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Abstract
Changes in body composition and dietary intake occur following spinal cord injury (SCI). TheGeometric Framework for Nutrition (GFN) is a tool
that allows the examination of the complex relationships between multiple nutrition factors and health parameters within a single model. This
study aimed to utilize the GFN to examine the associations between self-reported macronutrient intakes and body composition in persons with
chronic SCI. Forty-eight individuals with chronic SCI were recruited. Participants completed and returned 3- or 5-day self-reported dietary recall
sheets. Dietary intake of macronutrients (fats, proteins, and carbohydrates) were analysed. Anthropometric measures (circumferences), dual-
energy x-ray absorptiometry (DXA), and magnetic resonance imaging (MRI) were used to assess whlole-body composition. Associations
between all circumference measures and carbohydrates were observed. Among MRI measures, only significant associations between subcuta-
neous adipose tissue and protein x carbohydrate as well as carbohydrates alone were identified. Carbohydrates were negatively associated with
several measures of fat mass as measured by DXA. Overall, carbohydrates appear to play an important role in body composition among indi-
viduals with SCI. Higher carbohydrate intake was associated with lower fat mass. Additional research is needed to determine how carbohydrate
intake influences body composition and cardiometabolic health after SCI.
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Stark changes in body composition and dietary behaviours occur
following spinal cord injury (SCI); furthermore, these adapta-
tions directly influence one another(1–3). Following SCI, adiposity
throughout the body increases, while lean mass (LM) below the
level of injury (LOI) decreases, resulting in neurogenic
obesity(1,3). The loss in LM along with decreases in activity levels
and impaired sympathetic nervous system activity results in a
lowering of BMR and daily energy needs following SCI(4,5).
Nutrition reporting among those with SCI reveals total energetic
intakes lower than able-bodied individuals(2,5,6), in addition to
lower measured BMR and calculated total energy expendi-
ture(2,7,8). Despite these factors, obesity is still more prevalent
among persons with chronic SCI compared with able-bodied
persons(9–13). Persons with chronic SCI also have an increased
risk for obesity-related cardiometabolic diseases(14), including
dyslipidaemia(15–17), glucose intolerance and diabetes

mellitus(16,18–24), central obesity(25–28), systemic inflamma-
tion(20,29–32) and mitochondrial dysfunction(33,34).

To mitigate these adverse effects, it is recommended that
those with SCI not only engage in physical activity but also
modify their dietary habits(35,36). Higher dietary fat intake is
reported after SCI(37,38) and is associated with increased adipos-
ity(7). However, the precise role of macronutrient intake on body
composition after SCI is not fully understood, which is partly due
to traditional approaches which investigate the effect of one var-
iable at a time (e.g. effects of one macronutrient on one meta-
bolic or body composition outcome). Previous research has
shown that macronutrient intake is associated with visceral
and subcutaneous adiposity as well as fasting insulin levels in
men with motor complete SCI(39). Furthermore, the percentage
of fat intake has been shown to account for 29–34 % of whole
and regional body fat mass, while the percentage of
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carbohydrate intake was positively related to whole-body LM
and negatively associated with fat mass in men with chronic
SCI(7). However, these reports have relied on traditional statisti-
cal techniques to examine these associations.

The geometric framework for nutrition (GFN) has emerged as
a tool to better understand the complex relationships between
nutrition and health(40,41). As opposed tomore reductionist meth-
ods, the GFN allows the examination of complex interactions
amongmultiple nutrients and health outcomes(40). TheGFN ena-
bles researchers to examine broadmultidimensional interactions
between variables of interest across multiple domains.
Subsequently, the dynamic relationships between nutrition
and health outcomes can be mapped on n-dimensional nutrient
state spaces, where n is the number of nutritional parameters(40–
42). Therefore, this powerful tool allows the consequences of
ingesting combinations of nutrients to be represented graphi-
cally, which provides a visual representation of how nutrient
intakes are related to markers of health. While this tool has been
used to examine the influence of nutrition on several health-
related outcomes among multiple non-human organisms(43),
including ageing(44) and liver disease(45), only a few human stud-
ies have utilised the GFN to examine the relationships between
nutrition and health outcomes(41,43,46–48). Therefore, the purpose
of the current work was to use the GFN to examine the associ-
ations between self-reported macronutrient intakes and body
composition in persons with chronic SCI. Body composition
assessment was conducted using three different levels of mea-
surement, including circumferential anthropometrics, dual-
energy X-ray absorptiometry (DXA) and MRI.

Materials and methods

Participants

Individuals were recruited to participate in two different clinical
trials (registered with clinicaltrials.gov: NCT01652040 and
NCT02660073) broadly aimed at exploring the effects of lower
extremity neuromuscular electrical stimulation evoked resis-
tance training following chronic (≥ 1-year post-injury) traumatic
and non-traumatic SCI (LOI ranged between C5 and L2).
Importantly, the present study consisted of a retrospective analy-
sis of baseline data from each study. All procedures were in
accordance with the ethical standards of the Helsinki
Declaration of 1964 and its later amendments. The McGuire
Veteran Affairs Investigation Research Board and the Virginia
Commonwealth University Office of Research and Innovation
approved the present study. For study 1 (NCT01652040, n 16),
men between 18 and 50 years of age with motor complete SCI
(American Spinal Injury Association Impairment Scale (AIS)-A:
complete motor and sensory loss below the LOI; or AIS-B: com-
plete motor loss and incomplete sensory loss below the LOI)
were recruited. For study 2, men and women aged between
18 and 65 years with motor complete or incomplete SCI (AIS-
A; AIS-B or AIS-C: incomplete motor and sensory loss with less
than half of the muscles tested below the LOI graded≥ 3) were
recruited (NCT02660073, n 32). Those presenting with CVD,
uncontrolled type 2 diabetes (or requiring insulin), haematoc-
rit> 50 % or symptoms of a urinary tract infection were excluded

from participating in either study. Additional exclusion criteria
for study 1 included individuals with pressure sores ≥ stage 2
and serum testosterone levels> 34·7 nmol/l. Similarly, pregnant
women, those with pressure sores ≥ stage 3 or osteoporosis as
determined using DXA (T-scores ≤ −2·5) were also excluded
from study 2. All potential participants received a physical exam
from an SCI-certified physician to ensure eligibility. Interested
and qualified individuals provided informed written consent
approved by the Hunter Holmes McGuire Veterans Affairs
Medical Center IRB.

Dietary recall

Throughout study 1 and study 2, participants completed and
returned 5- or 3-d dietary recall logs, respectively, which
included at least one weekend day(7). Our laboratory has previ-
ously shown no difference between energetic intake and per-
centages of macronutrients from 3- or 5-d recalls(7).
Participants and their caregivers (as available) were educated
on properly completing the recall form, capturing the amount
and type of foods consumed during theweekdays for everymeal
and snack. Once returned to the laboratory, each participant’s
data were entered into dietary tracking and analysis software
(Nutrition Data System for Research (NDSR), versions 2012–
2018; University of Minnesota). The first week of self-reported
dietary data (either 3- or 5-d recalls) was averaged for each indi-
vidual. The meanmacronutrient masses (g) for fats, proteins and
carbohydrates were used for analysis. Due to the relatively small
sample size, we limited our model to examine macronutrients as
opposed to more detailed food groups (e.g. simple v. complex
carbohydrates and saturated v. unsaturated fat).

Circumferential anthropometric measures

Several circumferential anthropometric measures were captured
while participants were seated in their wheelchairs and lying
supine on the DXA scanner as previously described(32).
Briefly, these measures were collected at baseline prior to any
intervention by an experienced technician.Waist circumferential
measures were taken from the narrowest point between the low-
est ribs and the iliac crests in both the seated (Sit-WC) and supine
positions (Sup-WC). Abdominal circumferential measures were
captured at the level of the umbilicus and also captured while
participants were seated (Sit-AC) and lying supine (Sup-AC).
Finally, supine hip circumferential measures (Sup-HC) were
acquired from the widest part of the buttocks (often traversing
the greater trochanters). At least three separate measurements
within 0·5 cm of each other were captured for each circumferen-
tial anthropometric measure. The average of these three mea-
sures was used for analysis.

MRI measures

MRI was performed before any intervention at baseline for par-
ticipants in both studies (1·5T; General Electric Signa). Twenty-
five to thirty-three transverse images (slice thickness: 0·8 cm and
interslice spacing: 1·2 cm) were captured between each individ-
ual’s xiphoid process and their femoral heads using an abdomi-
nal coil (fast spin-echo sequence: axial in-phase/out-phase;
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repetition time: 140 ms; echo time: 4·3 ms in-phase, 2 ms out-
phase; field-of-view: 42 cm; matrix size: 256 × 256; number of
excitations: 1 and acquisition time: 2 min)(28,32).

Images were first processed using ImageJ (version 1.52a;
National Institutes of Health) to identify an abdominal area of
interest for each participant. Anatomical consistency of the
abdominal region was maintained among the participants by
only including images between the upper poles of the kidneys
and the femoral heads. Win Vessel (version 2; Ronald Meyer,
Michigan State University) was then used for additional image
processing and analysis as previously described(51). Based on
pixel signal intensity, tissue segmentation (adipose, skeletal
muscle and bone) for each image within the abdominal region
was achieved. Next, manual tracing of the adipose tissue
between the skin and the abdominalmuscles (subcutaneous adi-
pose tissue (SAT)), and the adipose within the abdominal walls
and surrounding the viscera (visceral adipose tissue (VAT)) were
identified during segmentation. Once traced, the cross-sectional
area (CSA, cm2) for both the VAT and SATwasmeasured, and the
ratio between them (VAT:SAT) was calculated.

Dual X-ray absorptiometry measures

Full-body DXA scans were conducted at baseline for both stud-
ies (GE Healthcare Lunar Prodigy) as previously reported(52).
Briefly, each participant was placed in a supine position with
the lower extremities strapped together above the knee joint
in a neutral position. The upper extremities were stabilised close
to the body in neutral, and the pelvis/trunk was aligned in a neu-
tral position as well. Lean body mass (kg), fat mass (kg) and the
percentage body fat mass (%) were assessed for the total body
(respectively: total-LM, total-FM, %total-FM) along with specific
regions of interest: the trunk (respectively: trunk-LM, trunk-FM,
%trunk-FM) and the combined lower extremities (respectively:
LE-LM, LE-FM, %LE-FM). Each image was analysed using GE
Healthcare encore (version 16). These regions of interest were
first automatically identified and then manually adjusted to
improve reliability(52).

In the present study, we used a combination of anthropomet-
ric measurements (circumferences), DXA and MRI to capture a
complete picture of body composition. Circumferences offer a
practical clinical tool to assess fat mass and are strongly corre-
lated with cardiometabolic markers in chronic SCI(32). In addi-
tion, DXA is a surrogate gold standard tool to evaluate whole-
body composition and fat-free mass, while MRI represents the
gold standard to assess regional adiposity(32,53). Therefore, the
combination of these measurements allowed for a more com-
plete examination of body composition.

Statistical analysis

A cross-sectional analysis utilising the GFN approach was
employed. Not all macronutrient intakes were normally distrib-
uted. General additive models using thin-plate smoothing spines
were used to form response surfaces for each anthropometric,
MRI and DXA measure over the self-reported macronutrient
intake spaces(54,55). These models were built using single factors
(proteins; carbohydrates; fats) and two-factor interactions (pro-
tein × carbohydrate; protein × fat; carbohydrate × fat) in the R

mgcv package (version 1.8-31). Graphical representations of
these models were then generated as previously
described(44,45,56). Briefly, two-dimensional response surfaces
representing the three-dimensional nutrient state spaces of each
outcome measure were developed in triplicate, providing multi-
ple perspectives for each relationship. In addition to these plots,
Pearson correlations were conducted to examine bivariate asso-
ciations between macronutrient intakes. Our sample size was
selected to provide sufficient power (0·80) for the primary
aim, examining the relationships between macronutrient intake
and measures of body composition. Due to the exploratory
nature of the study, no adjustments for covariates were per-
formed to ensure sufficient statistical power. All GFN analyses
and images were produced using RStudio (version 1.3.959; R:
version 4.0.0, The R Foundation for Statistical Computing).
Regression analyses and bivariate statistics were performed
using SPSS (SPSS statistics version 24, IBM corp.). An α value
of 0·05 was chosen for all analyses.

Results

Participants

A total of fifty-four individuals participated in both studies;
however, six persons who contributed to study 1 later engaged
in study 2. For those participating in both studies, their data
collected during study 2 were excluded from analysis.
Demographic and injury information for the remaining forty-
eight participants is provided in Table 1. All participants
completed baseline testing for study 1 and study 2 without
experiencing any adverse events.

Dietary recall results

All participants in study 2 provided self-reported dietary recall
information for each of the three requested days, while three par-
ticipants in study 1 only reported dietary information for four out
of the five requested days. However, the data for these individ-
uals in study 1were still included in analysis, and no special steps
were taken to address this negligible data loss(7). A wide variety
of dietary patterns were observed. A mean of 6757 (SD 2945) kj
(range: 1377–18,215 kj; 1615 [SD 704 kcal]; range: 329–4354 kcal)
per day was reported. On average, these energy content were
derived from 18·6 (SD 5·3) % (range: 9·8–40·5 %) protein, 43·8
(SD 8·4) % (range: 27·6–68·9 %) carbohydrates and 36·6 (SD
6·4) % (range: 21·2–49·4 %) fat. This amounted to a reported
average of 69·3 (SD 28·2) g (range: 11·6–156·9 g) protein, 180·8
(SD 83·4) g (range: 29·8–449·2 g) carbohydrates and 67·8 (SD
34·6) g (range: 18·4–222·2 g) fat being consumed by the partic-
ipants daily. A Pearson correlation matrix (n 46) revealed a sig-
nificant inverse association between the percentage of
carbohydrates and fat consumed (r=−0·753, P< 0·01).

Circumferential anthropometric results

The Sup-WCwas not measured for one participant because they
presented with scoliosis, which interfered with accurate mea-
surement. Mean anthropometric results are shown in Table 2.
The general additive models revealed significant associations
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between carbohydrates and circumferential anthropometric
measures (Sit-WC, Sit-AC, Sup-WC, Sup-HC and Sup-AC; see
Table 3 and Fig. 1 and 2).

MRI results

MRI was not conducted for four participants due to procedure
contraindications. Mean results for the MRI measures are also
presented in Table 2. Significant associations between SAT
and protein × carbohydrate as well as carbohydrates were iden-
tified; however, no significant associations were observed for
VAT or VAT:SAT ratio (see Table 3 and Fig. 3).

Dual-energy X-ray absorptiometry results

All participants completedDXA scans. Table 2 presents themean
DXA variables observed among the participants. Only measures
of LMwere not found to be significantly associatedwith anymac-
ronutrient combination. Carbohydrateswere significantly associ-
ated with %total-FM, total-FM, %trunk-FM, trunk-FM, %LE-FM
and LE-FM (see Table 3 and Fig. 3). Additionally, significant inter-
actions were found between carbohydrate × fat for LE-FM and
between protein × carbohydrate for %LE-FM and LE-FM (see
Table 3 and Fig. 4). Additionally, linear regressions were per-
formed to further explore the relationships between carbohy-
drate intake and measures of fat mass after controlling for
total energetic intake (see Table 4). Accounting for total ener-
getic intake did not influence the relationship between carbohy-
drate intake and measures of fat mass.

Discussion

Major findings

Overall, the results demonstrate an inverse association between
the amount of carbohydrates individuals with SCI consume and

measures of their body fat. This pattern was consistently demon-
strated despite employing different tools used to assess body
composition among those with SCI, which included circumfer-
ential anthropometric measurements, MRI and DXA.
Specifically, carbohydrate intake was negatively associated with
all anthropometric measures, SAT as measured by MRI and all
DXA measures of fat mass. These results suggest that higher
carbohydrate intake was associated with lower measures of
FM. There were also notable interactions for protein × carbohy-
drates for SAT and DXA measures of LE-FM, as well as an inter-
action for carbohydrates × fat for LE-FM; however, these
interactions may be driven by carbohydrate intake.
Furthermore, lean body mass, VAT and VAT:SAT ratio were
unrelated to these dietary macronutrients in the present study.

Macronutrient intake following spinal cord injury

Two-thirds of persons with SCI are likely to be obese and are at
risk for metabolic complications related to obesity(8,13,21,57,58).
Dietary factors strongly influence the prevention and manage-
ment of these risk factors(3,51,59,60). However, only a few studies
have investigated individuals’ dietary intakes with chronic
SCI(3,7,37,51,59–61), and little is known regarding how specificmacro-
nutrients impact body composition and cardiometabolic health
after SCI. The recommended macronutrient distribution range
for able-bodied adults consists of energetic intake from protein
(10–35 %), fat (20–35 %) and carbohydrate (45–65%)(37).
Previous research has found evidence of dietary inadequacy in
adults with chronic SCI(2,37,62). Total energetic intake is often
below recommended levels(7,37), with low fibre intake(59,63,64)

and deficiencies in certain vitamins and minerals(59,63,64) but with

Table 1. Baseline demographics and spinal cord injury characteristics for
forty-eight participants
(Mean values and standard deviations)

Mean SD

Study 1 n 16
Study 2 n 32
Ethnicity White: n 29

African American: n 19
Sex Male: n 42

Female: n 6
Age (years) 38 12
Weight (kg) 72·6 14·1
Height (cm) 176·2 7·9
BMI (kg/m2) 23·6 4·6
Level of injury (range) C5–L1
Time since injury (years) 10 10
AIS (score) A: n 30

B: n 13
C: n 5

SCI classification Paraplegia: n 19
Tetraplegia: n 29

AIS, American Spinal Injury Association Impairment Scale; AIS-A, completemotor and
sensory loss below the level of injury; AIS-B, complete motor loss and incomplete sen-
sory loss below the level of injury; AIS-C, incomplete motor and sensory loss with less
than half of the muscles tested below the LOI graded≥ 3; SCI, spinal cord injury.

Table 2. Mean anthropometric, MRI and dual-energy X-ray
absorptiometry (DXA) measures
(Mean values and standard deviations)

Anthropometric measures Mean SD

Sit-WC (cm) 88·1 11·7
Sit-AC (cm) 95·1 15·3
Sup-WC (cm)* 82·9 12·9
Sup-HC (cm) 95·7 10·1
Sup-AC (cm) 83·3 14·0
MRI measures
SAT (cm2)** 148·5 95·0
VAT (cm2)** 81·5 65·1
VAT:SAT** 0·67 0·46
DXA measures
Total-FM (%) 30·6 10·9
Total-FM (kg) 23·1 10·8
Total-LM (kg) 46·6 7·6
Trunk-FM (%) 31·9 13·7
Trunk-FM (kg) 12·7 6·9
Trunk-LM (kg) 22·5 3·5
LE-FM (%) 32·4 10·6
LE-FM (kg) 7·2 3·5
LE-LM (kg) 13·5 3·0

Sit-WC, seated waist circumference; Sit-AC, seated abdominal circumference; Sup-
WC, supine waist circumference; Sup-HC, supine hip circumference; Sup-AC, supine
abdominal circumference; SAT, subcutaneous adipose tissue; VAT, visceral adipose
tissue; total-FM, total body fat mass percentage; total-FM, total body fat mass; total-
LM, total body lean mass; trunk-FM, trunk fat mass percentage; trunk FM, trunk fat
mass; trunk-LM, trunk lean mass; LE-FM, lower extremity fat mass percentage; LE-
FM, lower extremity fat mass; LE-LM, lower extremity lean mass.
*n 47; **n 44.
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high carbohydrate and fat intake(37). In the present study, energy
content were derived from 18·6 (SD 5·3) % (range: 9·8%–40·5%)
protein, 36·6 (SD 6·4) % (range: 21·2–49·4%) fat and 43·8 (SD
8·4) % (range: 27·6–68·9%) carbohydrates. These results suggest
the average fat intakewas high in the present study relative to rec-
ommendations for able-bodied adults, similar to previous findings
from our laboratory(2). Previous literature showed that persons
with chronic SCI consume fat that approaches or exceeds the
United States Department of Agriculture (USDA) recommenda-
tions(37,38,59,63,65–67), as do the amounts of carbohydrates con-
sumed(2,66). Specifically, an excess intake of simple
carbohydrates(63) and saturated fat(37) but low fruit and vegeta-
bles(59,65) has been reported.

Carbohydrate intake following spinal cord injury

It has been proposed that excess carbohydrates may be stored as
fat in visceral, subcutaneous, intermuscular and intramuscular
locations(61), which could contribute to obesity and disorders of
carbohydrate metabolism(4,8,68). In contrast, previous research
showed that the percentage of carbohydrate intake was nega-
tively related to the percentage of whole-body FM, leg FM and
trunk FM but positively related to the percentage of whole-body
LM, trunk LM and BMR adjusted to body weight in persons with
SCI(2). For all circumferentialmeasures, lower carbohydrate intake
was associated with increased FM (as denoted by the red regions
of Fig. 1 and 2). Specifically, carbohydrate intake below 150 g/d
was associated with the largest abdominal, waist and hip circum-
ferences. This patternwas also seen forDXAmeasures of FM,with
carbohydrate intake below 150 g/d being associatedwith the larg-
est amounts of LE-FM, trunk-FM and total body FM (as denoted by
the red regions of Fig. 4). This pattern was also true for SAT, with

carbohydrate intake below 150 g/d being associatedwith the larg-
est SAT CSA (as denoted by the red regions of Fig. 3). While there
were no significant associations between macronutrient intake
and VAT, this threshold of carb intake was not seen with VAT.
The lack of significant association with VAT may be due to the
level of physical activity rather than dietary intake – previous
research shows a negative association between the physical activ-
ity levels and visceral adiposity in persons with SCI(69). These
results may also support previous research showing a protective
role of SAT on metabolic profile(70,71).

Fat intake following spinal cord injury

Although fat intakewas not significantly associatedwithmeasures
of FM in the present study, previous work has suggested that the
percentage of dietary fat was negatively related to the percentage
of whole-body LM, trunk-LM and BMR adjusted to bodyweight(7).
Persons with SCI are likely to consume a high-fat diet, which is a
predisposing lifestyle factor for dyslipidaemia, central adiposity
and insulin resistance(7,37,72,73). Previous work has found that per-
sons with paraplegia and tetraplegia consume 81·4 and 82·7 g of
fat per day, respectively, while the recommended daily intake for
able-bodied individuals is 40–70 g/d(37). Additionally, dietary fat
intake has been found to explain 29–34% of whole-body and
regional FM in chronic SCI(7). The lack of a significant association
between fat intake and body composition in the present study
could be due tomany factors, including the level of physical activ-
ity, which was not accounted for in this exploratory study.
Interestingly, while fat intake was not significantly associated with
measures of body composition in the present study, there was a
significant inverse bivariate associationbetween the percentage of
carbohydrates and fat consumed. This suggests that individuals

Table 3. General additive model P values for measures of body composition among the macronutrient intake state space

Macronutrients

Protein Carb Fat Protein ×Carb Protein × Fat Carb × Fat

Anthro
Sit-WC 0·3991 0·0007* 0·9806 0·7210 0·8629 0·8139
Sit-AC 0·3662 0·0100* 1·0000 0·7596 0·4227 0·8411
Sup-WC 0·8395 0·0003* 1·0000 0·3281 0·8418 0·4025
Sup-HC 0·7865 0·0019* 0·9356 0·1478 0·9091 0·0801
Sup-AC 0·6251 0·0039* 0·9980 0·5184 0·8397 0·5266
MRI
SAT 1·0000 0·0046* 0·9994 0·0402* 0·9965 0·1231
VAT 0·0609 0·5405 0·6956 0·6156 0·1636 0·6557
VAT:SAT 0·1579 0·5666 0·7819 0·5922 0·3007 0·6102
DXA
Total-F 0·7037 0·0017* 0·9985 0·1441 0·7369 0·2794
Total-FM 0·9233 0·0042* 1·0000 0·1683 0·7994 0·2365
Total-LM 0·3564 0·4249 0·3702 0·4426 0·3849 0·4182
Trunk-F 0·4295 0·0095* 0·9998 0·5786 0·9665 0·6495
Trunk-FM 0·5450 0·0086* 0·9887 0·6804 0·8684 0·7561
Trunk-LM 0·6225 0·6143 0·7742 0·4646 0·6499 0·4697
LE-F 1·0000 0·0121* 0·8587 0·0124* 0·5798 0·1675
LE-FM 1·0000 0·0211* 1·0000 0·0397* 0·8477 0·0051*
LE-LM 0·4075 0·4094 0·2315 0·5580 0·4067 0·4812

Anthro, anthropometrics; Carb, carbohydrates; DXA, dual-energy X-ray absorptiometry; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; Sit-WC, seated waist cir-
cumference; Sit-AC, seated abdominal circumference; Sup-WC, supine waist circumference; Sup-HC, supine hip circumference; Sup-AC, supine abdominal circumference; total-F,
total body fat mass percentage; total-FM, total body fat mass; total-LM, total body lean mass; trunk-F, trunk fat mass percentage; trunk-FM, trunk fat mass; trunk-LM, trunk lean mass;
LE-F, lower extremity fat mass percentage; LE-FM, lower extremity fat mass; LE-LM, lower extremity lean mass.
* P values≤ 0·05.
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who consumed higher amounts of carbohydrates also consumed
lower fat, which may indicate that lower fat intake is partially
responsible for the favourable body composition seenwith higher
carbohydrate intake.

Interactions among macronutrient intake and body
composition following spinal cord injury

While neither fat nor protein consumption alone or in combina-
tionwas significantly related to anymeasures, carbohydrate × fat
and protein × carbohydrate interactions were significantly
related to LE-FM. Indeed, significant relationships were found

only when carbohydrate intake was considered. Therefore,
dietary carbohydrate intake appears to be driving these inter-
actions. In this preliminary report, dietary fat and protein alone
do not significantly impact body composition, but rather their
influence depends on dietary carbohydrates. This is potentially
related to the changes in fat and carbohydrate metabolism fol-
lowing SCI. Persons with SCI have a reduced ability to use stored
fat as a substrate even during exercise due to the dysfunction of
the autonomic nervous system and thus rely on carbohydrate uti-
lisation(74). Moreover, increased carbohydrate utilisation and
decreased fat utilisation across a range of exercise intensities dur-
ing arm cycling have been demonstrated in men with

Fig. 1. Supine anthropometric measures. Two-dimensional representations of each geometric framework for nutrition (GFN) response surface within macronutrient
intake state spaces are provided. The median value of the third factor (identified with parentheses on each x-axis) limits each response surface. Red regions represent
increased anthropometric circumferences, and blue regions represent reduced anthropometric circumferences. (a) and (b) represent supine abdominal circumference
(cm); (c) and (d) represent supine waist circumference (cm); (e) and (f) represent supine hip circumference (cm). In all examples, lower carbohydrate intake is associated
with increased circumferences. Nutrient intake is quantified in grams. Kcal quantities can be calculated using conversion factors: 9 kcal/g (fat) and 4 kcal/g (protein and
carbohydrates).
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Fig. 2. Seated anthropometric measures. Two-dimensional representations of each geometric framework for nutrition (GFN) response surface within macronutrient
intake state spaces are provided. The median value of the third factor (identified with parentheses on each x-axis) limits each response surface. Red regions represent
increased anthropometric circumferences, and blue regions represent reduced anthropometric circumferences. (a) and (b) represent seated waist circumference (cm);
(c) and (d) represent seated abdominal circumference (cm). In all examples, lower carbohydrate intake is associated with increased circumferences.

Fig. 3. MRI measures of fat mass. Two-dimensional representations of each geometric framework for nutrition (GFN) response surface within macronutrient intake state
spaces are provided. The median value of the third factor (identified with parentheses on each x-axis) limits each response surface. Red regions represent increased fat
mass, and blue regions represent reduced fat mass. (a), (b) and (c) represent subcutaneous adipose tissue area (cm2); (d), (e) and (f) represent visceral adipose tissue
area (cm2). In all examples, lower carbohydrate intake is associated with increased fat mass.
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paraplegia(75). Additionally, as previously stated, traditional
approaches have examined the associations of one dietary factor
at a time as opposed to examining the complex interactions
among many nutritional factors, which may lend credence to
these novel findings using the GFN. Therefore, future research
should further investigate macronutrient intake on health out-
comes following SCI using the GFN to validate these findings.

As previously mentioned, we used a combination of
anthropometric measurements (circumferences), DXA and
MRI in the present study to capture a complete picture of body
composition. Central adiposity characterised by increasing waist
circumference, VAT CSA or VAT:SAT ratio is tightly associated

with cardiometabolic disorders after SCI. Both seated and supine
waist and abdominal circumferences are strongly related to VAT
and VAT:SAT ratio as measured by the gold standard MRI.
Furthermore, our laboratory has previously established SCI-spe-
cific anthropometric andVAT thresholds associatedwith impaired
cardiometabolic health(32). The MRI VAT CSA cut-off was identi-
fied as 100 cm2. The cut-offs for anthropometric measurements
were 86·5 and 88·3 cm for supine waist and abdominal, respec-
tively, and 89·1 and 101 cm for seated waist and abdominal,
respectively. The current sample, on average, was below the
cut-offs for VAT CSA (81·5 (SD 65·1) cm2), supine waist (82·9 (SD
12·9) cm) and abdominal circumference (83·3 (SD 14·0) cm), as

Fig. 4. Dual-energy X-ray absorptiometry (DXA) measures of fat mass. Two-dimensional representations of each geometric framework for nutrition (GFN) response
surface within macronutrient intake state spaces are provided. The median value of the third factor (identified with parentheses on each x-axis) limits each response
surface. Red regions represent increased fatmass, and blue regions represent reduced fat mass. (a) and (b) represent lower extremity fat mass (kg); (c) and (d) represent
trunk fat mass (kg); (e) and (f) represent total fat mass (kg). In all examples, lower carbohydrate intake is associated with increased fat mass.

1018 J. A. Goldsmith et al.

https://doi.org/10.1017/S0007114522001830  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522001830


well as seated waist (88·1 (SD 11·7) cm) and abdominal circumfer-
ences (95·1 (SD 15·3) cm). Therefore, this sample represents a rel-
atively lean group of individuals with SCI. As expected, our
sample had higher fatmass and less LMas comparedwith the gen-
eral able-bodied population(9,10,26,76). Additionally, anthropomet-
ricmeasurements are a clinical surrogatemeasure to estimateVAT
accumulation in persons with SCI, DXA represents a surrogate
gold standard to assess whole-body fat mass and fat-free mass
and MRI breaks down these compartments further into regional
muscle and fat mass(32,53). Therefore, the combination of these
techniques allowed the examination of practical clinical tools (cir-
cumferences), as well as validated measures of regional adiposity
and fat-free mass (MRI and DXA, respectively).

Limitations

It should be noted that this study does not identify any type of
causal relationship between dietary choices among those with
SCI and body composition. The associations observed also do
not clearly indicate how those with SCI might leverage one or
more macronutrient(s) over another to influence body compo-
sition. One notable limitation of this work is that these conclu-
sions rely entirely on the self-reported dietary data of our
participants. In addition, this data set includes few females,
and the exclusion criteria of both studies preclude the participa-
tion of those with common co-morbid conditions. Such factors
limit sub-group analyses using GFN methodologies and the
scope of this report’s findings. Additionally, the sample in the
present study represents a younger and leaner group of individ-
uals living with SCI. The sample’s average age was 38 (SD 12)
years, average BMI was 23·6 (SD 4·6) and the average waist cir-
cumference was 82·9 (SD 12·9) cm. On average, the sample was
well below the aforementioned cut-offs for individuals with SCI,
suggesting that their body fat is lower than is observed among
older individuals with SCI. Also not accounted for in our report
was the fact that few of our participants reported alcohol con-
sumption which is ignored in our analysis as the Nutrition
Data System for Research software treats alcohol independently.
This may be relevant due to the reported high alcohol consump-
tion in SCI and its associationwith increased adiposity, especially
central adiposity(77–82). While seemingly a small sample for this

type of analysis, it is a relatively large sample when considering
this specific population(83). However, this relatively large sample
did not allow for a sufficient sample size to control for covariates
such as LOI or time since injury. Therefore, the results of this
study should be viewed as exploratory results that can inform
future work in larger trials. Moreover, physical activity levels
were not measured in the present study. Because physical activ-
ity is a determining factor of body composition, this should be
considered amajor limitation of the present study. Lastly, distinct
types of macronutrients were not investigated in the present
study (e.g. saturated v. unsaturated fat and simple v. complex
carbohydrates). Due to the aforementioned limitations, caution
should be used when interpreting these findings. Future work
should further examine the relationships between physical activ-
ity levels, body composition and macronutrient and micronu-
trient intake in persons with chronic SCI.

Conclusions

Carbohydrates appear to play an important role in body compo-
sition among individuals with SCI, and lower carbohydrate
intake seems to be associated with higher fat mass. This may
be related to the changes in fat and carbohydrate metabolism
as well as the reported increase in fat consumption that occurs
following SCI. Traditional approaches have examined the asso-
ciations of one dietary factor at a time as opposed to examining
the complex interactions among many nutritional factors. Using
the GFN, we examined associations between several dietary fac-
tors and multiple measures of body composition. Regardless of
the body composition measure used, carbohydrates were con-
sistently inversely related to measures of body fatness.
Therefore, these results using the GFN lay the foundation to
more holistically address dietary behaviours and body composi-
tion changes among individuals with chronic SCI. Because
carbohydrate intake appears so influential in this population,
additional research is needed to determine how carbohydrate
type and physical activity influence body composition and car-
diometabolic health after SCI.
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