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An approach to quantifying abnormalities in energy expenditure
and lean mass in metabolic disease
LPE Watson1, P Raymond-Barker1, C Moran2, N Schoenmakers2, C Mitchell2, L Bluck1,3, VK Chatterjee2, DB Savage2 and
PR Murgatroyd1,2

BACKGROUND/OBJECTIVES: The objective of this study was to develop approaches to expressing resting energy expenditure
(REE) and lean body mass (LM) phenotypes of metabolic disorders in terms of Z-scores relative to their predicted healthy values.
SUBJECTS/METHODS: Body composition and REE were measured in 135 healthy participants. Prediction equations for LM and REE
were obtained from linear regression and the range of normality by the standard deviation of residuals. Application is
demonstrated in patients from three metabolic disorder groups (lipodystrophy, n¼ 7; thyrotoxicosis, n¼ 16; and resistance to
thyroid hormone (RTH), n¼ 46) in which altered REE and/or LM were characterised by departure from the predicted healthy values,
expressed as a Z-score.
RESULTS: REE (kJ/min)¼ � 0.010� age (years)þ 0.016� FM (kg)þ 0.054� fat-free mass (kg)þ 1.736 (R2¼ 0.732, RSD¼ 0.36 kJ/min).
LM (kg)¼ 5.30�bone mineral content (kg)þ 10.66� height2 (m)þ 6.40 (male). LM (kg)¼ 0.20� fat (kg)þ 14.08� height2 (m)
� 2.93 (female). (male R2¼ 0.55, RSD¼ 3.90 kg; female R2¼ 0.59, RSD¼ 3.85 kg). We found average Z-scores for REE and LM of
1.77 kJ/min and � 0.17 kg in the RTH group, 5.82 kJ/min and � 1.23 kg in the thyrotoxic group and 2.97 kJ/min and 4.20 kg in the
LD group.
CONCLUSION: This approach enables comparison of data from individuals with metabolic disorders with those of healthy
individuals, describing their departure from the healthy mean by a Z-score.
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INTRODUCTION
Many metabolic disorders such as thyroid disease or lipodystrophy
(LD) are associated with changes in body composition, energy
expenditure or both.1,2 In describing the phenotypes of such
conditions, it is often desirable to describe the extent to which
body composition or energy metabolism deviates from that of
healthy individuals, but this is not always straight forward.
Comparisons against standard predictions of energy
expenditure3–5 may be compromised by atypical body
composition, whereas comparisons based on body composition
proxies such as body mass index (BMI) may not reveal unusual
relationships between fat and lean masses.
Commonly used predictions of resting energy expenditure (REE)

may be troublesome owing to their dependence on age and
gender, as well as body mass and height.6 Their piecewise linear
nature can lead to substantial differences between predicted REE
just above and below the intersection of adjacent regression
ranges. The use of fat-free mass (FFM¼ lean body mass
(LM)þbone mineral content (BMC) in kg) as a predictor of REE
is more accurate and is widely accepted6 and, when allowed an
intercept, is disassociated from gender differences in body
composition.
Against this background, we have set out an approach to

characterise REE and LM in metabolic disorders by reference to
measurements in a metabolically healthy cohort. It utilises the
accurate and precise measurements of body composition

that are now widely available using dual-energy X-ray
absorptiometry (DXA).7–16 The key to our approach has been the
description of variability in the difference between measurements
and predictions when applied to healthy individuals. This allows
us to state with confidence where an individual data point
observed in a metabolic disorder lies relative to the healthy range,
and so to discuss whether a disorder presents with altered REE or
body composition phenotype, or indeed both.
Three conditions (resistance to thyroid hormone (RTH), thyro-

toxicosis and LD) in which abnormal energy expenditure and/or
increased lean body mass (LM) have been previously documented
provide ideal examples to illustrate our method. RTH is a rare
genetic condition, with an incidence of 1 in 40 000,17,18 that is
characterised by elevated circulating thyroid hormones (THs)
together with central (hypothalamopituitary) and variable
peripheral tissue refractoriness to thyroid hormones. More than
90% of affected individuals with RTH have an identified mutation
in the THRB gene.19 Thyrotoxicosis (or hyperthyroidism, by which
it is known interchangeably) is due to excess TH secretion from
the thyroid gland. Most commonly (50–80% of cases),
thyrotoxicosis is caused by Graves’ disease, which affects B0.5%
of the population,20 and is due to autoantibodies causing excess
TH production by stimulating the thyroid-stimulating hormone
(TSH) receptor in the thyroid gland.21 LD can be either genetic or
acquired22 and is characterised by reduced adipocyte storage
capacity and loss of adipose tissue with significantly increased LM,
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contributing to metabolic complications such as insulin resistance
and diabetes mellitus.23 We have extensive data in these
disorders, which are of particular interest to us, and so have
invoked them here for demonstration, although we believe our
approach is more generally applicable.

SUBJECTS AND METHODS
Healthy volunteers were recruited by local advertisement in the East
Anglian region of the United Kingdom. We recruited 135 male and female
non-smokers, aged between 17 and 65 years who had no known medical
conditions, were not taking any medications or supplements likely to
influence energy expenditure or body composition and who did not
normally exercise for over an hour a day. Volunteers were from different
ethnic backgrounds (126 Caucasian, 2 Black, 6 Asian, and 1 Hispanic).
All participants provided written, informed consent.
Volunteers from the metabolic disorder groups (LD, n¼ 7; thyrotoxicosis,

n¼ 16; and RTH, n¼ 46) were recruited following referral to Addenbrooke’s
Hospital and provided written informed consent to participation in their
studies. Participants were non-smoking, not on any b-blockers or
antiarrhythmic treatment and had no current or past history of eating
disorder. All patients with RTH had a mutation identified in the THRB gene.
Thyrotoxic patients were identified based on thyroid function tests
suggestive of thyroxicosis (serum TSH o0.03mU/l, free thyroxine (T4)
422.5 pmol/l) and had Graves’ disease, as evidenced by elevated anti-TSH
receptor antibody titres. Details on the recruitment of the lipodystrophic
participants have been documented previously.24

Healthy participants and metabolically disordered participants were
asked to refrain from strenuous physical activity, alcohol and caffeine
for 24 h before their visit. Each participant arrived at the NIHR/Wellcome
Trust Clinical Research Facility in Cambridge at 1400 hours on day
0 and remained until 1200 hours on day 1. After informed consent and
medical examination on day 0, height, weight and body composition
were measured. Body composition (fat mass, lean mass and bone mineral
density) was assessed by DXA (GE Lunar Prodigy GE Healthcare,
Madison, WI, USA; software version 12.2). At 1800 hours, a standardised
dinner was served. The energy content of the meal was 1/3 of a
participant’s daily requirements estimated from predicted resting
metabolic rate3 multiplied by an activity factor of 1.35.25 Meal
composition was 30–35% fat, 12–15% protein and 50–55% carbohydrate
by energy. The participant retired to bed at 2300 hours and was
woken the next morning at 0700 hours. REE was measured between
0700 and 0800 hours by ventilated canopy respiratory gas exchange
(GEM; GEMNutrition, Daresbury, UK). Measurements were recorded
at 30 s intervals over 20min. The LD participants’ REE was measured by
indirect room calorimetry for 60min and has been described
previously.24 All participants were asked to remain awake and still,
without any interactions, for the duration of the measurement. Energy
expenditure was calculated from the macronutrient respiratory quotients

and energy equivalents of oxygen published by Elia and Livesey.26

Following the REE measurement, fasting blood samples were taken for
renal and liver function tests, plasma glucose and thyroid function (free
triiodothyronine (T3), T4 and TSH). Urinary metanephrines were also
measured.
Body composition and REE measurements were performed in all healthy

and metabolically disordered volunteers and are summarised in
Supplementary Table 1, Table 1 and Table 2.

Ethics
The study received a favourable opinion from the Cambridge Central
East of England Research Ethics Committee and was funded by and
conducted in the NIHR/Wellcome Trust Clinical Research Facility (WTCRF,
Cambridge, UK).

Statistical analysis
Multiple correlation analyses were undertaken using SPSS19 (SPSS Inc.,
Chicago, IL, USA) to identify variables or combinations of variables that
correlate (Po0.05) to REE and DXA-measured total body LM.
Once the correlating variables were established, forward stepwise

multiple linear regression analysis was performed to relate REE
(kJ/min) to FFM (kg), FM (kg) and age in all subjects and to relate LM
to FM and height for female subjects and LM to height and BMC in male
subjects.

Table 1. Characteristics of the RTH and thyrotoxic groups

Variable RTH (n¼ 46) Thyrotoxicosis (n¼ 16)

Male (n¼ 12) Mean±s.d. Female (n¼ 34) Mean±s.d. Male (n¼ 6) Mean±s.d. Female (n¼ 10) Mean±s.d.

Age (years) 38.1±16.8 39.4±13.6 40.7±14.4 45.8±14.2
Height (m) 1.74±0.1 1.61±0.1 1.76±0.1 1.63±0.1
Weight (kg) 72.8±10.4 71.7±14.4 74.1±18.8 64.5±9.4
BMI (kg/m2) 24.1±3.8 27.6±5.1 23.81±3.6 24.2±3.4
FM (kg) 18.2±8.2 29.7±10.0 20.9±10.6 26.4±7.6
LM (kg) 51.7±4.8 38.6±5.2 50.6±9.6 35.6±5.7
FFM (kg) 54.1±5.1 40.9±5.5 53.1±10.1 38.1±5.8
BMC (kg) 2.4±0.5 2.3±0.4 3.0±0.6 2.5±0.3
REE (kJ/min) 5.2±0.6 4.6±0.7 7.2±1.4 5.5±0.9
TSH (mU/l) 2.2±0.7 3.8±3.4 o0.03±0.9 o0.03±0.0
Free T4 (pmol/l) 29.5±5.1 35.1±13.1 47.2 ±41.5 43.3±19.6
Free T3 (pmol/l) 10.5±1.6 12.7±4.3 22.4±11.1 24.3±11.3
Plasma glucose (mmol/l) 4.7±0.8 5.0±0.5 5.5±0.3 4.9±0.4

Abbreviations: BMC, bone mineral content; BMI, body mass index; FFM, fat-free mass; FM, fat mass; LM, lean mass; REE, resting energy expenditure; RTH,
resistance to thyroid hormone; T3, triiodothyronine; T4, thyroxine; TSH, thyroid-stimulating hormone.

Table 2. Characteristics of the lipodystrophy group

Variable Male (n¼ 2)
Mean±s.d.

Female (n¼ 5)
Mean±s.d.

Age (years) 34.2±23.5 48.8±13.2
Height (m) 1.75±0.13 1.64±0.05
Weight (kg) 78.8 ±13.0 66.2±6.9
BMI (kg/m2) 25.8±0.3 24.5± 2.4
FM (kg) 5.6± 2.9 9.3±6.8
LM (kg) 70.0±10.5 54.2±6.2
FFM (kg) 73.3±10.1 56.9±6.0
BMC (kg) 3.2±0.4 2.7±0.6
REE (kJ/min) 6.3±0.9 5.6±0.7
TSH (mU/l) 1.2±0.1 0.7±0.4
Plasma glucose (mmol/l) 10.4±3.3 6.9±4.5

Abbreviations: BMC, bone mineral content; BMI, body mass index;
FFM, fat-free mass; FM, fat mass; LM, lean mass; REE, resting energy
expenditure; TSH, thyroid-stimulating hormone. Free T4 and free T3
measures were not available to report in the lipodystrophy group.
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A K-fold cross-validation approach was then undertaken to test the
reliability of both the models. The data set was randomly numbered and
split into test data sets and a validation data set. For the REE validation, the
analysis was repeated eight times making sure each data point was tested
and validated to establish whether the same variables significantly
contributed to the prediction of REE, and then the standard deviations
of the residuals (the individual differences between predicted and
measured values) were compared. For LM cross-validation, the analysis
was repeated five times and was also tested on an additional data set of 19
female subjects and 18 male subjects.
Residuals were derived for each contributing data point and normality

was confirmed for the set of all residuals using Shapiro–Wilk test for
normality. This allowed the distributions of residuals to be described by
their standard deviations, the magnitudes of which were taken as a
measure of the precision of the prediction. Furthermore, each experi-
mental data point could be defined in terms of the number of standard
deviations from the predicted value (Z-score). When investigating the
disease groups, REE or LM was predicted as though belonging to
the healthy cohort, and an associated Z-score used as a measure of the
deviation from the healthy norm.

RESULTS
Resting energy expenditure
To establish the appropriate variables to include in the prediction
of REE, we examined the literature and subsequently explored
correlations of REE with age, gender, height2, bone mass,
FFM and FM.
Analysis of variance was carried out to test the effect of

ethnicity (white, black and Asian) on REE and LM, and showed that
in this group of volunteers there was no effect of ethnicity on REE
or LM (REE, F¼ 0.286, LM, F¼ 0.921). Stepwise multiple regression
analysis was carried out to establish which correlates contributed
significantly to the prediction of REE and LM. Those that did not
contribute were excluded (Table 3).
The variables that contributed the least to the prediction of

REE were gender (R2¼ 0.004), height2 (R2¼ 0.005) and bone
mass (R2¼ 0.002). With these removed, age continued to
contribute to the overall prediction leaving FM (R2¼ 0.043),
FFM (R2¼ 0.660) and age (R2¼ 0.018) in the regression
(R2¼ 0.732). The resulting expression derived from the 135
healthy participants is

REE kJ=minð Þ ¼ � 0:010 ageð Þþ 0:016 FMðkgÞð Þ
þ 0:054 FFMðkgÞð Þþ 1:736

REE regression validation
The regression expression for REE above has been subject to
K-fold validation. The source data was randomised into
eight groups and regressions repeatedly derived from 7� 17
and 1� 16 subjects and tested in the remaining group.
The coefficients of variation for the resulting eight estimates
of each regression coefficient were: age 7.3%, FM 12.1%,
FFM 2.9% and constant 4.9%. The standard deviation of
residuals in the test group for the eight regressions ranged

from 0.27 to 0.49 kJ/min compared with 0.36 kJ/min for the
whole data set.

Lean mass
The least significant coefficient, age (P40.05), was taken out of
the analysis first. Once this had been removed fat and height2

were highly significant contributors in female subjects but height2

alone was significant in male subjects. Bone mass was a significant
contributor to LM in male subjects when it replaced FM but this
was not the case in female subjects. Therefore, the two gender-
specific regression equations for the prediction of LM are as
follows:
Male LM (kg) (n¼ 47)¼ 5.30�bone mass (kg)þ 10.66

� height2 (m)þ 6.40
Female LM (kg) (n¼ 88)¼ 0.20� fat (kg)þ 14.08� height2 (m)

� 2.94
The standard deviations of residuals for these two regressions

are, respectively, 3.90 and 3.85 kg.

Lean mass regression validation
As with the REE validation process, the male and female lean mass
regressions have undergone K-fold validation, randomised into
five groups and the analysis repeated five times. The female
results indicated that the standard deviation of residuals ranged
from 3.0 to 4.26 kg compared with 3.85 kg from the whole data
set. The male results indicated a range of 2.38–4.83 kg compared
with 3.90 kg from the whole data set. The data were also tested in
independent male and female data sets drawn from the entire
control group of another study and its ongoing successor (n¼ 18
males and 19 females). For the male group, the mean residual in
the test group is � 1.49 kg with s.d. 3.91 kg. The offset of the male
mean from zero is predominantly due to a single outlier whose
residual was double that of any other subject, yet is not
significantly different from zero. For the female group, the mean
residual is 0.15 kg (NS) with s.d. 2.2 kg.

Representation of data: Z-scores
Resting energy expenditure. To represent the normative data, the
residuals of measured REE�predicted REE were plotted with
corresponding Z-scores (Figure 1). LM, the strongest predictive
variable, is used to separate the data points. To assess the utility of
this approach in disorder states known to be associated with
altered body composition and resting metabolic rate, we
characterised patients with RTH, thyrotoxicosis and LD.1,27 When
data from patients with metabolic disorders is represented
alongside the healthy volunteer data, clear differences between
health and the disorder states emerge (Figure 2). As expected, all
the metabolic disease groups manifest elevated REE (mean Z RTH:
1.77; LD: 2.97) with the thyrotoxicosis group having the highest
REE values with a mean Z-score of 5.8 and a range from 1.5 to 9.6.

Lean mass. Supplementary Figure 1 shows the variability in LM
within the metabolically healthy male and female subjects.
The residuals of the difference between measured and predicted

Table 3. Multiple correlations of measured REE (kJ/min) and LM (kg), with demographic measurements

Variable Age (years) Gender Height2 FM FFM Bone

REE Coefficient � 0.133 � 0.620 0.675 0.207 0.813 0.740
kJ/min Sig 0.123 0.000 0.000 0.016 0.000 0.000

LM Coefficient 0.004 � 0.819 0.845 � 0.012 1.000 0.805
kg Sig 0.961 0.000 0.000 0.890 0.000 0.000

Abbreviations: FFM, fat-free mass; FM, fat mass; LM, lean mass; REE, resting energy expenditure. N¼ 135, males¼ 47 and females¼ 88.
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LM are again presented together with Z-scores. Height was used
to separate the points. Figure 2 also demonstrates how metabolic
disorders may be characterised by comparison with healthy
subject data. The differences between LM in thyrotoxicosis and
RTH can be compared with that of the healthy cohort (mean Z
thyrotoxic: � 1.23; RTH: � 0.17). The LD data (mean Z: 4.20)
illustrates the substantial excess of lean tissue present in this
disorder.
LM and REE Z-scores may be plotted orthogonally, where they

combine to offer a succinct insight into the phenotypes of
metabolic disorders. Figure 3 illustrates the relationship between
changes in REE and LM in metabolic disorders compared with the
healthy group. The lipodystrophic group are characterised by
elevated LM and elevated REE with Z-scores ranging from 2.2 to
7.3 Z for LM and 1.4 to 4.8 Z for REE. The thyrotoxicosis group also
manifest elevated REE (1.5–9.6 Z) but, in contrast to the LD group,
have reduced LM (mean Z¼ � 1.2).

DISCUSSION
The aim of this work was to develop approaches to the description
of metabolic phenotypes in terms of the distribution of REE and
LM in metabolically healthy people. The novelty of our approach
lies in the way in which metabolic and body composition data is
represented. Subtracting a predicted value from measured values
produces a residual; and dividing this by the standard deviation of
residuals in a healthy cohort, we can assign a Z-score. Z-scores are
commonly used in the analysis of bone densitometry28 and on
growth charts to highlight individuals whose results deviate from

the population average.29 Here, we commend the use of Z-scores
to highlight individuals and groups of patients with abnormal
metabolic rates and/or abnormal LM.

Body composition measurements
The body composition measurements on which this paper relies
were undertaken by DXA. This is a widely available technique that
is able to provide quick and well-tolerated estimates of body
composition supported by reports of good accuracy and
precision.7 However, it is important to consider whether any
disorder to which our proposed methodology is applied might
generate a bias in the DXA measurements relative to the healthy
population. The work of Williams et al.30 offers valuable context for
this consideration. In the case of our example disorder groups, we
do not believe bias in DXA estimates to have been a concern.
Body composition data in our most extreme phenotype, LD, was
corroborated by air displacement plethysmography measurements.31

Resting energy expenditure
The results from the REE multiple regression analysis in this study
demonstrate a model that predicts REE accurately and with good
precision in healthy individuals. The variables that contribute to
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Figure 2. Differences between measured and predicted REE and LM in metabolic disorders and the healthy cohort.

Figure 3. Combination of LM and REE Z-scores to illustrate the
contribution to metabolic disorders. The circle indicates a Z-score of
±2 for REE and LM.
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our predictive equation are FFM, FM and age. These have
previously been documented as appropriate covariates.6,32–34

FFM is recognised as the main predictor of the interindividual
variability in resting energy expenditure. The relationship between
FFM and REE differs between men and women when constrained
through the origin, as is implicit when REE is expressed per unit
FFM. However, in preparing this work, we have confirmed that
when an intercept is allowed, men and women tend to fall on the
same regression line. Moreover, the relationship between REE and
FFM is strengthened and therefore allows one regression equation
for both genders. There is, however, conflicting literature
regarding the contribution of FM to energy expenditure. In a
review, Cunningham6 suggested that FM contributes to energy
expenditure in women, but mostly in obese women. Our study
found that FM explained 4.0% of the variance in energy
expenditure and when the analysis was broken down by gender
there was no significant difference in the variance explained by
FM between male and female subjects, even though we had a
greater number of female subjects in the cohort. The most
commonly used predictive equations for estimating energy
expenditure in a clinical setting are Schofield and Henry.3,5 They
include simple measurements such as height and weight, age and
gender, regardless of literature that disputes their accuracy and
precision, especially when applied to individuals outside the
original data sets.35,36 Weijs et al.37 performed a meta-analysis of
common REE prediction equations on 48 outpatients and 45 in-
patients with conditions including anorexia, overweight, thyroid
disease and inflammatory bowel disease, all of which have body
compositions and energy expenditures differing from healthy
controls.38–42 They saw errors ranging from 975 to 1782 kJ per day,
with at most only 40% of in-patients having an accurately
predicted REE when compared with measured REE. Johnstone
et al.43 demonstrated an average increase in accuracy of 32.9%
(240 kJ per day) when including body composition (FFM and FM)
and anthropometric measurements (skinfold thickness and
circumference) compared with the Schofield equation.3

FFM and FM may explain between 60 and 85% of the variance
in REE,6 leaving at least 15% unaccounted for. Our results
demonstrated that FFM and FM combined account for 70%,
leaving 30% unexplained. Age, gender, ethnicity and physical
activity have been reported to contribute to this variance.33 In our
study, we found a significant but small contribution of age to the
prediction of REE (2%). Nielsen et al.32 investigated whether
adjusting FFM for extracellular fluid would improve the prediction
of REE, but found that this was not the case. Johnstone et al.44

investigated the influence of FFM, FM, age, T4, T3 and leptin levels
on REE. They concluded that REE was not influenced by age,
gender, leptin or T3, although in men 25% of the variance was
associated with circulating T4 levels.

Lean mass
Predictions of FFM or LM are less frequently documented.
Previous publications predicting LM have used bioelectrical
impedance and skinfold thickness with DXA acting as the
reference measurement.45 The variables chosen for the LM
prediction equation in the current study were height2 and FM
for the female group and height2 and bone mass for the male
group. The presence of height2 in the equation reflects the fat and
FFM index concept,46,47 which recognises a relationship between
body composition and in body size and offers the prospect of
discrimination between health and individuals with abnormal fat
or FFM for their size.

Cross-validation
To test our prediction equations, we performed an observational
analysis of the coefficients from published studies that have also
used FM, FFM and age as variables for prediction of REE

(Supplementary Table 2). Supplementary Table 2 suggests that
our coefficients for FFM, FM and age are similar to those published
previously.6,32,48–50 Of this published work, only Nielson’s32 used
DXA for composition measurement; Horrie used bioimpedance,49

whereas Nelson et al.’s48 and Cunningham’s6 papers were based
on data previously published by others. When applied to the
current data set, the Nielsen equations produced a residual
standard deviation of 0.37 compared with 0.36 produced by our
equation. In the light of this sparsity of robust comparative data,
we performed a K-fold cross-validation analysis on REE and LM
models to test their reliability. Comparison of means and standard
deviations of residuals in these test groups with those of the
training groups suggests that the regressions may be applied
beyond the training group with some confidence, although we
accept that testing in a larger group would increase this
confidence. We would encourage readers who would like to
apply our approaches to derive and publish prediction regressions
from their own reference cohorts until such time as the published
coefficients have converged to a closer consensus than we have
presented in Supplementary Table 2—perhaps when published
predictions agree to within 1 pooled standard deviation of their
residuals.

Application examples
Thyroid disorders. Thyroid conditions such as thyrotoxicosis and
RTH result in altered body composition and a raised energy
expenditure. Mitchell et al.40 showed that REE is raised in RTH and
markedly elevated in thyrotoxic patients. In both conditions there
was a higher fat-to-lean mass ratio compared with the healthy
controls, although the data suggest that in thyroid disorders the
dominant abnormality lies in REE rather than body composition.
Our results from the lean mass regression equation suggest that
the thyrotoxic group have reduced LM (Z¼ � 1.23), whereas the
RTH group have normal LM (Z¼ � 0.17) despite the increased REE.
Our results confirm that REE is higher in a cohort of RTH subjects

compared with healthy controls; however, in patients with
thyrotoxicosis, the magnitude of elevation in REE is more
substantial. In RTH, predominant expression of defective thyroid
receptor-b in the hypothalamus and pituitary mediates resistance to
hormone action within the pituitary–thyroid feedback axis, resulting
in elevated levels of circulating free T4 and T3 with normal or
increased levels of TSH.51 Energy expenditure is raised as some
peripheral tissues (e.g. myocardium, skeletal muscle) that express
normal thyroid receptor-a retain sensitivity to elevated levels of
TH.40 In contrast, both b- and a-receptor-mediated signalling is
intact in conventional thyrotoxicosis, with preserved responsiveness
of tissues to elevated TH, resulting in markedly increased energy
expenditure, despite a reduction in LM.52

Lipodystrophy. Lipodystrophic subjects are characterised by an
elevated REE and LM.24 Importantly, this is not simply a result of a
relative reduction in fat mass, which is present in all of these
patients, but appears to be a true increase in lean mass. Although
organomegaly and pseudoacromegaly are features of LD
(particularly the generalised form),22 the increased lean mass
probably reflects contributions from several tissues. Organ tissue
will have some contribution to the estimation of lean mass,
although it has a relatively small mass of approximately 4.4 kg,34

whereas skeletal muscle mass is almost certainly the largest
contributing tissue. We show a mean residual increase of lean
mass of 16 kg (Z-score44) relative to our healthy cohort,
suggesting an increase in lean mass over an above that
expected through organ contribution. Savage et al.24

investigated the increase in REE in the lipodystrophic
participants and concluded that the increase in lean mass in LD
patients accounted for their elevated REE. When REE was
presented per kg of LM, there was no significant difference
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between REE in lipodystrophics and healthy matched controls.
However, this picture changes when the relationship between REE
and LM is allowed an intercept, and changes further when fat
mass contributes to the model. We have found an elevation in REE
with a Z-score averaging 2 (range 1.4–4.8 kJ/min) relative to our
healthy controls (Figure 2). As our prediction of REE takes into
account the influence of measured FFM, our approach arguably
removes any coupling between departures from the norm in REE
and FFM, so our Z-scores are effectively independent. In doing so,
it suggests that there may be a component of the elevation in REE
in LD beyond that which is associated with FFM alone.
As mentioned in the methods, the lipodystrophic participants

had REE measured by room calorimetry rather than the ventilated
canopy measurement. In the light of this, we investigated the
difference between measurements made using the canopy
compared with room calorimetry, on a separate cohort. The
results indicated a difference of 0.20 kJ/min between the two
methods, suggesting that even after accounting for this difference
in measurement the lipodystrophic participants would still display
an REE Z-score 42 (mean Z: 2.98 kJ/min).
In summary, we offer expressions for REE and LM in health

based on FM, FFM, BMC, age and height2 measurements.
Measurements from individuals with uncommon metabolic
disorders were examined in the context of data from healthy
subjects and differences to be expressed as a Z-score. This
facilitates the representation and differentiation of disease
phenotypes. This approach may also aid in the characterisation
and potentially evaluation of the treatment in such individuals.
Further validation of our regressions on a separate cohort of
healthy individuals is desirable, but we believe the Z-score
approach to metabolic phenotype description will prove valuable
and illuminating in these and other metabolic disorders.
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