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Abstract
Study design Prospective, observational
Objectives To evaluate agreement between a reference method (doubly labelled water, DLW) of total energy expenditure
(TEE) and published equations for estimating energy requirements in acute spinal cord injury (SCI).
Setting Victoria, Australia
Methods Twenty participants (18 male) within 8 weeks of traumatic SCI completed DLW, anthropometric and dietary
intake assessments. Energy requirements were predicted using Harris-Benedict, Schofield, Henry, Nelson, Buchholz and
Chun equations, multiplied by a combined activity and stress factor of 1.3, and the ratio method (kJ/kg body weight). Fat-
free mass (FFM) and fat mass (FM) were calculated from TBW-derived DLW and from bioelectrical impedance spectro-
scopy (BIS).
Results Median time since injury was 41 days. Median TEE was 9.1 MJ. Fair agreement was found between TEE and
predicted energy requirements for the Chun (rc= 0.39), the Harris-Benedict equation (rc= 0.30), the ratio method (rc=
0.23) and the Buchholz (rc= 0.31) and Nelson equations (rc= 0.35), which incorporate measures of FFM and/or FM. Other
equations showed weak concordance with DLW. When two hypermetabolic patients were removed, agreement between
TEE and predicted energy requirements using the Buchholz equation increased to substantial (rc= 0.72) and using the
Nelson (rc= 0.53) and Chun equations (rc= 0.53) increased to moderate. The Buchholz equation had the smallest limits of
agreement (−2.4–2.3 MJ/d).
Conclusion The population-specific Buchholz equation that incorporates FFM, predicted from either BIS or DLW,
demonstrated the best agreement in patients with acute SCI.
Sponsorship The study was funded by grants from the Institute for Safety, Compensation and Recovery Research (ISCRR
Project # NGE-E-13-078) and Austin Medical Research Foundation. M Panisset was supported by an Australian Post-
graduate Award.

Introduction

Accurate assessment of energy needs is important to prevent
under and over-nutrition and their associated morbidities
[1, 2]. The metabolic response to acute SCI within the first
7 weeks is not well understood, although nitrogen loss and
decreased protein synthesis, whole-body energy stores and
lean muscle mass have been reported. Despite the impor-
tance of appropriate nutrition, few studies have examined
energy requirements in acute SCI [3–8].

While metabolic demand may be heightened during the
initial catabolic phase, energy requirements during rehabi-
litation and chronic phases gradually decline to below prior
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to injury or those of controls [9, 10]. The transition from the
catabolic phase to decreased energy needs is not well
defined although resting energy expenditure (REE) has been
reported to decrease after 10 weeks [4]. Energy needs may
be affected by multiple factors including level [8] and
completeness of injury [11], body composition [9, 12],
presence of infection or pressure injuries [13] and activity
[11]. Accurate measures of energy expenditure are expen-
sive and clinically practical methods have not been vali-
dated in this patient population.

Indirect calorimetry is recommended in SCI [3] but is
often unavailable in the clinical setting. Predictive equa-
tions derived from able-bodied populations are used to
estimate REE and individually adjusted by multiplying
REE by activity and/or stress factors not specific for the
SCI population to predict total energy expenditure (TEE)
[14, 15]. Indirect calorimetry measures of energy expen-
diture in individuals with chronic SCI have been compared
with estimates of energy expenditure using the Harris-
Benedict equation [8, 10, 13], which incorporates age, sex,
weight and height but various stress and activity factors
have been used and some authors failed to specify factors,
making comparisons difficult [6]. There is a lack of evi-
dence on the most valid predictive equation and which
activity and/or stress factors are appropriate when esti-
mating TEE in people with acute SCI [16]. One study
found a significant correlation between measured energy
expenditure and predicted TEE in acute SCI (4 weeks post
injury), using the Harris-Benedict equation, incorporating
a stress factor of 1.2 and an activity factor of 1.1 [7]. In
males ≥ 8 weeks post injury, measured values were 96% of
those predicted using the Harris-Benedict equation with an
activity factor of 1.2 [13]. Others have reported predictions
based on the Harris-Benedict equation, using an activity
factor of 1.2, overestimate REE by 28% in people with
SCI [8].

The Schofield [17] and Henry [18] equations, based on
body weight and age, are also used to predict energy
requirements. Studies in individuals with chronic SCI report
that the Schofield equation significantly overestimated basal
metabolic rate (BMR) and REE [19, 20].

Altered body composition may affect energy expenditure in
SCI [21]. A correlation between fat-free mass (FFM) and REE
in participants with chronic paraplegia lead to the development
of a population-specific prediction equation for REE, including
age, sex, height and FFM as predictor variables [19]. This
equation was recently cross-validated and found to closely
predict REE in a sample of 30 individuals with paraplegia and
eight with tetraplegia [22]. Others have reported excellent
agreement between measured BMR using indirect calorimetry
and BMR estimated using the Cunningham equation [23] and
newly developed population-specific equations [20, 24] that

include FFM, with or without anthropometric measurements
[20]. Given the lack of evidence regarding TEE in the acute
phase post-injury and the well-established changes that occur in
body composition, further investigation of prediction equations,
including those that estimate REE based on FFM and fat mass
(FM), are warranted [19, 24, 25].

The doubly labelled water (DLW) technique is the
reference method of TEE [26]. DLW also quantifies total
body water, and thereby FFM and FM. The aim of this study
was to evaluate the validity of published predictive equa-
tions used in clinical practice to estimate energy require-
ments in acute SCI, against the reference method, DLW, and
to test the hypothesis that equations based on FFM would be
more accurate predictors of metabolic demands in acute SCI,
compared to equations based on height and weight.

Methods

Participants

Patients with SCI who had sustained an acute traumatic
complete (AIS A) or incomplete SCI (AIS B, C, D) above
T12, according to the American Spinal Injury Association
(ASIA) Impairment Scale (AIS) criteria, were screened for
eligibility. ‘Acute’ was defined as within 8 weeks post-
SCI, since nutritional depletion based on anthropometry
[1, 4], biochemistry [1] and negative nitrogen balance [1]
has been reported within this timeframe. Participants were
medically stable, able to provide informed (written or
witnessed, verbal) consent and medically and surgically
cleared to participate. Participants less than 18 years, with
multiple trauma or intercurrent illness, in ICU or venti-
lator-dependent, pregnant or breastfeeding were excluded.

Standard care

This study was observational. All participants received
standard care including standard hospital diet with or
without oral nutrition support, regular passive movement of
the paralysed limbs, strategies for bed mobility, transfers,
wheelchair mobility skills and standing and walking with or
without assistive devices.

Anthropometry

Body weight was measured to the nearest 100 g on either
Gludmann or Wedderburn Rinstrum R320 hoist scales or
Wedderburn Model No. 2100 platform scales the day before
study commencement. Supine length was measured to the
nearest 0.5 cm using portable metal bookends and a rigid
tape measure.
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Estimated energy intake (EEI) and estimated protein
intake assessment

A dietitian completed 3-day, 24-h recalls of all food and
fluids consumed at the beginning and end of the study period.
Food recalls were analysed using Foodworks dietary analysis
software (Xyris Software, Australia, 2007 Version 5).

Total energy expenditure

The DLW technique was used to measure TEE [27].
Baseline (Day 0) urine samples were obtained prior to
ingestion of the labelled water to determine background
isotope enrichment. DLW (99% 2H2O (deuterium) and 97%
18O in solution), prepared by the hospital pharmacy, was
administered orally at a dose rate of 0.2 g/kg; the precise
dose amount being determined gravimetrically [27].

Duplicate urine samples were collected on days 1, 2, 5,
6, 8, 9, 12 and 13 post-dose. Urine samples were taken
from the catheter port via a syringe following 30 min
clamping of the catheter, stored at −20 °C and shipped to
the Children’s Nutrition Research Centre at the University
of Queensland for isotope analysis. Four post-dose sam-
ples (days 1, 2, 13 and 14) were analysed to determine
isotopic enrichments using a Dual Inlet Isoprime isotope
ratio mass spectrometer (Isoprime, Manchester, UK).
Results were expressed relative to the international stan-
dard, Vienna Standard Mean Ocean Water. Dilution
spaces for both deuterium and oxygen-18 were calculated
according to standard equations [28]. Rate constants were
determined via the multipoint method with the production
rate of CO2 calculated as the difference between the
elimination rates of deuterium and oxygen-18, accounting
for isotopic fractionation [29]. Oxygen consumption was
determined by assuming a respiratory quotient of 0.85 [2,
29], and TEE was calculated according to the abbreviated
Weir equation [30].

Body composition

FFMDLW and FMDLW were calculated from TBW derived
from deuterium elimination rates by assuming a hydration
fraction for FFM of 0.732 [31]. FMBIA was also predicted
from whole body impedance measurements as described
previously [32] using the prediction equation of Kocina and
Heyward [33]. Fat mass predicted from impedance mea-
surements (FMBIA) was calculated as the difference between
body weight and FFMBIA.

Estimation of energy requirements

The predictive equations used for comparison were Scho-
field [17], Harris and Benedict [34] and Henry [18]. TEE

was also estimated using the ratio method (135 kJ/kg [35])
which was current clinical practice. For participants with a
BMI > 30, body weight was adjusted to ideal weight at BMI
of 25 [36]. FFM and FM, calculated from deuterium elim-
ination rates or bioelectrical impedance spectroscopy (BIS),
were used to estimate REE in the Nelson [25], RMR in the
Buchholz [19] and BMR in the Chun [24] equations. Where
original equations were formulated in Kcal, data were
converted to kJ using the conversion factor 4.18 kJ/Kcal.
Equations are presented in Table 1. REE/RMR/BMR was
multiplied by a stress factor of 1.2 plus an activity factor of
1.1 recommended by Barco et al. [7]. to estimate TEE.

Estimation of protein requirements

Protein requirements were estimated using 1.35 g/kg body
weight as per Nutrition and Dietetics Department clinical
guidelines (unpublished).

Statistical analysis

Statistical analyses were performed using Medcalc (Med-
Calc Software bvba, Belgium). Data were normally dis-
tributed (Kolmogorov-Smirnov test) and descriptive
statistics are expressed as mean ± SD, median with inter-
quartile range (IQR) and overall range. The relationship
between methods was assessed using Pearson’s correlation
(rp). Lin’s concordance coefficient (rc) was used to evaluate
concordance, precision and accuracy of estimated energy
requirements (EER) from each method compared to TEE
from DLW. Strength of agreement used the following
classification: <0.00= poor, 0.00–0.20= slight, 0.21–0.40
= fair, 0.41–0.60=moderate, 0.61–0.80= substantial, and
0.81–1.00= almost perfect agreement [37].

Limits of agreement analysis (LOA) was performed as
described by Bland and Altman [38].

Outliers were identified by calculating the difference
between measured and expected TEE using the most
accurate predictive equation and testing for outliers using
the Generalised Extreme Studentized Deviate method, and
an alpha level of 0.05.

Results

Participant characteristics

Table 2 depicts participant (N= 20) and injury character-
istics. Median age was 42.5 years (IQR 24–61). Median time
since injury was 41 days (IQR 28–48). Median BMI at
baseline was 24.7 (IQR 21–28). Five participants had
complete injuries (two tetraplegia) and fifteen had incom-
plete injuries (14 tetraplegia). Participants were Caucasian
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Table 1 Equations evaluated for
the estimation on TEE in
individuals with acute spinal
cord injury

Source Age range Equation

Schofield [20] (MJ/d) 18–30 Males BMR= (0.063 xW)+ 2.896

Females BMR= (0.062 xW)+ 2.036

30–60 Males BMR= (0.048 xW)+ 3.653

Females BMR= (0.034 xW)+ 3.538

>60 Males BMR= (0.049 xW)+ 2.459

Females BMR= (0.038 xW)+ 2.755

Henry [21] (MJ/d) 18–30 Males BMR= (0.0669 xW)+ 2.28

Females BMR= (0.0546 xW)+ 2.33

30–60 Males BMR= (0.0592 xW)+ 2.48

Females BMR= (0.0407 xW)+ 2.90

60+ Males BMR= (0.0563 xW)+ 2.15

Females BMR= (0.0424 xW)+ 2.38

Harris-Benedict [34] Males BMR= 278+ (57.5 xW)+ (20.9xH)-(28.3xA)

(kJ/d) Females BMR= 2741+ (40 xW)+ (7.7 x H)−(19.6xA)

Ratio (kJ/d) TEE= 135 kJ/kg

Buchholz et al. [22]. (kJ/d) RMR= 10682−1238(ln age)−521(sex)−24(height)+ 87(FFM)

Nelson et al. [27]. (kJ/d) REE= (108 x FFM)+ (16.9 x FM)

Chun et al. [26]. (kcal/d) BMR= 24.5 x FFM+ 244.4

BMR is a measurement made using indirect calorimetry under highly standardised and controlled conditions
and is frequently used interchangeably in the literature with resting metabolic rate (RMR) or resting energy
expenditure (REE) which are any other measurements of resting energy metabolism under conditions that
approximate those of BMR

W weight in kg, H height in cm, A age in years, FFM and FM in kg, RMR resting metabolic rate, BMR basal
metabolic rate, REE resting energy expenditure, TEE total energy expenditure

Table 2 Participant and injury
characteristics

Variable Mean ± SD Median (Q1, Q3) Range

Age (years) 43.2 ± 19.6 42.5 24.5–60.5 18–82

Days post injury 41 28–48 17–75

Height (cm) 175.8 ± 10.3 177.0 169.0–181.0 153.5–198.0

Weight (kg) 79.5 ± 16.7 78.2 65.9–87.9 55.4–127.2

BMI (kg/m2) 25.9 ± 6.4 24.6 21.7–27.9 18.0–47.3

FFMDLW (kg, from DLW) 58.4 ± 9.9 55.6 51.7–64.5 39.3–78.3

FMDLW (kg, from DLW) 21.1 ± 10.5 20.0 11.6–27.8 8.4–51.3

FFMBIA (kg, from BIA) 56.9 ± 9.8 55.6 50.8–61.7 41.5–78.7

FMBIA (kg, from BIA) 21.8 ± 10.7 20.3 12.7–28.7 9.7–52.0

TEE (MJ/day) 9.85 ± 3.24 9.05 8.18–11.38 5.86–19.60

Injury characteristics Severity N

High tetraplegia (C1–C4) n= 12 AIS A 1

AIS B 6

AIS C 3

AIS D 2

Low tetraplegia (C5-C8) n= 4 AIS A 1

AIS B 2

AIS C 1

Paraplegia (T1-L5) n= 4 AIS A 3

AIS ASIA impairment scale, BMI body mass index, FFM fat free mass, FM fat mass, TEE total energy
expenditure
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males except for one Asian female and one Caucasian
female.

Eight participants mobilised in power wheelchairs, three
in manual wheelchairs and five used both. Of those five, one
participant was walking with assistive devices, one used a
combination of manual wheelchair and walking with
assistive devices and one was using a combination of power
wheelchair and walking up to 10 m with supervision. The
remaining participant became septic, rested in bed and was
transferred to another hospital on day 1 of the study how-
ever ethics clearance allowed ongoing data collection.
Spasticity was recorded in four participants; two were pre-
scribed baclofen, the level of spasticity did not impact on
the function of the other two individuals.

Four participants became febrile during the study period,
one developed hospital-acquired pneumonia and three
urinary tract infections. A fifth participant became septic
with a pelvic collection that required surgical intervention,
and developed acute renal failure. All remained in the study.

Over the study period, participants lost a median of 0.8 kg
(IQR −2.0–0.30). Median estimated energy intake was 9.7
MJ (IQR 8.6–10.8MJ), 107% of measured TEE, and esti-
mated protein intake was 101 g/day (IQR 92–116 g).

Comparison of predicted energy requirements to
total energy expenditure

TEE and FFM were significantly correlated (r=0.59, p=
0.01). Table 3 presents correlations, limits of agreement and
absolute percentage error for all methods compared with TEE.
Fair agreement was found between TEE and predicted energy
requirements using the Buchholz [19] (rc 0.31; 95% CI 0.03–
0.55), Nelson [25] (rc 0.35; 95% CI 0.07–0.58) and Chun [24]
(rc 0.39; 95% CI 0.13–0.60) equations that incorporate

measures of FFMDLW and/or FMDLW. Similarly, agreement
using Harris-Benedict [34] (rc 0.3; 95%CI: −0.02–0.56) and
ratio methods (rc 0.23; 95% CI−0.18–0.57) was fair, whereas
the Schofield [17] (rc 0.18; 95% CI: −0.12–0.46) and the
Henry [18] equations (rc 0.18; 95%CI: −0.12–0.46) showed
only slight concordance with DLW measurements of TEE.
Classification of agreement did not alter when adjusted body
weight was used for participants with a BMI > 30.

Figure 1 depicts LOA for agreement between TEE and
energy requirements predicted by the various equations for
all participants. The equations show varied bias (−0.8 to
1.2MJ) and wide limits of agreement (−7.6 to 6.8MJ). The
significant slope of the regression line indicates that there
was systematic error in the estimates.

Figure 2 depicts Box and Whisker plot for the difference
between measured and predicted TEE using the population-
specific Buchholz [19], Chun [24] and Nelson [25] equa-
tions. The combined injury and activity factor of 1.3 pro-
vided a close estimation of TEE for 90% of the sample.

Two patients were identified statistically as outliers.
Review of clinical data determined that they were hyper-
metabolic compared to other participants. When their data
was excluded from the analysis, agreement between TEE
and predicted energy requirements using all three FFM-
based prediction equations improved: Buchholz [19] (rc
0.72 95% CI 0.44-0.87) increased to substantial; Nelson
[25] (rc 0.53; 95% CI 0.14-0.78) and Chun [24] (rc 0.53;
95% CI 0.16-0.77) increased to moderate (Table 4).

Discussion

This is the first study to evaluate agreement between pre-
dictive equations for estimating energy requirements in

Table 3 Agreement between TEE using DLW and estimated energy requirements using predictive equations for all participants (n= 20)

Prediction method Weight
adjustment

TEE (MJ/day) Concordance coefficient, rc
(95% CI)

Pearson
coefficient, rc

Bias (DLW-
predicted)

Limits of
Agreement
(MJ/day)

Absolute
percentage
error

DLW 9.85 ± 3.24

Schofield [20] − 9.43 ± 1.32 0.18 (−0.12 to 0.46) 0.27 0.42 −5.7 to 6.7 12.4

+ 9.30 ± 1.25 0.20 (−0.12 to 0.45) 0.30 0.55 −5.5 to 6.7 11.4

Henry [21] − 9.30 ± 1.32 0.18 (−0.12 to 0.46) 0.27 0.55 −5.6 to 6.8 12.7

+ 9.15 ± 1.24 0.20 (0.08 to 0.46) 0.32 0.70 −5.3 to 6.8 12.6

Harris-Benedict [34] − 9.42 ± 1.47 0.30 (−0.02 to 0.56) 0.41 0.33 −5.4 to 6.3 12

+ 9.30 ± 1.45 0.31 (0.00 to 0.57) 0.31 0.55 −5.3 to 6.8 10.7

Ratio Method − 10.73 ± 2.26 0.23 (−0.18 to 0.57) 0.26 −0.88 −7.6 to 5.9 27.2

+ 10.47 ± 2.18 0.27 (0.14 to 0.60) 0.30 −0.62 −7.1 to 5.9 25

Buchholz et al. [22]. − 9.05 ± 1.34 0.31 (0.03 to 0.55) 0.47 0.80 −4.8 to 6.5 11.2

Nelson et al. [27] − 8.67 ± 1.49 0.35 (0.07 to 0.58) 0.53 1.18 −4.2 to 6.7 8.6

Chun et al. [26] − 9.10 ± 1.32 0.39 (0.13 to 0.60) 0.59 0.75 −4.5 to 6.0 11.5
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acute SCI with the DLW technique, an accepted reference
method of TEE. The major finding of the study was that
equations that include measures of body composition were
the most accurate predictors of TEE. The population-
specific Buchholz equation [19], multiplied by a combined
activity and stress factor of 1.3, suggested by Barco et al.
[7], fitted 90% of the study sample. Two participants were
statistical outliers, with measured energy requirements more
than 4MJ greater than predicted using the Buchholz equa-
tion [19]. The outliers were both male, with C2 and C3 AIS
B tetraplegia and mobilised in power wheelchairs. One
regularly used functional electrical stimulation cycling
exercise which may have increased activity-related energy

expenditure. Whilst neither participant was febrile during
the study period, the second outlier had intermittent low-
and high-grade fevers secondary to a urinary tract infection
one week prior to commencing the study and was extremely
anxious. Hence the combined stress and activity factor of
1.3 was not appropriate in these cases, suggesting that
activity and stress factors should be individualised.

TEE and FFM, irrespective of whether measured by
deuterium dilution or predicted by BIS, were significantly
correlated (r= 0.59; p= 0.01) in the studied sample; a
lower value than that seen for able-bodied individuals [10]
but consistent with a study in individuals with paraplegia
[19]. Hence FFM, not weight, is included in the Buchholz
[19] and Chun [24] equations and FFM in addition to
anthropometrics in the Nightingale [20] equation for indi-
viduals with chronic SCI.

As hypothesised, predictive equations developed in
chronic SCI that include body composition measures,
adjusted for stress and activity factors, demonstrated better
agreement than simple height- and weight-based predictors.
The agreement was classified as only fair for the entire
sample, although this increased to substantial when outlying
hypermetabolic participants were removed. The Buchholz
[19] equation performed better than the Nelson [25] or
Chun [24] equations exhibiting smaller bias and LOA
(Table 4). This finding is consistent with a recent publica-
tion by Andersen et al., who also reported that the Buchholz
et al., equation closely predicted REE in a varied sample of
participants with paraplegia and tetraplegia [22]. The

Fig. 2 Difference between TEE and energy requirements predicted
using three FFM-based prediction equations

Fig. 1 Limits of agreement
comparing TEE values derived
from DLW and those predicted
using various equations for all
participants

Comparison of estimated energy requirements using predictive equations with total energy expenditure. . . 567



differences in agreement between these equations in the
current study might be due to differences in ethnicity and
levels of injury of participants between studies; in the pre-
sent study all participants except one were Caucasian and
the majority had tetraplegia with a mean FFM of 58.4 kg.
Chun et al. [24]. included only East Asian participants with
both tetraplegia and paraplegia and mean FFM of 42.1 kg
while Buchholz et al. [19]. included only those with para-
plegia (mean FFM of 69.2 kg).

Predictive equations developed in healthy individuals,
although adjusted for SCI stress and activity, showed poor
predictive value in the present acute SCI sample. The Henry
[18] and Schofield [17] equations demonstrated only weak
agreement, while only fair agreement was found for the Harris-
Benedict equation [34]. The ratio method, whilst attractive due
to its simplicity, gave the least accurate estimate of TEE, with
the largest limits of agreement. These findings are consistent
with another study in adult hospital patients that found the
percentage of accurately predicted REE (±10% of measured)
was low, ranging from 8–49% in all equations [39].

Most other studies quantifying energy expenditure in SCI
included participants with chronic SCI. Differences in
timeframe and injury characteristics make comparison dif-
ficult or inappropriate and findings not generalisable to
acute SCI. Only three studies [6–8], that measured REE
within or close to the first eight weeks post-SCI provide
comparative results. One study with a similar timeframe
post-injury (mean 65.5 days) and similar proportion of
individuals with tetraplegia and paraplegia to the current
study found the Harris-Benedict equation, multiplied by an
activity factor of 1.2, overestimated REE by up to 30% [8].
Conversely, Barco et al. [7]. reported measured TEE was
95–100% of predicted energy expenditure using the Harris-
Benedict equation (activity factor 1.1, stress factor 1.2) in
11 male mechanically-ventilated patients with tetraplegia
4 weeks post-injury; the level and severity of SCI were not
described. Aquilani et al. [13]. found measured REE was
96% of predicted by the Harris-Benedict equation in ten
males with complete paraplegia (≥2 months post-injury,

with similar injury and severity levels) although REE may
have been elevated due to the presence of pressure sores and
urinary tract infections.

In individuals with chronic, complete SCI, level of injury
relates to BMR; the higher the level of the injury the lower
the BMR [6, 11], due to the greater degree of denervation,
inactivity and subsequent muscle atrophy [11]. Similarly,
decreased FFM is associated with higher, more complete
injuries [40]. In contrast, the two participants in the current
study with the highest energy requirements (both statistical
outliers), 15.5 and 19.7MJ respectively, had C2 and C3
AIS B tetraplegia and lost 2 and 6.8 kg respectively over the
2-week study period. Unfortunately, small participant
numbers in the current study prevented statistical analysis
by level and severity of injury.

The small sample size and heterogeneous population in
regards to level of injury, AIS classification, activity and sex
are limitations of the current study and may limit the gen-
eralisability of the observations. Unfortunately, due to the
high cost of DLW, studies with large sample sizes are
impracticable [28] and the number of participants was
comparable to other studies. However, despite the hetero-
geneity, an equation that can be used clinically to more
accurately predict energy requirements was validated
against a reference method. The heterogeneity of the study
participants is representative of the SCI population and
reflects the challenges in estimating energy requirements in
clinical practice. The paucity of participants at any single
centre will require multi-centre studies in the future to
provide the larger numbers of patients required to draw
definitive conclusions regarding energy metabolism in those
with SCI. This would enable confounding factors such as
level and severity of injury, sex, hydration status, spasticity
and pressure injuries to be addressed. Future research
should also focus on developing spinal cord injury-specific
activity and stress factors and validating a new equation that
includes anthropometry as well as FFM [20].

In conclusion, our DLW study is the first to compare
predictive equations for estimating energy requirements

Table 4 Agreement between TEE using DLW and estimated energy requirements using FFM-based predictive equations excluding
hypermetabolic participants

Prediction method FFM
calculation

TEE (MJ/day) Concordance coefficient,
rc (95% CI)

Pearson
coefficient, rp

Bias (DLW-
predicted

Limits of
Agreement
(MJ/day)

Absolute
percentage
error

DLW 8.99 ± 1.87

Buchholz et al. [22] D2O 9.04 ± 1.32 0.72 (0.44 to 0.87) 0.76 −0.05 −2.4 to 2.3 9.8

Nelson et al. [27] D2O 8.56 ± 1.43 0.53 (0.14 to 0.78) 0.57 0.43 −2.7 to 3.5 7.3

Chun et al. [26] D2O 8.98 ± 1.23 0.53 (0.16 to 0.77) 0.58 0.01 −3.0 to 3.0 9.3

Buchholz et al. [22] BIA 8.97 ± 1.25 0.71 (0.44 to 0.86) 0.76 0.02 −2.4 to 2.4 11.8

Nelson et al. [27] BIA 8.48 ± 1.33 0.52 (0.14 to 0.76) 0.58 0.51 −2.5 to 3.5 9.6

Chun et al. [26] BIA 8.90 ± 1.30 0.52 (0.17 to 0.75) 0.59 0.09 −2.8 to 3.0 8.8

568 K. J. Desneves et al.



with measured TEE in acute SCI. TEE was significantly
correlated with FFM, with the Buchholz FFM-based equa-
tion [19], using a combined activity and stress factor of 1.3,
being the best performing and as suggested by Andersen
et al. [22]. should be considered for use in clinical practice.
FFM derived from BIS or DLW can be used in this equa-
tion. BIS may be the more practical alternative owing to its
simplicity of use and lower cost [32]. Identification of
hypermetabolism is important in order to individualise
stress factors and could be the focus of future research.
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