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Abstract

Background: Fat-free mass (FFM) is lower in obese subjects with Prader-Willi syndrome (PWS)
than in obese subjects without PWS. FFM prediction equations developed in non-PWS subjects
may, thus, not work in PWS subjects.

Aim: To test whether the estimation of FFM from bioelectrical impedance analysis (BIA) in PWS
subjects requires population-specific equations.

Methods: Using dual-energy X-ray absorptiometry, this study measured FFM in 27 PWS and 56
non-PWS obese women and evaluated its association with the impedance index at 50 kHz (Zls),
i.e. the ratio between squared height and whole-body impedance at 50 kHz.

Results: At the same level of Zlso, PWS women had a lower FFM than non-PWS women.
However, when PWS-specific equations were used, FFM was accurately estimated at the
population level. An equation employing a dummy variable coding for PWS status was able to
explain 85% of the variance of FFM with a root mean squared error of 3.3kg in the pooled
sample (n=83).

Conclusion: Population-specific equations are needed to estimate FFM from BIA in obese PWS
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women.

Introduction

Prader-Willi syndrome (PWS) is a genetic disorder due to the
absent expression of the paternally active genes in the PWS
critical region of chromosome 15. PWS has an estimated
incidence of 1 in 25 000 live births and childhood-onset obesity
is among its most prominent clinical features (Cassidy et al.,
2012).

The body composition (BC) of PWS subjects is peculiar in
that, together with a higher fat mass (FM), they have a lower
fat-free mass (FFM) (Brambilla et al., 1997). Even if energy
expenditure per unit of FFM is similar in PWS and non-PWS
subjects (Schoeller et al., 1988), the lower FFM of PWS
subjects may contribute to their risk of disease (Bridges, 2014).
One of the main aims of growth hormone treatment in PWS is
indeed to increase FFM (Bridges, 2014; Coupaye et al., 2013).

Reference techniques for the assessment of BC are
available in few centres worldwide and more affordable
methods such as dual-energy X-ray absorptiometry (DXA) are
not always available (Lee & Gallagher, 2008). Moreover,
DXA scanners from different manufacturers give different BC
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estimates and the same often happens when different software
versions are used to analyse the same data (Plank, 2005).
These problems are exacerbated when a rare disease such as
PWS is studied, as the contribution of many centres is needed
to obtain a reasonably high number of patients (Brambilla
et al., 2011; Grugni et al., 2013).

Bioelectrical impedance analysis (BIA) is a widely
employed method for the assessment of BC that relies on
the use of prediction equations (Deurenberg, 1994; Guo et al.,
1996). Such equations are presently obtained mostly by cross-
validating BIA against DXA (Bedogni et al., 2013). BIA
equations are based on the impedance index (ZI), i.e. the
height*/impedance (Z) ratio. The use of ZI is based on the
assumption that the human body behaves like a cylindrical
isotropic electrical conductor (Heymsfield & Wang, 1994).
Although this assumption is false, ZI works well in practice,
but is sensitive to changes in height and Z. Moreover,
population-specific equations are needed to assess BC in
obese subjects (Bedogni et al., 2013; Sartorio et al., 2005).
Height is lower in PWS than in non-PWS subjects (Cassidy
et al., 2012) and Z is expected to be higher in PWS patients
because of their lower FFM (Heymsfield & Wang, 1994).
This implies that BIA equations developed in non-PWS
subjects may not be accurate when applied to PWS subjects.
Even though this was hypothesized at least 20 years ago
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(Davies & Joughin, 1992), BIA has not yet undergone a
formal cross-validation in PWS subjects.

BIA may provide a simple method to perform multi-centre
studies of BC, which are essential to understand the
functional significance of the lower FFM of PWS patients
(Bridges, 2014; Miiller, 2013). Thus, the aim of the present
study was to evaluate the accuracy of BIA for the prediction
of FFM in PWS vs non-PWS obese women.

Methods
Subjects

Twenty-seven PWS women and 56 non-PWS women were
consecutively enrolled into the study at the Divisions of
Metabolic Diseases and Auxology of the Istituto Auxologico
Italiano (Piancavallo, Verbania, Italy). Inclusion criteria for all
women were: (1) age > 18 years, (2) body mass index (BMI) >
30kg/m* and (3) weight < 140kg (as the DXA scanner
employed for the study could not accommodate heavier
subjects). PWS women underwent a mini-mental state exam-
ination (MMSE), as per standard practice at our Centre
(Capodaglio et al., 2011). Physical activity was evaluated by
interview. Anthropometry, DXA and BIA were performed
within 24 hours by the same trained operators as described
below. The study protocol was approved by the local Ethical
Committee and written informed consent was obtained by the
women and/or by their parents.

Anthropometry

Weight and height were measured following international
guidelines (Lohman et al., 1988). BMI was calculated as
weight (kg)/height (m)* (WHO, 2000).

Dual-energy X-ray absorptiometry

DXA was performed using a GE-Lunar Prodigy scanner
(GE Medical Systems, Milwaukee, WI). A head-to-toe scan
was performed in the default mode with the subject lying
supine on the scanner’s bed. DXA scans were analysed using
GE Encore software version 8.80 (GE Medical Systems,
Milwaukee, WI). The three-compartment DXA model separ-
ates body mass (BM) into FM, lean tissue mass (LTM) and
bone mineral content (BMC), with the sum of LTM and BMC
representing FFM (Pietrobelli et al., 1996). Percentage FFM,
LTM, BMC and FM were calculated as FFM/BM, LTM/BM,
BMC/BM and FM/BM, respectively.

Bioelectrical impedance analysis

Whole-body impedance was measured at a frequency of
50kHz (Zso) using a 4-polar impedance-meter (Human-IM
Plus, Dietosystem, Milan, Italy) (Bedogni et al., 2003).
Current-injecting electrodes were placed on the dorsal
surfaces of the hand and foot proximal to metacarpal-
phalangeal and metatarsal-phalangeal joints, respectively,
and voltage-sensing electrodes were placed between the
wrist and the ankle (Deurenberg, 1994). BIA measurements
were performed in the fasting state (> 8 hours) and after 15
minutes of resting in the supine position (Deurenberg, 1994).
In our laboratory, the within-day coefficient of variation of
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Zs0 is 2%, as determined by two repeated measurements of 10
obese adults (Bedogni et al., 2013).

Statistical analysis

Coarsened exact matching (CEM) was used to match PWS and
non-PWS women on age (lacus et al., 2011; Bedogni et al.,
2014). Continuous measurements of PWS and non-PWS
women were compared using a generalized linear model
(GLM) with PWS status (0=no; 1=yes) as predictor, a
Gaussian variance and an identity link (Hardin & Hilbe, 2012).
The need for population-specific equations in PWS women was
evaluated using a GLM employing FFMpxa (continuous, kg)
as outcome and the following predictors: (1) Zsq (continuous,
), height (continuous, m) or Zlsy (continuous, cm2/Q);
(2) PWS status (discrete, O=no; l=yes); and (3) a
PWS*predictor interaction (discrete*continuous). The coeffi-
cient of determination (R?), the root mean square error of the
estimate (RMSE) and the Akaike information criterion (AIC)
were calculated for each model. Standard diagnostic tests and
plots were used to check model fit (Hardin & Hilbe, 2012). The
Bland-Altman method was used to calculate the limits of
agreement (LOA) between FFM estimated by Zlso, (FFMz;s0)
and FFM measured by DXA (FFMpxa) (Bland & Altman,
1999; Carstensen, 2010). Statistical analysis was performed
using Stata 13.1 (Stata Corporation, College Station, TX),
together with the user-written CEM command (Blackwell
et al. 2009).

Results

Table 1 gives the measurements of the 27 PWS and 56 age-
matched non-PWS women.

As expected, PWS women were lighter and shorter and had
a lower FFM than non-PWS women (p<0.001 for all
comparisons). Coherently with their lower FFM, PWS
women had a higher Zs, (p<0.01). All PWS women had a

Table 1. Measurements of the obese women with and without Prader-
Willi syndrome.

PWS women Non-PWS women
(n=27) (n=>56)
Age (years) 30 (27-33) 31 (28-33)

Weight (kg) 90.1 (83.6-96.6) 108.9 (105.8-111.9)**

Height (m) 1.47 (1.45-1.50) 1.61 (1.59-1.63)%*
BMI (kg/m?) 41.5 (38.5-44.6) 41.8 (40.9-42.8)
FMpxa (kg) 474 (43.4-51.5) 54.4 (52.3-56.6)*
FMpxa (%) 55.6 (54.1-57.1) 51.0 (50.0-52.1)**

37.4 (35.0-39.7)
44.4 (42.9-45.9)
36.0 (33.6-38.3)
42.7 (41.3-44.1)

52.1 (50.5-53.7)**
49.0 (47.9-50.0)**
49.6 (48.1-51.2)**
46.6 (45.6-47.7)**

FFMpxa (kg)
FFMpxa (%)
LTMpxa (kg)
LTMpxa (%)

BMCpxa (kg) 1.4 (1.3-1.5) 2.5 (2.4-2.6)%*
BMCpxa (%) 1.7 (1.5-1.9) 2.4 (2.2-2.5)%%
Zso (Q) 578 (539-616) 509 (488-530)*
Zlso (cm*/S) 39 (36-42) 52 (50-54)%*

*p<0.01, **p<0.001 vs PWS women.

Values are means and 95% confidence intervals estimated from a
generalized linear model (see text for details).

PWS, Prader-Willi syndrome; BMI, body mass index; DXA, dual-energy
X-ray absorptiometry; FM, fat mass; FFM, fat-free mass; LTM, lean
tissue mass; BMC, bone mineral content; Zs,, whole-body impedance
at 50kHz; Zlso, whole-body impedance index at 50 kHz.
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MMSE > 24, which is associated with normal daily activities
(Capodaglio et al., 2011). All PWS and non-PWS women
were engaged in less than 2 hours per week of structured
physical activity.

Table 2 gives the GLMs used to test whether the FFM-BIA
association differed between PWS and non-PWS women.

The PWS*predictor interaction was not significant for any
predictor (models not shown). However, PWS status was
significant in all models (»p<0.001), with PWS women
having on average —11.8kg, —10.1 kg and —7.0 kg of FFM at
the same values of Zso (model A), height (model B) and ZlI5,
(model C) of non-PWS women. A comparison of models A, B
and C in Table 2 on the basis of R*>, RMSE and AIC, reveals
that ZIs, is more accurate than Zso and height at predicting
FFM. Taking into account PWS status, ZIs, explained 85% of
FFM variance with an RMSE of 3.3 kg and an AIC of 439 in
the pooled sample (n = 83; model C).

Figure 1(A) plots the relationship between FFMpxa and
Z1sy in PWS and non-PWS women for a domain of Zls
comprised between 26-56(). Such a domain was chosen
because it covers the values of ZIs, common to PWS and non-
PWS women. The plot is a visual representation of the
regression model including the PWS*ZIls, interaction. As
explained above, because such interaction was not significant,
it was removed from the model leaving a constant between-
group difference of —7.0 (95% CI=—9.2 to —4.8 kg) of FFM
for PWS vs non-PWS women (Model C of Table 2).

Figure 1(B) shows a Bland-Altman plot of the agreement
between FFMy s, estimated from model C of Table 2 and
FFMpxa in the pooled sample. The mean (SD) difference
between FFMz;so and FFMpxa was 0.01 (3.40) kg. As there
was no evidence of proportional bias (r=—0.21, p=0.07),
the LOA (—6.66 to 6.68kg) can be used to evaluate
agreement. As nearly always happens for BC techniques
based on prediction equations (Deurenberg, 1994; Guo et al.,
1996), the LOA are wide and discourage the use of these
equations at the individual level (Bedogni et al., 2013).
However, these equations can still be used to test hypotheses
and make inferences at the population level (Bedogni et al.,
2013). Interestingly, the Bland-Altman plot showed that the
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overall agreement was similar in PWS and non-PWS women,
despite the lower FFM of the former.

Discussion

In the present study, we tested the hypothesis that BIA requires
population-specific equations to estimate FFM in obese PWS
women. Although it is well accepted that obese non-PWS
subjects need population-specific equations (Bedogni et al.,
2013; Das et al., 2003; Jiménez et al., 2012; Sartorio et al.,
2005), the hypothesis that obese PWS subjects may require
population-specific equations because of their lower FFM has
remained untested for the last 20 years (Davies, 1999). Our
finding that obese PWS women have a lower FFM at the same
Zl5, of obese non-PWS women has important implications for
the use of BIA in population studies of PWS subjects.

We used DXA as a criterion method for cross-calibrating
BIA. Although DXA is not a reference method in the strict
sense, it provides a reproducible ranking of soft and mineral
tissues (Bedogni et al., 2013). DXA is also gaining increasing
popularity in epidemiological studies (Kelly et al., 2009) and is
presently the technique of choice for cross-calibrating non-
invasive BC techniques (Kriemler et al., 2009, 2010). However,
DXA scanners from different manufacturers provide different
BC estimates (Plank, 2005). DXA is also not widely available
and these problems are exacerbated when a rare disease such as
PWS is studied. The contribution of many centres is in fact
needed to enrol a number of PWS patients great enough to allow
reliable inferences. In our experience (Brambilla et al., 2011;
Grugni et al., 2013), most of these centres do not have a DXA
facility and those having such facilities often employ scanners
from different manufacturers.

Contrarily to DXA, BIA is widely available and this
explains why it is probably the most used indirect BC
technique. As all indirect BC techniques, BIA relies on the
use of prediction equations, which are often accurate at the
population level but are rarely accurate at the individual level
(Bedogni et al., 2013; Deurenberg, 1994; Guo et al., 1996).
However, when this fact is taken into account and proper
cross-calibration is performed, BIA becomes a great resource

Table 2. Comparison of models to predict fat-free mass from bioelectrical impedance analysis in obese women with and

without Prader-Willi syndrome.

FFMpxa (kg)

Model A Model B Model C
Zso (Q) —0.04 [—0.05 to —0.03]* - -
PWS (1 =yes; 0=no0) —11.80 [—14.26 to —9.35]* —10.07 [—13.38 to —6.76]* —7.00 [—9.24 to —4.76]*
Height (m) - 32.58 [16.34 to 48.83]* -
Zlso (cm?/QY) - - 0.57 [0.46 to 0.68]*
Intercept 72.56 [65.99 to 79.147* —0.61 [—26.83 to 25.62] 22.07 [16.45 to 27.7]*
n 83 83 83
R? 0.751 0.675 0.853
RMSE (kg) 436 4.98 3.34
AIC 482 505 439
#p <0.001.

Values are regression coefficients and 95% confidence intervals estimated from a generalized linear model (see text for

details).

FFM, fat-free mass; DXA, dual-energy X-ray absorptiometry; PWS, Prader-Willi syndrome; Zs,, whole-body impedance at
50kHz; ZIs,, whole-body impedance index at 50 kHz; n, number of subjects; R?, coefficient of determination; RMSE,
root mean squared error; AIC, Akaike information criterion.
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Figure 1. Relationship between fat-free mass measured by dual-energy X-ray absorptiometry and the whole-body impedance index. (A) The
relationship between fat-free mass and the impedance index in the women with and without Prader-Willi syndrome. Values are means and 95%
confidence intervals estimated from a generalized linear model including a Prader-Willi syndrome*impedance index interaction. The domain of the
impedance index (26-56(2) was chosen to cover the values of the impedance index common to the women with and without PWS. Black points
represent women with PWS and white points women without PWS. (B) A Bland-Altman plot depicting the mean bias (continuous line) and the limits of
agreement (dashed lines) of fat-free mass estimated from bioelectrical impedance analysis using Model C of Table 2. Black points represent women
with PWS and white points women without PWS. FFM, fat-free mass; DXA, dual-energy X-ray absorptiometry; ZIso, impedance index at 50 kHz.

to perform population studies of BC and its functional
correlates. Because BIA equations rely on ZI, i.e. height*/Z,
we were not surprised to find that PWS women needed
population-specific equations. Compared to non-PWS
women, PWS women are in fact shorter and have a lower
FFM, which is inversely proportional to Z. While Zs, offered
a reasonably accurate assessment of FFM, ZIs, was more
accurate, proving that Zls, is a useful predictor in PWS-
associated obesity.

FFM was expectedly lower in PWS than in non-PWS
women. Cognitive impairment may be partly responsible for
the lower physical activity of PWS subjects, but it is an
unlikely contributor to the lower FEM of our PWS women as
they had MMSE scores > 24. Also, our PWS and non-PWS
women were engaged in similarly low levels of physical
activity, i.e. < 2 hours per week.

Although this is the first study to evaluate the accuracy of
BIA to assess BC in PWS subjects, it has several limitations.
First, we studied only Caucasian PWS women and our results
may not generalize to non-Caucasian ethnic groups and to men.
Second, we performed BIA only at a frequency of 50 kHz, but
the use of higher frequencies may allow a better prediction of
FFM (Malavolti et al., 2003). Third, mostly because of the
rarity of PWS, we could assess the BC of a relatively low
number of PWS patients (n =27). Fourth, although we were
able to confirm that obese PWS women need BIA population-
specific equations (Davies & Joughin, 1992), such equations
must be cross-validated in external samples before they can be
employed for research purposes (Bedogni et al., 2013).

In conclusion, BIA may provide a practical means to
perform multi-centre studies of BC in PWS patients, provided
that population-specific equations are used.

Declaration of interest

The authors report no conflicts of interest. The authors alone are
responsible for the content and writing of the paper.

The study was supported by Progetti di Ricerca Corrente, Istituto
Auxologico Italiano, Verbania and Milano, Italy.

References

Bedogni G, Agosti F, De Col A, Marazzi N, Tagliaferri A, Sartorio A.
2013. Comparison of dual-energy X-ray absorptiometry, air displace-
ment plethysmography and bioelectrical impedance analysis for the
assessment of body composition in morbidly obese women. Eur J Clin
Nutr 67:1129-1132.

Bedogni G, Grugni G, Nobili V, Agosti F, Saezza A, Sartorio A. 2014. Is
non-alcoholic fatty liver disease less frequent among women with
Prader-Willi Syndrome? Obes Facts 7:71-76.

Bedogni G, Iughetti L, Ferrari M, Malavolti M, Poli M, Bernasconi S,
Battistini N. 2003. Sensitivity and specificity of body mass index
and skinfold thicknesses in detecting excess adiposity in children aged
8-12 years. Ann Hum Biol 30:132-139.

Blackwell M, Iacus S, King G, Porro G. 2009. cem: coarsened exact
matching in Stata. Stata J 9:524-546.

Bland JM, Altman DG. 1999. Measuring agreement in method
comparison studies. Stat Methods Med Res 8:135-160.

Brambilla P, Bosio L, Manzoni P, Pietrobelli A, Beccaria L, Chiumello
G. 1997. Peculiar body composition in patients with Prader-Labhart-
Willi syndrome. Am J Clin Nutr 65:1369-1374.

Brambilla P, Crind A, Bedogni G, Bosio L, Cappa M, Corrias A,
Delvecchio M, et al. Genetic Obesity Study Group of the
Italian Society of Pediatric Endocrinology and Diabetology



542  G. Bedogni et al.

(ISPED). 2011. Metabolic syndrome in children with Prader-Willi
syndrome: the effect of obesity. Nutr Metab Cardiovasc Dis 21:
269-276.

Bridges N. 2014. What is the value of growth hormone therapy in Prader
Willi syndrome? Arch Dis Child 99:166-170.

Capodaglio P, Cimolin V, Vismara L, Grugni G, Parisio C, Sibilia O,
Galli M. 2011. Postural adaptations to long-term training in Prader-
Willi patients. ] Neuroeng Rehabil 8:26. doi:10.1186/1743-0003-8-26.

Carstensen B. 2010. Comparing clinical measurement methods: a
practical guide. Chichester, UK: Wiley.

Cassidy SB, Schwartz S, Miller JL, Driscoll DJ. 2012. Prader-Willi
syndrome. Genet Med 14:10-26.

Coupaye M, Lorenzini F, Lloret-Linares C, Molinas C, Pinto G, Diene G,
Mimoun E, et al. 2013. Growth hormone therapy for children and
adolescents with Prader-Willi syndrome is associated with improved
body composition and metabolic status in adulthood. J Clin
Endocrinol Metab 98:E328-E335.

Das SK, Roberts SB, Kehayias JJ, Wang J, Hsu LKG, Shikora SA,
Saltzman E, McCrory MA. 2003. Body composition assessment in
extreme obesity and after massive weight loss induced by gastric
bypass surgery. Am J Physiol Endocrinol Metab 284:E1080-E1088.

Davies PS. 1999. Body composition in Prader-Willi syndrome: assess-
ment and effects of growth hormone administration. Acta Paediatr
Suppl 88:105-108.

Davies PS, Joughin C. 1992. Assessment of body composition in the
Prader-Willi syndrome using bioelectrical impedance. Am J Med
Genet 44:75-78.

Deurenberg P. 1994. International consensus conference on impedance in
body composition. Age Nutr 5:142—-145.

Grugni G, Crind A, Bedogni G, Cappa M, Sartorio A, Corrias A, Di
Candia S, et al. 2013. Metabolic syndrome in adult patients
with Prader-Willi syndrome. Nutr Metab Cardiovasc Dis 23:
1134-1140.

Guo SS, Chumlea WC, Cockram DB. 1996. Use of statistical methods to
estimate body composition. Am J Clin Nutr 64:428S—-435S.

Hardin JW, Hilbe JM. 2012. Generalized linear models and extensions.
College Station, TX: Stata Press.

Heymsfield SB, Wang ZM. 1994. Bioimpedance analysis: modeling
approach at the five levels of body composition and influence of
ethnicity. Age Nutr 5:106-110.

Tacus SM, King G, Porro G. 2011. Multivariate matching methods that
are monotonic imbalance bounding. J Am Stat Assoc 106:345-361.

Ann Hum Biol, 2015; 42(6): 538-542

Jiménez A, Omaifia W, Flores L, Coves MJ, Bellido D, Perea V, Vidal J.
2012. Prediction of whole-body and segmental body composition by
bioelectrical impedance in morbidly obese subjects. Obes Surg 22:
587-593.

Kelly TL, Wilson KE, Heymsfield SB. 2009. Dual energy X-Ray
absorptiometry body composition reference values from NHANES.
PLoS ONE 4:e7038.

Kriemler S, Puder J, Zahner L, Roth R, Braun-Fahrlénder C, Bedogni G.
2009. Cross-validation of bioelectrical impedance analysis for the
assessment of body composition in a representative sample of 6- to
13-year-old children. Eur J Clin Nutr 63:619-626.

Kriemler S, Puder J, Zahner L, Roth R, Meyer U, Bedogni G. 2010.
Estimation of percentage body fat in 6- to 13-year-old children by
skinfold thickness, body mass index and waist circumference. Br J
Nutr 104:1565-1572.

Lee SY, Gallagher D. 2008. Assessment methods in human body
composition. Curr Opin Clin Nutr Metab Care 11:566-572.

Lohman TG, Roche AF, Martorell R. 1988. Anthropometric standard-
ization reference manual. Champaign, IL: Human Kinetics Books.
Malavolti M, Mussi C, Poli M, Fantuzzi AL, Salvioli G, Battistini N,
Bedogni G. 2003. Cross-calibration of eight-polar bioelectrical
impedance analysis versus dual-energy X-ray absorptiometry for the
assessment of total and appendicular body composition in healthy

subjects aged 21-82 years. Ann Hum Biol 30:380-391.

Miiller MJ. 2013. From BMI to functional body composition. Eur J Clin
Nutr 67:1119-1121.

Pietrobelli A, Formica C, Wang Z, Heymsfield SB. 1996. Dual-energy
X-ray absorptiometry body composition model: review of physical
concepts. Am J Physiol 271:E941-E951.

Plank LD. 2005. Dual-energy X-ray absorptiometry and body compos-
ition. Curr Opin Clin Nutr Metab Care 8:305-309.

Sartorio A, Malavolti M, Agosti F, Marinone PG, Caiti O, Battistini N,
Bedogni G. 2005. Body water distribution in severe obesity and its
assessment from eight-polar bioelectrical impedance analysis. Eur J
Clin Nutr 59:155-160.

Schoeller DA, Levitsky LL, Bandini LG, Dietz WW, Walczak A. 1988.
Energy expenditure and body composition in Prader-Willi syndrome.
Metabolism 37:115-120.

WHO (World Health Organization). 2000. Obesity: preventing and
managing the global epidemic: report of a WHO consultation.
Geneva: WHO.



Copyright of Annals of Human Biology isthe property of Taylor & Francis Ltd and its
content may not be copied or emailed to multiple sites or posted to alistserv without the
copyright holder's express written permission. However, users may print, download, or email
articlesfor individual use.



	Assessment of fat-free mass from bioelectrical impedance analysis in obese women with Prader-Willi syndrome
	Introduction
	Methods
	Results
	Discussion
	Declaration of interest
	References


