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ABSTRACT

Prader-Willi syndrome (PWS) is a rare genetic disorder associated with excessive weight gain. Hyperphagia associated with PWS may result in

higher energy intake, but alterations in energy expenditure may also contribute to energy imbalance. The purpose of this critical literature review

is to determine the presence of alterations in energy expenditure in individuals with PWS. Ten studies that measured total energy expenditure

(TEE), resting energy expenditure (REE), sleep energy expenditure (SEE), activity energy expenditure (AEE), and diet induced thermogenesis (DIT)

were included in this review. The studies provided evidence that absolute TEE, REE, SEE, and AEE are lower in individuals with PWS than in age-,

sex-, and body mass index–matched individuals without the syndrome. Alterations in lean body mass and lower physical activity amounts

appear to be responsible for the lower energy expenditure in PWS rather than metabolic differences. Regardless of the underlying mechanism

for lower TEE, the estimation of energy requirements with the use of equations derived for the general population would result in weight

gain in individuals with PWS. The determination of energy requirements for weight management in individuals with PWS requires a more

comprehensive understanding of energy metabolism. Future studies should aim to comprehensively profile all specific components of energy

expenditure in individuals with PWS with the use of appropriately matched controls and gold standard methods to measure energy metabolism

and body composition. One component of energy expenditure that is yet to be explored in detail in PWS is DIT. A reduced DIT (despite

differences in fat free mass), secondary to hormonal dysregulation, may be present in PWS individuals, leading to a reduced overall energy

expenditure. Further research exploring DIT in PWS needs to be conducted. Dietary energy recommendations for weight management in PWS

have not yet been clearly established. Adv Nutr 2017;8:905–15.
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Introduction
Prader-Willi syndrome (PWS), first described in 1956 and
formerly known as Prader-Labhart-Willi syndrome, is a
rare genetic disorder in which multiple genes on the paternal
chromosome 15 (q 11–13) are deleted or unexpressed (1).
PWS occurs in 1 in 10,000–16,000 live-born infants, and is
characterized by dysmorphic features, muscular hypotonia,
short stature, low fat-free mass (FFM), cognitive delay,
and behavioral abnormalities (2). PWS is also associated

with an insatiable hunger drive, which develops insidiously
and is often the catalyst for the development of obesity
in this population (3). Excessive weight gain can be ob-
served by the age of 2 y, and at ;3–5 y, obesity becomes
conspicuous (4). Furthermore, as a result of profound obe-
sity (many individuals weigh >200% of their ideal body
weight), obesity-related morbidity and mortality are high
in this population (5, 6).

The excessive weight gain associated with PWS is of con-
cern to health care professionals and caregivers who ac-
knowledge that weight management is an essential but
challenging aspect of care for individuals with PWS. To im-
prove the effectiveness of treatments to curb the develop-
ment of obesity in PWS, a more complete understanding
of the underlying mechanisms associated with altered en-
ergy balance in these individuals is needed. Excess energy in-
take associated with insatiable hyperphagia could contribute

MA is the recipient of a Saudi Arabian Culture Bureau scholarship. AMH is funded by the

Canadian Institutes of Health Research.

Author disclosures: MA, SAE, MLM, CMP, CJF, and AMH, no conflicts of interest.

Address correspondence to AHM (e-mail: haqq@ualberta.ca).

Abbreviations used: AEE, activity energy expenditure; BEE, basal energy expenditure; BIA,

bioelectrical impedance analysis; DIT, diet-induced thermogenesis; DLW, doubly labeled

water; FFM, fat-free mass; FM, fat mass; GH, growth hormone; HO, hypothalamic obesity; IC,

indirect calorimetry; PWS, Prader-Willi syndrome; SEE, sleeping energy expenditure; TBK; total

body potassium; TEE, total energy expenditure; WBIC, whole-body indirect calorimetry.

ã2017 American Society for Nutrition. Adv Nutr 2017;8:905–15; doi: https://doi.org/10.3945/an.117.016253. 905

mailto:Address correspondence to AHM (e-mail: haqq@ualberta.ca).
https://doi.org/10.3945/an.117.016253


to energy imbalance. However, the reported lower energy
requirements of individuals with PWS to prevent excessive
weight gain (7) suggests that their energy expenditure is lower
than predicted. Therefore, the aim of this article was to critically
review published studies that measured total energy expendi-
ture (TEE) and its components [resting energy expenditure
(REE), activity energy expenditure (AEE), sleeping energy ex-
penditure (SEE), and diet-induced thermogenesis (DIT)] in
individuals with PWS compared with matched controls to de-
termine the presence of alterations in energy expenditure.
Understanding which components of energy expenditure are
altered will enable a more targeted approach for dietary and
pharmacologic therapies to manage weight, as well as assist in
the development of evidence-based dietary guidelines.

Literature Search Methods
Literature searches were performed on PubMed, Web of Sci-
ence, SCOPUS, and Medline with the use of the following
keywords: “energy metabolism,” “energy expenditure,” “rest-
ing energy expenditure,” “resting metabolic rate,” “basal
metabolic rate,” “basal energy expenditure,” “activity energy
expenditure,” “total energy expenditure,” “daily energy ex-
penditure,” “diet-induced thermogenesis,” “thermic effect
of food,” “postprandial thermogenesis,” “indirect calorime-
try,” “doubly labeled water,” and “Prader-Willi syndrome.”
Studies published between inception and February 2017
were included in this review. Studies were included in this re-
view if energy expenditure in individuals with PWS was com-
pared with matched controls and energy expenditure was
measured in both groups with the use of indirect calorimetry
(IC) or doubly labeled water (DLW). A total of 1310 articles
were found. After excluding duplicates (n = 899), irrelevant
articles [not related to the aim of this review (n = 393)] and
articles that did not meet the inclusion criteria (n = 8), 10 ar-
ticles were included in this review.

A flowchart of the literature review process is given in Fig-
ure 1 and relevant terms related to energy metabolism are de-
fined in Table 1. As explained by Carneiro et al. (12), multiple
terms to describe specific components of energy expenditure
are used interchangeably in the literature [i.e., REE and basal
energy expenditure (BEE)]. However, differences in the spe-
cific measurement conditions for obtaining REE and BEE exist
and should be used to clarify which component (REE or BEE)
is actually being assessed (Table 1). For this review, these com-
ponents were classified as either BEE or REE according to their
measurement conditions as described in the methodology sec-
tions of the reviewed paper, evenwhen they were different from
terms chosen by the study authors. Additionally, to ensure con-
sistency in reporting and ease of comparison, all energy expen-
diture values were expressed as kcal/d. Study details, including
the population investigated and methods used to assess
the specific components of TEE, are presented in Table 2.

AEE in Individuals with PWS
TEE
Despite the obvious concerns for weight management in the
PWS population, there is a paucity of studies investigating

the energy expenditure of individuals with PWS. To date,
only a handful of studies have examined TEE and its compo-
nents in this cohort (1, 5, 13–16, 18–20), and few have
investigated differences between PWS and normal weight
subjects or individuals with obesity to understand the pro-
pensity for the development of obesity in persons with PWS.

In the 1980s, evidence that suggested that there was a re-
duction in energy expenditure in PWS first emerged with
studies showing that the TEE expenditure in PWS was ;30%
lower than control subjects. To date, 5 studies measured
TEE in individuals with PWS. All studies found a reduction
in TEE (kilocalories per day) in individuals with PWS com-
pared with matched controls [for either age or BMI (in
kg/m2)] ranging from 20% to 46%. Differences in the mag-
nitude of the reduction may be related to the methods em-
ployed or the control group used for comparison.

The majority of studies assessed free-living energy expen-
diture with the use of the gold standard method, DLW (1, 5,
13, 14). The use of DLWallows all components of energy ex-
penditure (REE or BEE, AEE, SEE, and DIT) to be captured
over a 7–14 d period. The highest reduction in TEE was re-
ported by Schoeller and colleagues (5) in the late 1980s, who
used DLW (under free-living conditions) for 7 d in adoles-
cents with PWS (1980 6 580 kcal/d). Energy expenditure
in PWS was 47% lower than age- and sex-matched controls
(3700 6 820 kcal/d, P < 0.05). However, mean BMI was
higher in the control group, for which the measured BMI
was 36 compared with a mean BMI of 29 for individuals
with PWS. This would lead one to expect a higher TEE based
on the higher body weights of the controls, assuming a
higher amount of FFM; thus, the reported differences be-
tween the cohorts might have been exaggerated.

Another study conducted by van Mil et al. (14) measured
TEE with the use of DLW for 14 d and reported a 28% lower
TEE rate in PWS children and adolescents (17056 411 kcal/d)
compared with the control group, which was matched for age,
sex, bone age, and BMI (23746 631 kcal/d; P < 0.01). A sim-
ilar reduction of 28% in TEE (1758 6 569 kcal/d) in PWS
children and adolescents was reported by Davies and Joughin
(13), who used DLW (duration not provided), compared with
age- and sex-matched controls (24746 724 kcal/d; P < 0.01).
Interestingly, Bekx et al. (1) measured TEE in infants with
PWS by using DLW for 7 d and reported that TEE was 24%
lower in PWS infants (5876 189 kcal/d) compared with nor-
mative data for age and sex (775 6 150 kcal/d; P < 0.001).
These latter findings suggest that changes in the energy metab-
olism profile in PWS originate early on in development.

To date, to our knowledge, only one study has measured TEE
through the use of whole-body indirect calorimetry (WBIC).
TEE was measured for only 8 h, and the results extrapolated
to a full day (15). Under these controlled environment condi-
tions, the authors also reported that PWS adults had a 20%
lower TEE (2346 6 465 kcal/d) than age-matched adults
(29736 708 kcal/d; P< 0.001); however, BMIwas notmatched.

The overall impact of lower TEE in individuals with PWS
compared with both healthy age-matched and BMI-matched
individuals is that they are expected to have reduced energy

906 Alsaif et al.



requirements. Available energy recommendations and pub-
lished predictive equations are not specific for PWS and there-
fore overestimate the energy requirement needs of individuals
with PWS. It is well known that a 30–40% reduction in overall
energy requirements is recommended for individuals with
PWS (21); however, the lack of precise energy recommenda-
tions for individuals with PWS makes it difficult to establish
baseline values from which adjustments can be made. The
current energy recommendation for individuals with PWS
is to lower energy intake to maintain a healthy body weight.
However, this strategy does not take into consideration hyper-
phagia, dysfunction in satiety, and food-seeking behaviors
that are inherent in PWS (22). Considering these additional
factors is crucial when deriving energy needs and assessing sa-
tiety to facilitate the development of optimal diets for weight
maintenance in children with PWS.

REE and BEE
The majority of studies captured in this review examined

differences in REE with the use of indirect calorimetry (16)
via a hood canopy system (13, 16, 19, 20) or via a WBIC

system (15, 18), with measurement periods ranging from
10 to 30 min. All studies found lower REE or BEE rates (kilo-
calories per day) in individuals with PWS compared with con-
trols, ranging from 3% to 37%. Differences in themagnitude of
reduction may be related to the varied methods of measuring
REE compared with BEE (which is measured under stan-
dard conditions), length of the measurement, and the char-
acteristics of the control group with which it was compared.

Two studies used the IC hood system to determine REE.
Hill et al. (16) measured REE for 15–20 min in PWS children
and adolescents (1104 kcal/d) and found that REE was 37%
lower than individuals with obesity (1752 kcal/d) and 20%
lower than healthy-weight individuals (1392 kcal/d; P < 0.05).
Davies and Joughin (13) also assessed REE for 20 min
and reported an 18% difference between PWS children
and adolescents (1324 6 408 kcal/d) compared with age-
and weight-matched controls (1615 6 376 kcal/d; P < 0.05).

However, studies measuring REE with the use of IC hood
systems in adults reported different findings. Lloret-Linares
et al. (19) measured REE in adults with PWS compared
with lesional, genetic hypothalamic obesity (HO) and healthy

FIGURE 1 A flowchart of the literature review
process.

TABLE 1 Relevant terms and definitions related to energy metabolism

Term Definition

Basal energy expenditure Minimum energy required to maintain vital body functions. It represents ;50–75% of total energy
expenditure. It is measured under standard conditions, which include: a full night’s sleep in the metabolic
unit, optimal fasting conditions for 12–14 h, laying down, remaining awake but motionless, abstaining
from exercise for $12 h, and no physical exercise on the day of testing (8)

Resting energy expenditure Energy required to support the body’s basic metabolic activities; resting energy expenditure can be 3–10%
higher than basal energy expenditure

Activity energy expenditure Energy expended to support physical activity (exercise and nonexercise) (9)
Diet-induced thermogenesis Energy required after food intake for digestion, absorption, usage, and storage of nutrients (10)
Sleeping energy expenditure Energy required to maintain vital body functions during sleep; it is 5–10% lower than basal energy

expenditure (11)
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TABLE 2 Summary of studies investigating differences in the components of energy expenditure in individuals with or without PWS1

Author, year (ref.)
Study design and

purpose
Study population
(mean 6 SD) Measurements Outcomes

Schoeller et al., 1988
(5)

Cross-sectional study
comparing TEE,
BMR, and BC

PWS, n = 10, 5 F/5 M TEE: DLW, 7 d TEE compared with controls:
Age: 16 6 4 y BEE: IC ventilated hood, 30 min 47% lower in PWS subjects
BMI, kg/m2: 28.9 6 8.1
(PWS lower than controls)

AEE: estimated based on
predictive equation that
includes FFM

BEE compared with predictive
equations:

FFM, kg: 29.8 6 9.6 (PWS
lower than controls) BC: total body water

FM, %: 48 6 7

Measured 3–12% lower than
predictive equations.
Predictive equation that
included FFM not different
from measured BMR

GH treatment: no information

Estimated AEE compared with
controls:

PWS subtype: 5 DEL/5 not
reported

66% lower in PWS subjects;
no difference per kg BW

PWS for BMR, n = 6, 3 F/3 M
Age: 24 6 4 y
BMI: 22.7 6 1.8
PWS subtype: not reported

Controls, n = 10; 5 F/5 M
Age: 15 6 3.6 y
BMI: 36.3 6 7.5
FFM, kg: 56.4 6 13.8
FM, %: 45 6 6

Davies and Joughin,
1993 (13)

Cross-sectional study
to assess TEE and
REE

PWS, n = 10, 5 F/5 M TEE: DLW, details not provided TEE compared with controls:
Age, y: 11.65 6 3.5 REE: IC hood, 20 min 28% lower in PWS subjects,

unadjusted; no difference
with adjustment for age,
FFM, and sex

BMI: not reported AEE: TEE/REE

REE compared with controls:

FFM, kg: 23.9 6 10.3 BC: total body water

18% lower in PWS subjects,
unadjusted; no difference
with adjustment for age,
FFM, and sex

FM, %: 43 6 10.5

Estimated AEE compared with
controls:

GH treatment: no information

13% lower in PWS subjects,
unadjusted; lower with
adjustment for age

PWS subtype: 7 DEL/8 not
reported

Controls, n = 60, M/F: no
information

Age, y: 12.56 6 4.2
BMI: not reported
FFM, kg: 34.2 6 15.1 kg
FM, %: 23.8 6 9 (controls
lower than PWS)

van Mil et al., 2000
(14)

Cross-sectional study
to measure AEE,
corrected for body
size

PWS, n = 17, 10 F/7 M TEE: DLW, 14 d Absolute TEE compared with
controls:Age, y: 11.9 6 3.4 BEE: ventilated hood, 10 min

28% lower in PWS subjects,
unadjusted

BMI: 23.5 6 6 AEE: 0.9 3 (TEE – BEE),
correcting for 10% DIT

TEE/FFM (per kg FFM):
FFM, kg: 27.5 6 9.9 (PWS
lower than controls) BC: total body water

42% and 38% lower in PWS
subjects with BW and BW
covariates, respectively

FM, kg: 22.4 6 11.7

BEE compared with controls:

FM, %: 43.7 6 7.9

16% lower in PWS subjects,
unadjusted; 21% lower
with BW as a covariate; no
difference with FFM as a
covariate

Bone age, y: 12.7 6 2.9

AEE compared with controls:

PWS subtype: DEL or UPD

58% lower for PWS subjects
unadjusted; 50% lower
with BW as a covariate for
PWS subjects adjusting
for BW/d

GH: none ever received GH
Controls, n = 17; 10 F/7 M

Age, y: 11.3 6 2.6
BMI: 26 6 6.5
FFM, kg: 35.9 6 13.4
FM, kg: 25.6 6 12.7
FM, %: 39.1 6 8.8
Bone age, y: 12.7 6 3.2

Bekx et al.,
2003 (1)

Cross-sectional study
to evaluate BC in
relation to energy
expenditure in
infants and toddlers
with PWS

PWS, n = 16, 8 F/8 M TEE: DLW, 7 d Absolute TEE compared with
published normative data:Age, mo: 12.4 6 6 BC: DXA, DLW

24% lower in PWSDXA FFM, kg: 5.7 6 1.4
TEE adjusted as linear

regression for FFM (kg FFM):
FM, %: 28.8 6 6

Rates for PWS subjects
comparable with
published normative data

DLW FM, %: 34.9 6 7
PWS subtype: 10 DEL/5 UPD/
1 ID

GH: 14 current GH

(Continued)
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TABLE 2 (Continued )

Author, year (ref.)
Study design and

purpose
Study population
(mean 6 SD) Measurements Outcomes

Butler et al., 2007 (15) Cross-sectional study
to determine the
relations among
body composition,
activity amounts,
and metabolic rates

PWS, n = 48; 27 F/21 M TEE: whole body IC, 8 h TEE compared with controls:
20% lower in PWS subjects,
kcal/8 h, unadjusted; lower
with adjustment for FM; no
difference with adjustment
for LBM

Age, y: 23 6 9 REE: whole body IC, 30 min

REE compared with controls:

BMI: 34 6 9 (PWS lower
than controls)

AEE: energy expended during
the periods when the
participants were instructed
and encouraged to do
exercises

16% lower in PWS subjects,
kcal/min; lower with
adjustment for FM; no
difference with
adjustments for LBM or BW

LBM, kg: 35 6 7 (PWS
lower than controls)

BC: DXA

AEE compared with controls:

FM, kg: 39 6 14 (PWS
lower than controls)

38% lower in PWS subjects,
kcal/min, with a 35%
reduction in mechanical
work .8 h

FM, %: 51 6 8
PWS subtype: 27 DEL/21 UPD
GH: none receiving GH

Controls, n = 24; 15 F/9 M
Age, y: 27 6 13
BMI: 41 6 8
LBM, kg: 51 6 12
FM, kg: 50 6 14
FM, %: 50 6 7

Hill et al., 1990 (16) Cross-sectional study
to determine
whether the
relation between
REE and BW or BC is
different in
individuals with
PWS

PWS, n = 22; 13 F/9 M REE: IC hood, 15–20 min REE compared with controls:
Age, y: 13 6 1 BC: BIA 37% lower in PWS subjects

than in obese controls and
20% lower than in lean
controls, unadjusted, no
difference with
adjustment for FFM

BMI: 24 6 1
PWS subtype and GH: no
information

Obese controls, n = 11; 7 F/4 M
Age, y: 10 6 1
BMI: 28 6 1

Lean controls n = 20; 9 F/11 M
Age 10 6 1 y
BMI 19 6 1

FM and FFM data not reported.
van Mil et al., 2000
(17)

Cross-sectional study
to measure SEE,
adjusted for FFM

Same participants as van Mil
et al. (14)

SEE: respiratory camper,
overnight

Absolute SEE compared with
controls:

17% lower in PWS subjects,
unadjusted; lower with
adjustment for BW; no
difference with
adjustment for FFM

Goldstone et al., 2002
(18)

Cross-sectional study
to assess REE

PWS, n = 8 F REE: whole body IC, $20 min Absolute REE compared with
controls:Age, y: 25 6 2 BC: MRI

8% lower in PWS subjects
than in obese controls,
unadjusted; lower after
adjustment for age,
height, and weight and
after adjustment for age
and FM; higher after
adjustment for age and
FFM; no difference after
adjustment for age, FFM,
and FM

BMI: 42.1 6 3 (higher than
obese and lean controls)

FFM, kg: 46.1 6 3.7 (lower
than obese controls)

FM, kg: 49.6 6 6.3 (higher
than obese and lean
controls)

FM, %: 50.8 6 2
PWS subtype: not reported
GH: none receiving GH

Obese controls, n = 13 F
Age, y: 26 6 3
BMI: 37.1 6 1.6
FFM, kg: 58.5 6 1.8
FM, kg: 43.2 6 2.9
FM, %: 42.1 6 1.2

Lean controls, n = 28 F
Age, y: 31 6 1
BMI: 23.7 6 0.5
FFM, kg: 46.1 6 0.9
FM, kg: 19.5 6 0.9
FM, %: 29.1 6 0.8

(Continued)
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TABLE 2 (Continued )

Author, year (ref.)
Study design and

purpose
Study population
(mean 6 SD) Measurements Outcomes

Lloret-Linares et al.,
2013 (19)

Cross-sectional study
to compare REE of
adults with PWS or
lesional genetic
hypothalamic obesity
with obese controls

PWS, n = 16 F REE: IC hood, details not
provided

Absolute REE compared with
controls:Age, y: 25.8 6 4.9

BC: DXA Female PWS subjects had
rates similar to controls
and subjects with HD,
unadjusted; when
adjusted for age, PWS
subjects had 13% higher
rates than controls and
similar rates to HD subjects
when adjusted for LBM

BMI: 46.6 6 8.5

Male PWS subjects had 19%
lower rates than controls
and similar rates to HD
subjects, unadjusted; no
differences when adjusted
for age and LBM

LBM, kg: 46.76 10 (*lower than
females with HD)

FM, kg: 53 6 13.2
FM, %: 52.5 6 4

PWS, n = 11 M
Age, y: 25.5 6 10.4
BMI: 46.6 6 9.1
LBM, kg: 58.6 6 12.6 (*lower
than male HD and control
subjects)

FM, kg: 58.6 6 19.2
FM, %: 48.9 6 7.3

PWS subtype (all subjects): 18
DEL/8 UPD/1 ID

GH (all subjects): 1 current, 5 in
childhood

HD, n = 5 F
Age, y: 42.2 6 16.1
BMI: 49 6 7.6
LBM, kg: 61.7 6 11.7
FM, kg: 57.9 6 13.4
FM, %: 47 6 1.6

HD, n = 10 M
Age, y: 33.8 6 13.2
BMI: 47.2 6 7.7
LBM, kg: 75 6 12.3
FM, kg: 58 6 14
FM, %: 40 6 7.4
GH (all HD subjects): 1 current,
5 in childhood

Controls, n = 176 F
Age, y: 36 6 8.4
BMI: 46.8 6 6.3
LBM, kg: 61.7 6 8.3
FM, kg: 60.5 6 12.3
FM, %: 47.5 6 4.5

Controls, n = 30 M
Age, y: 41.7 6 7.9
BMI: 46.3 6 5.7
LBM, kg: 78.8 6 8.3
FM, kg: 58.5 6 14
FM, %: 40.4 6 4.6

Purtell et al., 2015 (20) Cross-sectional study
to measure changes
in energy
expenditure in
response to meals

PWS, n = 11, 4 F/7 M REE: IC hood, 30 min Absolute REE compared with
controls:Age, y: 27.5 6 2.7 Postprandial REE: IC hood,

240 min Rates for PWS subjects were
comparable with those of
obese and lean controls,
unadjusted; no
differences when
adjusted for FFM and FM

BMI: 37.35 6 2.9 (*higher
than controls) BC: DXA

Absolute postprandial REE
compared with controls

LBM, kg: 43.21 (*lower than
obese controls)

Rates for PWS subjects were
comparable with those of
obese and lean controls,
unadjusted; no differences
when adjusted for FFM
and FM

FM, kg: 3.06
FM, %: 47.68
PWS subtype: 6 DEL/5 UPD
GH: none ever received GH

Obese controls, n = 12; 5 F/7 M
Age, y: 32.25 6 2.5
BMI: 34.21 6 1.2
LBM, kg: 52.67
FM, kg: 40.33
FM, %: 46.25

(Continued)
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obese individuals. Measured REE in PWS women (1758 6
360 kcal/d) was comparable with that seen in HO- and
BMI-matched control individuals; however, REE in PWS men
(1946 6 428 kcal/d) was reported to be 19% lower than
BMI-matched individuals (2405 6 423 kcal/d; P < 0.05), yet
similar to the HO group (19). Lean mass in PWS individuals
was 25% lower than BMI-matched individuals, but was compa-
rable to lean mass in the HO group. Purtel et al. (20) measured
REE for 30 min in adults with PWS compared with obese- and
normal-weight individuals and also reported that REE was
comparable to age-matched individuals.

In contrast to studies that used an IC hood system, studies
that measured REE with the use of a WBIC system reported
a reduced REE in adults with PWS (15, 18). Goldstone et al.
(18) measured REE and reported an 8% reduction in REE
in PWS individuals (1584 6 108 kcal/d) compared with
BMI-matched controls (1716 6 69 kcal/d; P < 0.01). Butler
et al. (15) reported a 16% lower REE in PWS individuals
(2074 6 360 kcal/d) compared with age-matched controls
(2448 6 475 kcal/d; P < 0.05). It is important to highlight
that Butler et al. (15) measured REE when participants
were seated (due to feasibility issues for PWS patients). There-
fore, this approach may have incorrectly elevated the reported
readings, because standardized REE protocols require the pa-
tient to be supine, with minimal body motion, and to remain
awake during testing. It is also not clear if this adapted, seated
REE protocol was applied to individuals without PWS as well.
Finally, differences in REE might exist between children with
PWS as compared with adults with PWS. Two studies have as-
sessed BEE with the use of an IC hood system. One study by
van Mil et al. (14) measured BEE with the use of an IC
hood system. They reported results for only 10 min of mea-
surement and concluded that BEE was reduced by #16% in
PWS children and adolescents (1280 6 282 kcal/d) compared
with age-, sex-, and BMI-matched controls (15246 370 kcal/d;
P< 0.05). In another study, Schoeller et al. (5) measured BEE in
PWS and found that measured BEE values in PWS adolescence
and adults (1160 6 95 kcal/d) were 3–12% lower than values
obtained from various predictive equations: Harris-Benedict
(1310 6 82 kcal/d); Passmore (1400 6 120 kcal/d); and
Cunningham (12006 78 kcal/d; P< 0.05). However, Schoeller
et al. (5) did not compare measured BEE in PWS individuals
with matched controls.

SEE
Excessive sleepiness, daytime hypersomnolence, and sleep
apnea (both central and obstructive) have been reported
in individuals with PWS, possibly leading to alterations in
the sleeping metabolic rate of individuals with PWS. Only
one study has measured SEE in PWS through the use of
WBIC. VanMil et al. (17) reported that SEE was significantly
lower in individuals with PWS than in controls (1103 6
257 kcal/d compared with 1337 6 63 kcal/d; P < 0.05). This
is in agreement with TEE and REE findings in TEE and
REE sections, which are reported to be lower for individuals
with PWS than those of their counterparts. In summary, abso-
lute values of REE, BEE, and SEE in PWS individuals were
found to be lower than those of obese individuals. This finding
might be explained by their abnormal body composition (re-
duction in FFM), which could impact energy expenditure
values. Appropriately adjusting for variability in FFM between
PWS and controls and the impact this has on the inferences
drawn from these studies is discussed in detail in the Contri-
bution of Body Composition to Lower Energy Expenditure
section.

AEE
Four studies have measured AEE in individuals with PWS
and all reported a lower AEE (13–66%) in PWS than that
of controls. Three of these studies assess TEE in free-living
conditions with the use of DLW and derived AEE. Mil
et al. (14) estimated AEE by subtracting BEE and DIT
from TEE; Davies and Joughin (13) estimated AEE by divid-
ing TEE by REE; and Schoeller et al. (5) estimated AEE based
on a predictive equation that included FFM based on the
methods of Ravussin et al. (23), with daily energy expendi-
ture calculated as (667 + 20.5 FFM).

The greatest difference in AEE was reported by Schoeller
et al. (5). In individuals with PWS, AEE (650 6 310 kcal/d)
was 66% less than the AEE measured in age- and sex-matched
controls (1940 6 640 kcal/d; P < 0.05). A 58% difference
in AEE when comparing individuals with PWS (256 6
165 kcal/d) to age-, sex-, and BMI-matched controls (611 6
246 kcal/d; P < 0.001) was also reported by van Mil et al.
(14). Furthermore, Davies and Joughin (13) reported daily
activity to be 13% lower in individuals with PWS than that
of age- and weight-matched individuals (P < 0.05). Physical

TABLE 2 (Continued )

Author, year (ref.)
Study design and

purpose
Study population
(mean 6 SD) Measurements Outcomes

Lean controls, n = 10; 5 F/5 M
Age, y: 28.8 6 1.1
BMI: 21.4 6 0.4
LBM, kg: 71.54
FM, kg: 14.63
FM, %: 24.32

1 AEE, BEE, REE, and TEE values are expressed as kcal/d unless otherwise indicated. AEE, activity energy expenditure; BC, body composition; BEE, basal energy expenditure; BIA,
bioelectrical impedance analysis; BMR, basal metabolic rate; BW, body weight; DEL, deletion; DLW, doubly labeled water; F, female; FFM, fat-free mass; FM, fat mass; GH, growth
hormone; HD, hypothalamic damage; IC, indirect calorimetry; ID, imprinting center defects, LBM, lean body mass; M, male; PWS, Prader-Willi syndrome; REE, resting energy
expenditure; ref., reference; SEE, sleeping energy expenditure; TEE, total energy expenditure; UPD, uniparental disomy.
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activity amounts were reported to be lower (1.33 6 0.21) in
individuals with PWS than in age- and weight-matched in-
dividuals (1.53 6 0.23, P < 0.05). The data for AEE was not
given and was estimated based on the total means given for
TEE and REE. The estimated AEE was found to be lower
(526 kcal/d) in individuals with PWS than in age- and
weight-matched individuals (859 kcal/d).

Only one study measured AEE directly through the use
of a whole-body calorimetry unit (15); the energy expended
on physical activity during the 8 h was 38% lower in individ-
uals with PWS (1.9 6 0.61 kcal/min compared with 3 6
0.99 kcal/min for the controls; P < 0.001). In addition,
standing energy expenditure was reported to be lower in
PWS individuals (1.5 6 0.3 kcal/min) than in age-
matched control subjects (1.8 6 0.4 kcal/min; P < 0.001).
In summary, the literature to date suggests that adults and
children with PWS tend to have lower absolute AEE values.
Again, these differences may be explained by muscle hypo-
tonia and less skeletal muscle mass, leading to lower values
of FFM (15).

DIT
Unfortunately, only one study has investigated DIT in in-
dividuals with PWS. Purtell et al. (20) found no difference
in DIT between PWS and control groups after consump-
tion of a breakfast meal high in carbohydrate and fat (600
kcal: 50% carbohydrate, 35% fat, and 15% protein). Be-
cause examination of DIT was not the primary objec-
tive of the Purtell et al. (20) study, details concerning
the measurement protocol for DIT were not reported.
Therefore, it is unclear how these differences were assessed
and whether baseline adjustments for body composition
were made.

Exploring the impact of DIT on PWS is important because
dietary macronutrient manipulation may have an impact on
energy metabolism in PWS. It is well known that meals of sim-
ilar energy content but different macronutrient composition
will impact DIT, which could influence the overall estimates
of TEE. Protein has the greatest impact on DIT in both
normal-weight and obese cohorts (24, 25). Studies have now
demonstrated that higher-protein diets are able to increase sati-
ety hormones, decrease hunger, and increase DIT, and thereby
promote maintenance of FFM in the setting of low energy in-
take (26). We speculate that DIT is lower in individuals with
PWS, which also contributes to their lower REE. The hierarchy
of macronutrients with respect to their impact on DIT is pro-
tein, then carbohydrate, and, lastly, fat. It has been documented
that protein plays an important role in body weight regula-
tion through satiety related to DIT (27). In conclusion,
macronutrient composition should be taken into consid-
eration when estimating the energy needs of individuals
with PWS. Although DIT contributes to only 5–15% of
daily energy expenditure, alterations in DIT could trans-
late into energy imbalance, leading to significant excessive
weight gain over the longer term. Future research should
clarify additional means to favorably manipulate DIT to im-
prove overall energy balance.

Contribution of Body Composition to Lower
Energy Expenditure
A unique altered body composition consisting of higher fat
mass (FM) and a lower FFM for body weight is described in
PWS infants, even before hyperphagia manifests (1). This
suggests a possible genetic or developmental origin to the al-
tered body composition phenotype documented in PWS. As
mentioned previously, a major determinant of energy ex-
penditure is body composition, specifically, the metaboli-
cally active tissues that make up the FFM compartment.
The amount of FFM (in kilograms) can vary considerably
between PWS, obese, and nonobese individuals (28). Over-
all, individuals with PWS tend to have lower FFM. There-
fore, the absolute value of REE tends to be lower in PWS
individuals due to their reduced FFM; however, once FFM
is taken into consideration, these differences between PWS
and controls mainly disappear (1, 5, 13, 14, 16, 17, 19,
20), suggesting that there might not be a major disruption
to energy metabolism at a cellular level in PWS.

In most studies included in this review, the adjustment
method was performed by simply dividing REE or BEE by
FFM. However, this method is not optimal because FFM in-
cludes bone, skeletal mass, and highly metabolically active or-
gans, such as the brain, heart, liver, kidney, and gastrointestinal
tract (12, 29). When body weight instead of FFM is used to cal-
culate BEE and SEE, these values remained significantly lower
in individuals with PWS compared with age-, sex-, and BMI-
matched controls (30). However, the use of body weight for ad-
justment might not be ideal due to unique differences in body
composition in individuals with PWS. Finally, Butler et al. (15)
reported that REE remained significantly (P < 0.001) lower
when adjusting for FM between the 2 groups. The justification
for expressing energy expenditure data adjusted for FM is ques-
tionable, and the authors offer no rationale for their choice of
adjustment methods. Additionally, a major limitation of the
above study is that individuals with PWS were not compared
with a BMI-matched group.

It has been suggested that the adjustment of energy ex-
penditure for FFM should be carried out by calculating re-
siduals from regression models, including other covariates
(e.g., sex, age, FM, and height), as described by Carneiro
et al. (12). Such an adjustment method that uses multiple li-
ner regression analysis was used in the study by Goldstone
et al. (18), who reported that individuals with PWS had
lower REE than normal-weight and BMI-matched controls,
after adjustment for FM and age; REE was higher after ad-
justment for age and FFM. These findings highlight the im-
portance of correctly accounting for differences in FFM
when comparing groups with different body composition, be-
cause without proper adjustment, results may be misinter-
preted. Another study conducted by Hill et al. (16) that used
multiple linear regression analysis reported no difference in
REE adjusted for FFM in individuals with PWS compared
with controls. A limitation of this study was the use of bioelec-
trical impedance analysis (BIA) to measure FFM. BIA assesses
total body water and then estimates FFM and FM with the use
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of algorithms. These algorithms may not be suitable for use in
subjects with PWS because they have not been validated in this
clinical population. Additionally, BIA assumes a constant FFM
hydration factor (31), which varies considerably with age and
clinical condition (32). Body composition is altered in PWS in-
dividuals, with specific alterations in body water distribution
noted (33); thus, the underlying assumptions that the BIA
technique relies on may be violated. This would result in an
overestimation of the amount of FFM and an underestimation
of FM in individuals with PWS (28, 31). Therefore, REE may
be overestimated in individuals with PWS, which would lead
to the erroneous conclusion that obese individuals have a
lower REE than PWS individuals due to the inadequate
normalization for FFM.

It is important to highlight the importance of the use of
adequate body composition tools in PWS to better account
for FFM in analysis. The use of total body potassium to es-
timate whole-body cell mass and metabolically active tissue
(34) to examine body composition in PWS has not yet been
utilized. However, using total body potassium would pro-
vide a more accurate measure of metabolically active lean
tissue without the adverse effect of potential hydration
changes.

Overall, these studies suggest that individuals with PWS
have lower absolute REE values than obese individuals due
to their lower FFM. Efforts to increase FFM in individuals
with PWS may therefore be an effective strategy to increase
their overall energy expenditure.

Contribution of Endocrine Dysfunction to
Lower Energy Expenditure
The common hormonal abnormalities observed in PWS, such
as growth hormone (GH) and thyroid-stimulating hormone
deficiencies, as well as testosterone insufficiency, contribute
to lower energy expenditure due to their effects on FFM
(35). The altered body composition (i.e., lower FFM values)
observed in individuals with PWS has been a point of interest
for clinicians and has resulted in the increased use of GH ther-
apy and thyroid and testosterone supplementation (36, 37).
GH treatment during childhood and in adults with PWS
has been shown to increase FFM (37–39). In addition, testos-
terone supplementation in adults with PWS has been shown
to increase the amount of FFM (36). The resultant increased
FFM likely increases energy expenditure and may help in-
dividuals with PWS obtain and maintain a healthy body
weight. GH has potent protein anabolic and lipid and car-
bohydrate metabolic effects. In general, GH stimulates li-
polysis, hyperinsulinemia, and stimulation of insulin-like
growth factor 1 activity. This results in potent protein an-
abolic effects, increased amino acid uptake, increased protein
synthesis, and decreased protein oxidation (40). Finally, con-
trolled studies have reported significant increases in REE with
the use of GH in PWS (37).

Of the previous studies reviewed, only 2 reported the use
of GH (1, 19) in the assessed subjects with PWS. Lloret-
Linares et al. (19) reported that 22% of individuals (6 out
of 27 subjects) with PWS were receiving GH therapy. Bekx

et al. (1) reported that 87.5% of individuals (14 out of 16
subjects) with PWS were receiving GH treatment. The use
of GH in the remainder of the examined studies is unknown
due to a lack of reporting. Additionally, details as to whether
GH status was considered as a covariate in the final analysis
are unknown, which may also explain the inconsistent find-
ings between studies.

Summary and Gaps in Understanding of Energy
Expenditure in PWS
From the literature to date, the findings suggest that PWS
individuals have lower absolute energy expenditure than
age-, sex-, and BMI-matched controls as a consequence of re-
duced REE, SEE, and AEE; these differences may be second-
ary to altered body composition and hormone dysfunction.
However, due to the paucity of information on DIT in indi-
viduals with PWS, the relative contribution of specific com-
ponents of TEE to the altered metabolism in PWS is not
clear. Once body composition is taken into consideration,
many differences disappear, suggesting that there might in
fact be no overall disturbance in whole-body energy metab-
olism. However, these results should be interpreted with
caution because of the inherent limitations in the use of
adjustment methods and the discrepancies in the methods
used to measure body composition in PWS. Additionally,
DIT needs to be assessed in individuals with PWS and com-
pared with healthy obese individuals, whereas differences in
energy expenditure estimates according to genetic subtype
and impact of hormonal therapies need further study.

The mechanism of action for the significant overall reduc-
tion in energy expenditure in individuals with PWS is likely
multifactorial. Approximately one-third of children with PWS
have hypothyroidism due to hypothalamic-pituitary dys-
function, resulting in low or low-normal concentrations
of thyroid-stimulating hormone and low concentrations
of total or free thyroxine. Therefore, central hypothyroidism
may play a role in the reduced energy expenditure demon-
strated in children with PWS (41). A PWS mouse model
[mice lacking MAGE-like 2 (Magel2)] demonstrated normal
leptin sensitivity in proopiomelanocortin neurons into the
early postweaning period; however, thereafter, the mice dem-
onstrated progressive leptin insensitivity, which is predicted
to impair the release of the melanocortin receptor agonist
a-melanocyte stimulating hormone, with downstream effects
to reduce energy expenditure (42). It is speculated that a sim-
ilar reduction in leptin responsiveness occurs over time in
children with PWS; this would account for a reduction in en-
ergy expenditure in individuals with PWS, which would
worsen with aging. Previous research has examined whether
individuals with PWS exhibit reduced fat oxidation. One
study by Purtell et al. (20) did not detect metabolic defect
in respiratory quotient or fat oxidation in individuals with
PWS after a mixed high-carbohydrate and high-fat meal.
However, Rubin et al. (43) examined the effect of PWS on
the hormonal and metabolic response to resistance exercise;
individuals with PWS demonstrated earlier increases in FAs
during recovery and exhibited higher glycerol and ketone
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concentrations than controls, suggesting incomplete fat oxi-
dation (43). Previous longitudinal studies in Pima Indians re-
port that low fat oxidizers (90th percentile for respiratory
quotient) had a 2.5 times greater risk of gaining $5 kg of
body weight than high fat oxidizers (44). Furthermore,
those successful at maintaining weight loss tend to have
higher fat oxidation rates than those experiencing weight re-
lapse (45). Thus, lower fat oxidation in individuals with PWS
might also contribute to the imbalance between intake and
energy expenditure. Finally, lower spontaneous physical activ-
ity (15) and sympathetic activity (46) have been reported in
individuals with PWS. Children with PWS demonstrated no
exercise-induced increase in catecholamines and an ;40%
lower heart rate elevation in response to exercise compared
with controls. These findings suggest a sympathetic auto-
nomic deficit in PWS (47–49). In summary, altered endocrine
function (thyroid and leptin deficits) and lower fat oxidation,
sympathetic activity, and spontaneous physical activity are
multiple factors that might play an etiologic role in the reduc-
tion in energy expenditure that is characteristic of individuals
with PWS. Further longitudinal studies are required to deter-
mine if this defect in energy expenditure progressively
worsens with age.

Finally, it is important to highlight that although no meta-
bolic differences have been documented to date, accurate
assessments of FM and FFM could certainly affect the cal-
culation of energy requirements for those with PWS com-
pared with healthy controls. Currently, energy requirements
are based on predictive equations used to assess REE. These
equations incorporate the use of body weight and assume a
“healthy or reference” body composition, which is problem-
atic in this clinical cohort in which disturbances in body com-
position have been clearly documented. The abnormal body
composition in individuals with PWS (characterized by re-
duced FFM and increased FM)would lower energy expenditure
and thus lower energy requirements compared with healthy in-
dividuals. Thus, assessing body composition accurately with the
use of a valid techniques and determining energy requirements
taking body composition into consideration are integral parts
of dietary management in individuals with PWS. Increasing
FFM and maximizing physical activity should be considered
to increase energy expenditure in PWS.
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