.02; r=−0.38, P <
0.05, respectively).

Serum T showed a positive trend with absolute whole
thigh muscle CSA (r= 0.34, P= 0.08). However, when
BMI was accounted for, the relationship attained a statistical
significance (Fig. 2c; r= 0.40, P < 0.05). Serum T was
negatively related with %IMF (Fig. 2d); however, after
accounting for BMI, total body fat mass or VATCSA, the
relationships were no longer significant.

Cardiometabolic profile

Serum TG levels (F(2,35)= 3.97; P= 0.03) were sig-
nificantly different among men with different levels of
serum T. Pairwise comparisons revealed that men with
normal range serum T level had 41% less serum TG (P=
0.03) compared to men with low range serum T level
(Table 2). Serum T was negatively related to serum TG
(Fig. 3a), however, the relationships were no longer sig-
nificant after accounting for BMI, total body fat mass or
VATCSA. Serum T was negatively related to HbA1c (r=
−0.39, P= 0.02), even after accounting for BMI (r=
−0.35, P= 0.04).

Fasting glucose (F(2,34)= 3.77; P= 0.03) was sig-
nificantly different among men with different levels of
serum T. Pairwise comparisons revealed that men with
normal range serum T had 15% lower fasting glucose (P=
0.03) levels than men with low range serum T (Table 2).
Serum T was negatively related to fasting glucose levels
(Fig. 3b), even after accounting for BMI (r=−0.41, P=
0.02), % body fat (r=−0.44, P < 0.01) and body fat (r=
−0.45, P < 0.01) and did not attain significance after
accounting for VATCSA (Table 3). Serum T was negatively
related to fasting insulin (Fig. 3c) and positively related to
insulin sensitivity (Fig. 3d), and these relationships
remained statistically significant after accounting for BMI

Fig. 2 Relationships between serum testosterone and MRI outcomes including a VATCSA, b VAT:SAT ratio, c absolute whole thigh muscle CSA
and d thigh %IMF. The r and P values presented in relationship (c) are those after accounting for BMI as a covariate

Serum testosterone levels may influence body composition and cardiometabolic health in men with spinal. . . 235



(r= 0.40, P= 0.03; r=−0.41, P= 0.02, respectively), but
not after accounting for total body fat mass or VATCSA

(Table 3).

Discussion

The findings demonstrated that multiple indicators of car-
diometabolic health and body composition variables are
associated with serum T levels in men with motor complete
SCI. The low range serum T group had 9.6% greater total
and 12.7% greater trunk % fat mass compared to normal
range serum T group. Additionally, VATCSA and VAT:SAT
ratio were 72 and 55%, respectively, greater in low range
compared to normal range serum T group. Serum T was
positively related to whole thigh muscle CSA after con-
trolling for BMI, and was negatively related to biomarkers
of carbohydrate and lipid metabolism including fasting
glucose, insulin, HbA1c, TG, and positively related to
insulin sensitivity. Since BMI was significantly correlated
with serum T, it was used as a covariate to account for
variance in body size among different participants. Despite
the well-recognized limitation that BMI underestimates
percentage fat mass [23], BMI is still used as a surrogate for
whole body fat mass, which in turn is associated negatively
with serum T levels. To account for such limitation in

persons with SCI [23], detailed body composition assess-
ments using DXA and MRI were conducted to provide
better insights on the associations between serum T-levels
and regional adiposity compared to other surrogate indices.
Finally, the use of VATCSA a covariate masked all sig-
nificant associations between serum T levels and cardio-
metabolic health variables.

Previous work noted discrepancies between serum T
levels and BMI. Barbonetti et al. showed that in 51 persons
with different AIS classification A–D as BMI increased
serum T level decreased. The authors showed that persons
with lower BMI have serum T level greater than 300 ng/dL
compared to those with BMI > 25.26 kg/m2 [12]. In con-
trast, a recent study showed that BMI was not an influential
factor in determining the serum T level in persons with SCI,
whereas total body % fat mass was an accurate determinant
of circulating serum T level [13]. In the current study,
persons with normal T-level (> 555 ng/dl) had an average
BMI of 21.5 kg/m2; which was significantly lower than
those with low-T level (Table 1). Compared to other pub-
lished reports [11, 13], our population has lower BMI and
WC because they were a relatively younger aged group.
Considering the work of Sullivan et al. [13], we have also
accounted for total body fat, total body % fat mass, and
VATCSA as covariates. It is interest to note that the rela-
tionships between serum T-level and markers of

Fig. 3 Relationships between serum testosterone and a serum TG, b fasting glucose, c fasting insulin and d insulin sensitivity (Si)
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carbohydrate metabolism was unaffected by either total
body or body % fat mass. This may suggest the direct action
of T-levels on carbohydrate metabolism independent of
total body fat mass. After accounting for VATCSA, the
relationships between serum T levels and cardiometabolic
risk factors were no longer significant; suggesting that VAT
plays an influential role in establishing these relationships
compared to whole body fat mass. This may provide cre-
dence to our current hypothesis that regional assessments of
body composition are more influential to the overall cardi-
ometabolic profile in this population.

Age was not a predictor of serum T and was not different
among the subgroups. This is contrary to previous work [6],
Bauman et al. demonstrated serum T decreases as persons
with SCI age [6]. However, Bauman et al. study’s mean age
group was 48 years old with age range from 21 to 78 years
compared to the current mean age of 37 years old with age
range 18 to 61 years. Thus, the current cohort was younger
in age and relatively homogeneous which could explain the
discrepancy between both studies.

Body composition

Positive relationships were found between serum T and lean
mass analyzed by DXA and absolute whole thigh skeletal
muscle CSA analyzed by MRI only after accounting for
BMI. These findings suggest that serum T exerts direct
effects on lean mass and muscle CSA after considering the
variability in body size among our participants. Previous
findings demonstrated that serum T is positively correlated
with total trunk muscle CSA in men with SCI [24]. The
positive association between serum T and either muscle
CSA or lean mass may provide a support for the rationale
that administering testosterone replacement therapy (TRT)
may attenuate or restore the loss in lean mass in persons
with SCI. Administering topical TRT in persons with SCI
has shown improvements in total lean body mass (0.7–2.7
kg); even more than TRT studies on elderly hypogonadal
men [25]. A recent case report supports the hypothesis that
TRT invokes skeletal muscle hypertrophy without the use
of exercise intervention [26]. Overall, several studies sug-
gested that TRT may help improve lean mass within the first
three to 6 months of therapy [25]. Bauman et al. reported
the safety of using TRT in hypogonadal men with SCI who
were followed over the course of 1 year and showed
increases in total and regional lean tissue mass as well as
basal metabolic rate [27].

The present study shows evidence that individuals with
low serum T concentrations have greater VATCSA compared
to those with normal range serum T. Additionally, thigh %
IMF was negatively correlated with serum T levels. The
negative association of ectopic adiposity on metabolic
profile in men with SCI is well established [3–5, 15]. One

hypothesis is that serum T and adiposity may be linked
through the hypogonadism–obesity–adipocytokine cycle
[28]. Adipose tissue produces aromatase which helps
metabolize T to estradiol [28]. VAT has higher metabolic
activity and contains a greater number of androgen recep-
tors; both may lead to a decrease in the circulating T. The
negative relationship between serum T concentrations and
VATCSA in this study contributes to this hypothesis. A
decrease in serum T may impair lipoprotein lipases’ action
resulting in an increase in VAT. Additionally, VAT pro-
duces leptin which can directly inhibit T production from
the testes [29]. Although numerous studies have shown to
be inconclusive on the effects of TRT on fat mass, one
study showed that participants receiving TRT gained an
average of 1.2 kg less fat mass over 12 months when
compared to the control group [25]. TRT may be beneficial
in hypogonadal men with SCI as evident by decreasing
accumulation of fat mass, VATCSA and thigh % IMF.

Cardiometabolic profile

Men with low serum T have higher fasting serum insulin,
glucose levels, and lower insulin sensitivity. Insulin resis-
tance is commonly associated with increases in VATCSA in
able-bodied persons and individuals with SCI, and is a
preceding factor of obesity, type 2 diabetes mellitus and
metabolic syndrome [3–5, 15]. A previous meta-analysis
suggested that serum T were lower in persons with type 2
diabetes mellitus and men with normal T levels had a 42%
lower risks of developing type 2 diabetes mellitus [30]. The
findings remained significant even after adjustment for
obesity as determined by BMI and waist to hip ratio among
men with different T-levels [30]. This supports our findings
that serum T is negatively related to fasting glucose and
HbA1c (%) independent of obesity and body fatness in men
with SCI (Table 3).

Testosterone may also be linked to metabolic risk factors
via its anabolic effects on mitochondrial biogenesis [31].
One study investigated the hypothesis that impairment of
mitochondrial function in skeletal muscle tissue may be the
mechanism by which low T is linked to insulin resistance
and type 2 diabetes [31]. Increased mitochondrial function
is linked to increased lean mass, decreased adipose tissue
and improvement in both carbohydrate and lipid profile in
men with motor complete SCI [32]. Testosterone has been
shown to induce mitochondrial biogenesis in rats, as well as
increase the expression of peroxisome proliferator-activated
receptor-c coactivator-1a, ATP5B, and Cox4 in skeletal
muscle [33]. Combined with previous findings [33], the
current results suggest that an increase in serum T may
attenuate loss in muscle mass, decrease ectopic adiposity
and improve cardiometabolic profile by possibly inducing
mitochondrial biogenesis.
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Limitations

The amount of persons living with SCI is relatively small,
with approximately 18,000 new cases per year. Considering
barriers associated with SCI [34], recruiting within a small-
sized group can be challenging, especially volunteers with
motor complete SCI, which is a subgroup of the entire SCI
population. Persons with motor complete SCI were included
to control for variability in body composition and metabolic
profile, which may influence the association with serum T.
Moreover, the three subgroups were not different with
respect to age, TSI and LOI; suggesting the need for larger
sample size studies to examine how these variables may
influence the relationships between serum T level and car-
diometabolic risk factors. It is also difficult to generalize the
findings to persons with incomplete SCI (AIS C and D) and
separate investigations are warranted to examine the asso-
ciation between serum T and regional body composition in
this cohort.

The data in this study are cross-sectional and are com-
piled from two separate studies using the same methods of
measuring body composition and metabolic profiles. Due to
the data being compiled from a cross-sectional design
causality cannot be established. To account for the lack of
control group, we have used published data (Table 2) to
provide able-bodied reference norms for the enrolled par-
ticipants [22].

Although the Endocrine Society defines hypogonadism
as T levels below 300 ng/dL, we chose to stratify our sub-
jects by tertiles to evenly stratify our data. Furthermore, we
measured total serum T levels without measuring free or
bioavailable T concentrations. Future studies should mea-
sure sex-hormone binding globulin levels and address the
impact of bioavailable or free circulating T on body com-
position and metabolic profile in individuals with SCI.

Conclusion

Men with lower serum T have a more unfavorable body
composition and cardiometabolic profile after SCI. Using
DXA and MRI measures of body composition, men with
lower serum T levels have more total body fat mass, and
greater VATCSA when compared to the participants with
high serum T. The results highlight the significance of
measuring regional adiposity on the determined relation-
ships between serum T and cardiometabolic risk factors.
Additionally, men with low serum T also have higher cir-
culating serum TG, higher fasting plasma glucose and
insulin levels. Moreover, serum T was associated with
better insulin sensitivity. The results suggest that the use of
TRT may be a potential strategy in attenuating adverse body
composition changes and cardiometabolic consequences in
men with chronic SCI.
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