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Abstract Aim: To compare the measurement of total body
water (TBW) and fat-free mass (FFM) using the criterion
method of deuterium dilution space (2H2O) with bioelectri-
cal impedance analysis (BIA) using a portable QuadScan
4000, Bodystat® in children and adolescents with phenyl-
ketonuria (PKU).
Methods: Sixteen patients with PKU, median age is 12.5
(range 5–20.6) years, were recruited into this cross-
sectional study. TBW was measured by both deuterium
dilution and BIA on the same occasion as per a standard
protocol. FFM was estimated from predictive equations.
Results: There was no significant difference between
TBWDeut and TBWBIA (p ¼ 0.344) or FFMDeut and
FFMBIA (p ¼ 0.111). TBWDeut and TBWBIA were highly
correlated (r ¼ 0.990, p < 0.0001), as were FFMDeut and
FFMBIA (r ¼ 0.984, p < 0.0001). Bland-Altman plots
demonstrated that there was no proportional bias between
the criterion method, TBWDeut, and the test method

TBWBIA, in estimating TBW (b ¼ �0.056, adjusted
r2 ¼ 0.069, p ¼ 0.169) or FFM (b ¼ �0.089, adjusted
r2 ¼ 0.142, p ¼ 0.083).
Conclusion: Our results suggest that when compared with
the criterion method, the QuadScan 4000, Bodystat® can
reliably be used to predict TBW and FFM in patients with
PKU. We suggest that due to the portability and non-
invasive approach, this method can reliably be used to
monitor body composition in the outpatient clinic setting, to
further improve the monitoring and assessment of nutri-
tional status in PKU.

Introduction

Phenylketonuria (PKU; MIM ID #261600) is a rare inborn
error of protein metabolism. Lifelong goals of management
are to maintain blood phenylalanine (Phe) levels within a
recommended target range associated with optimal neuro-
cognitive outcome and maintain normal growth and
development (Singh et al. 2016; van Spronsen et al.
2017). This requires adherence to a diet low in natural
protein and supplemented with phe-free L-amino-acid-
based formula, to meet estimated protein and micronutrient
requirements (van Spronsen et al. 2017). The dietary
alterations involved may increase the risk of decreased
liner growth (Dobbelaere et al. 2003; Aldámiz-Echevarría
et al. 2014), increased prevalence of overweight (Scaglioni
et al. 2004; Burrage et al. 2012) with changes in body
composition such as higher percentage of body fat
(Albersen et al. 2010).

The measurement of body composition is a valuable tool
in the evaluation of the effects of modified diets, and in
particular protein modified diets, on somatic development
(Huemer et al. 2007). The value of body composition
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measurement in patients with PKU, in addition to other
anthropometric parameters, including BMI and waist
circumference, is now acknowledged (Albersen et al.
2010; MacDonald et al. 2011). Of the four body compart-
ments used to assess body composition, fat, water, mineral
and protein (dry lean mass), water is the largest component
(Wells and Fewtrell 2006). Measuring additional compo-
nents of body composition beyond just body fat mass is
becoming progressively more important in clinical practice
with increasing recognition of their effect on health
outcomes (Wells and Fewtrell 2006). Multicompartment
models, such as dual-energy X-ray absorptiometry
(DEXA), that measure body composition are most accurate
with good acceptability of measurements but are expensive,
require exposure to radioactivity, are used predominantly
in specialist research and do not specifically measure total
body water (Wells and Fewtrell 2006). Deuterium dilution
is a criterion or reference method to measure total body
water (TBW) (TBWDeut), and subsequently fat-free mass
(FFM) (FFMDeut) can be derived by using well-validated
predictive equations (International Atomic Energy Agency
2010). This method is highly technical in its application
and as such is not practical as a routine bedside method of
measuring body composition and remains a research tool.

Currently there is no agreed or validated method of
measuring body composition in PKU, and several methods
have been reported, including bioelectrical impedance
analysis (BIA) (Dobbelaere et al. 2003; Rocha et al.
2013b), body air-displacement plethysmography using a
Bod PodTM (Albersen et al. 2010), anthropometric skinfold
measurements (Allen et al. 1996) and total body electrical
conductivity (TOBEC) (Huemer et al. 2007). More
recently, it has been recommended that methods such as
BIA could be used to monitor longitudinal changes in
body compartments in PKU, due to the ease and speed in
performing this assessment in the clinical setting (Rocha
et al. 2016). However, to date the method of BIA has not
been validated for use in children with PKU.

BIA is a rapid, non-invasive, safe and inexpensive
method to estimate body composition via accurate estima-
tion of total body water (B€ohm and Heitmann 2013; Mulasi
et al. 2015). BIA methodology measures impedance to the
flow of electrical current through the water component of
body cells and uses empirical linear regression models to
measure TBW and predict FFM. It offers the advantage of
relative simplicity in obtaining results repeatedly with an
instrument that is both functionally robust and physically
portable. However, there are limitations in its use, particu-
larly in populations with abnormal hydration status and/or
‘body geometry’ (Mulasi et al. 2015), and it is important
that this method be applied critically with consideration of
factors that might lead to variable results (Jackson et al.
2013).

The purpose of this study was to compare the perfor-
mance of a multi-frequency BIA machine (QuadScan
4000, Bodystat®) to measure TBW (TBWBIA) and FFM
(FFMBIA), compared with the criterion method, deuterium
dilution, in a group of patients with PKU.

Participants and Methods

This study was approved by the RCH Human Research
Ethic Committee: HREC #32056D.

Sixteen patients with PKU (seven males, nine females)
were recruited after signed consents were obtained from
parents and/or participants. All participants had early and
continuous treatment with a low-phe diet and phe-free
amino acid formula. Patients over 4 years of age and
who were continent of urine and who had no known co-
morbidities that may affect hydration stats were considered
eligible. In this cross-sectional study, all measurements
(anthropometric, BIA and urine for deuterium dilution
analysis) were collected on the same day for individual
patients. Patients were well with no sign of illness or
infection. Urine samples were collected, and measurements
were taken and recorded by a single experienced practi-
tioner (ME) using a standardised operating procedure. Data
were collected between July 2016 and March 2017.
Deuterium dilution analysis was performed by a trained
technician (KN).

Anthropometry and BIA Measurements

Patients were instructed to eat and drink normally the day
prior to measurement but fast from food and fluids from
bedtime until the morning of the measurements. These
occurred in the patient’s home and close to usual waking
time after they had voided their bladder. Height was
measured to the nearest 0.1 cm using a stadiometer, and
weight was measured to the nearest 0.1 kg using a digital
weight measuring scale. Participants were in light clothing
with no shoes. All anthropometric measurements were
expressed as age- and gender-specific z-scores, using the
epidemiological software package Epi Info (version 3.5.1),
based on the Centres for Disease Control and Prevention
(Atlanta, GA) 2002 reference database.

Body composition was then measured by BIA in patients
lying in the supine position and with electrodes in the
tetrapolar (wrist-ankle) arrangement using the multi-
frequency BIA analyser QuadScan 4000, Bodystat® (Isle
of White, United Kingdom LTD.) as per the manufacturer’s
instructions. This analyser measures impedance at 5-, 50-,
100-, and 200-kHz and uses the 50-kHz frequency to
predict the value of TBW and FFM. An undisclosed
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proprietary equation developed by the manufacturer calcu-
lated TBW. The BIA analyser measures FFM using
predictive linear regression equations including the equa-
tion of Houtkooper for children (Houtkooper et al. 1992).
Measurements were taken in duplicate over approximately
1 min. After the measurements, all impedance, water values
and lean weight (FFM) values were recorded.

Criterion Method: Deuterium Isotopic Dilution

TBW was measured using the deuterium dilution technique
according to the International Atomic Energy Agency
standard procedures (International Atomic Energy Agency
2010). The baseline fasting spot urine sample was collected
for determination of background isotope enrichment.
Participants were then provided a dose of 1:10 dilution of
deuterium oxide (99.8 atom % excess; Sercon Ltd., Crewe,
UK) following the recommended doses for participants of
different body weights. The bottle containing the dose was
rinsed with 50 mL tap water to ensure no labelled water
remained in the bottle. Patients were advised to drink, eat
and move normally after samples had been collected but
avoid exercise. A spot mid flow urine sample was collected
at 5 h, and total urine output was measured from dosing
with the isotope until the end of the 5-h equilibration
period. Equilibration is the process whereby the deuterium
oxide is evenly mixed throughout the body water resulting
in all compartments of body water containing equal
concentrations of deuterium. The spot urine samples were
stored frozen at �20�C for batch analysis.

Analysis of deuterium enrichment was determined with
an Isoprime Dual Inlet Isotope Ratio Mass Spectrometer
(Isoprime, Manchester, UK) coupled in-line with a Multi-
prep-Gilson Autosampler. Hydrogen analyses were com-
pleted by an overnight equilibration with hydrogen gas at
40�C using Hokko coils. All samples were analysed in
duplicate, and laboratory standards were calibrated using
the international standards USGS45, USGS46, and GFLES-
4. Results were reported in ‰ (delta per mil units) relative
to Standard Mean Ocean Water (SMOW). TBW was
calculated assuming that the deuterium oxide space is
4.1% higher than TBW due to exchange of hydrogen
with non-aqueous hydrogen in the body. TBW was then
converted to fat-free mass using Lohman’s age- and sex-
specific ‘constants’ for the hydration of fat-free mass
(Lohman 1993).

Statistical Analysis

Shapiro-Wilk’s test (p > 0.05) was used to explore data
distribution. Normally distributed data were examined

using Pearson correlation coefficient and Lin’s concordance
coefficient to evaluate the relationship between TBW and
FFM determined by the two methods. Paired samples t-test
was used to evaluate the difference between the mean
values of TBWBIA and TBWDeut and between the mean
values of FFMBIA and FFMDeut. The Bland-Altman method
was used to compare two measurements of the same
variable and thus used to evaluate agreement between the
TBWBIA and TBWDeut and between the FFMBIA and
FFMDeut. This method calculated the mean difference
between the two methods of measurement (the ‘bias’) and
95% limits of agreement as the mean difference (1.96 SD).
A Bland-Altman plot was then constructed to explore the
difference scores of the two measurements against the
mean for each subject. To test for proportional bias, a linear
regression of difference between measurements on the
mean of the measurements was completed. Statistical
analyses were performed using SPSS for Windows software
version 23 (IBM, Illinois, Chicago, IL). Significance was
set at p < 0.05. Data are expressed as mean (SD) and
median (range).

Results

Participants were 16 patients with PKU (7 males, 9
females). Median age is 12.5 years (range 5–20.6 years).
Participants’ anthropometric results are summarised in
Table 1. Measurements of TBW and FFM taken from the
duplicate BIA readings were identical in 14/16 participants
and within 1% for 2/16 patients, and the mean of these
values was used.

Total Body Water

Values are summarised in Table 1. A Shapiro-Wilk’s test
(p > 0.05) demonstrated that the TBWDeut (p ¼ 0.098) and
TBWBIA (p ¼ 0.198) results were both normally
distributed. When comparing the variance in TBW values
between those obtained without correcting for urine output
during the 5 h after deuterium dosing, i.e. ‘uncorrected’ and
those values obtained after ‘correction’ for urine output, the
difference observed was minimal (median of 1.5%;
0.3–6.6%). Given this small difference, uncorrected values
were used in the subsequent analysis. Figure 1a depicts the
relationship between TBWDeut and TBWBIA (r ¼ 0.990,
p < 0.0001). Lin’s concordance coefficient confirmed
the significance of the correlation; Rc ¼ 0.987, 95% CI
[0.967–0.995]. One-sample t-test of the difference between
TBWDeut and TBWBIA was not significant (p ¼ 0.344).
Paired samples t-test showed no significant difference
between the means of the TBWDeut and the TBWBIA

measurements (p ¼ 0.344) (Table 1). Variability between
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TBWDeut and TBWBIA measurements for individuals
showed a median of 4.32% with range 0.45–9.1%.

Bland-Altman analysis and subsequent plot of the
difference between the TBW measurement and the mean
of the TBW measurements is depicted in Fig. 1b. Results
indicate that there was no significant proportional bias
between the criterion method, TBWDeut, and the test
method, TBWBIA, to measure TBW (b ¼ �0.056, adjusted
r2 ¼ 0.069, p ¼ 0.169).

Fat-Free Mass Determination

Correlation analysis showed that FFM calculated from BIA
correlated significantly with FFM calculated from TBWDeut

using the equation FFM ¼ TBW/Hydration coefficient
(r ¼ 0.984, p < 0.0001) (Fig. 2a). Lin’s concordance
coefficient confirmed the significance of the correlation;
Rc ¼ 0.969, 95% CI [0.924–0.988]. One-sample t-test of
the difference between FFMDeut and FFMBIA was not
significant (p ¼ 0.111). Paired samples t-test showed no
significant difference between the means of the FFMDeut

and the FFMBIA measurements (p ¼ 0.111) (see Table 1).
Bland-Altman analysis and plot is depicted in Fig. 2b.

Results indicate no proportional bias between the deuterium
dilution and BIA methods to measure FFM (b ¼ �0.089,
r2 ¼ 0.142, p ¼ 0.083).

Discussion

Anthropometric assessment of height and weight and the
subsequent calculation of BMI are valuable clinical tools
that monitor growth against standards and allow screening
for overweight. However, they are not sufficient on their
own for the comprehensive assessment of nutritional status

and body composition in health and disease (Battezzati
et al. 2003). Longitudinal body composition monitoring in
PKU in an outpatient setting may allow individualised
nutritional management strategies based on lean body mass
rather than the relatively blunt instrument of body weight
(MacDonald et al. 2011). It also provides important
information in relation to disorder-specific management
strategies in the context of overall longer-term good health
(Albersen et al. 2010) by enabling a better understanding of
the course of an individual’s anthropometric and body
composition profiles (Rocha et al. 2013a).

The implementation of a reliable, quick and easy method
to measure body composition in the outpatient clinic setting
would be advantageous for clinicians managing individuals
with PKU. Bioelectrical impedance machines are very
useful due to their non-invasive nature, safety, ease of
use, portability and relatively low cost compared to other
clinically available methods of measuring body composi-
tion (Mulasi et al. 2015). However, the proprietary and
confidential nature of each manufacturer’s algorithm
equations from which body compartments are derived
make it essential that each machine is validated for use in
a population of interest. In this study, we compared the
performance of the QuadScan 4000, Bodystat® against a
criterion method, deuterium dilution, to determine TBW in
a group of 16 patients with PKU. As both TBW values
determined by deuterium dilution and the impedance values
determined by BIA can be used to calculate FFM (Cleary
et al. 2008), we compared these methods for the estimation
of FFM.

When comparing mean values of both methods, we
found no significant difference between TBWDeut and
TBWBIA and between FFMDeut and FFMBIA. We also show
a significant correlation between TBWDeut and TBWBIA

and between FFMDeut and FFMBIA. Bland-Altman analysis

Table 1 Participants’ anthropometric characteristics and results summary

Measurement/analyses Value P value

Weight kg, z-score: median (range)
Height cm, z-score: median (range)
BMI, score, z-score: median (range)

43.9 (19.6–74.5), 0.42 (�2.58–1.85)
154 (114–171.2), 0.35 (�2.52–1.67)
18.0 (13.37–26.87), �0.13 (�2.13–1.79)

Total body water (TBW) kg: mean (SD) TBWDeut mean 24.08 (�9.37)
TBWBIA mean 24.44 (�9.91)

p ¼ 0.344

Fat-free mass (FFM) kg: mean (SD) FFMDeut mean 31.81 (�12.77)
FFMBIA mean 32.93 (�13.93)

p ¼ 0.111

TBW correlation between methods
Lin’s concordance coefficient
FFM correlation between methods
Lin’s concordance coefficient

TBWDeut and TBWBIA

TBWDeut and TBWBIA

FFMDeut and FFMBIA

FFMDeut and FFMBIA

p < 0.0001
Rc ¼ 0.987
p < 0.0001
Rc ¼ 0.969

Bland-Altman analysis TBWDeut and TBWBIA

FFMDeut and FFMBIA

p ¼ 0.169
p ¼ 0.083

Shapiro-Wilk’s analysis TBWDeut

TBWBIA

p ¼ 0.098
p ¼ 0.198
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Fig. 1 (a) Correlation between TBW calculated from BIA versus
TBW calculated from deuterium dilution. (b) The solid line indicates
the mean; the dashed lines represent the upper (mean + (1.96 SD)) and

lower (mean � (1.96 SD)) levels of the 95% CI. Each dot represents
the method difference versus the method mean for individuals
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Fig. 2 (a) Correlation between FFM calculated from BIA versus FFM
calculated from deuterium dilution. (b) The solid line indicates the
mean; the dashed lines represent the upper (mean + (1.96 SD)) and

lower (mean � (1.96 SD)) levels of the 95% CI. Each dot represents
the method difference versus the method mean for individuals
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confirmed that there was no significant proportional bias
between the methods (Martin Bland and Altman 1986),
although there slight bias for TBWDeut to be greater than
TBWBIA and for FFMBIA to be greater than FFMDeut.
Consequently, we conclude that deuterium dilution and
BIA using the QuadScan 4000, Bodystat® can be used to
measure TBW and estimate FFM in patients with PKU.

We observed individual differences in measurements
between TBWBIA and TBWDeut, and three of four partic-
ipants with the greatest difference were 13- and 14-year-old
males who are entering puberty and therefore likely to be
undergoing a rapid change in body composition with
changes in hydration status and increased FFM deposition.
It is possible that because deuterium dose is based on body
weight alone, this measurement was not precise enough to
account for the potential body composition and hydration
status changes in these boys. A study that included
individuals of a similar age and pubertal stage may better
address this potential issue. However, as the outliers in the
difference between the measurements were minimal, this
demonstrated a strength in the methods tested.

Other studies have reported differences in TBW values
obtained for individuals from deuterium dilution and from
BIA. In a BIA validation study performed in pregnant
women with or without HIV infection, a systematic
predictive bias was seen in TBW using BIA at each time
point during the pregnancy despite TBWDeut and TBWBIA

being highly correlated (Kupka et al. 2011).
We also show a strong and statistically significant

correlation between FFM results obtained using both
methods. We suggest, therefore, that the proprietary
regression equations within the QuadScan 4000, Bodystat®

analyser, which have been developed for the healthy
population, are valid in individuals with PKU. It is possible
that no predictive bias was seen between the methods in our
study because our participants with PKU are free living
with normal physical development.

While it has been shown that BIA alone can be used as a
surrogate to measure FFM in a paediatric population
(Pietrobelli et al. 2003), predictive equations used in BIA
analysis have also been validated in several population
groups including healthy children (Cordain et al. 1988;
Ellis et al. 1999), overweight and obese children (Cleary
et al. 2008) and young female gymnasts (Eckerson et al.
1997). Population-specific BIA equations have also been
developed when required, such as race-combined equations
for large epidemiological studies (Sun et al. 2003). A study
of healthy individuals aged 4–24 years showed that while
height2/impedance was a strong predictor of lean mass,
some variability was observed in the younger years and
older adolescent years, suggesting that no single BIA
equation may be applied over all age groups (Montagnese
et al. 2013).

This study is limited by the relatively small number of
participants and their wide age range, which included
adolescents likely to be experiencing pubertal body
composition changes. Ongoing evaluation of BIA method-
ology to measure body composition could be done to
ensure that predictive equations using raw impedance
values to estimate FFM can be applied across all ages.
With more data, it may be possible to develop PKU-specific
equations if required in the future. Further study may also
produce predictive equations for other metabolic disorders
requiring dietary modification.

In summary, our results show no differences between the
criterion deuterium dilution method and BIA in measuring
TBW and predicting FFM in a group of children and
adolescents with PKU. We suggest that BIA using
QuadScan 4000, Bodystat® can be used to measure body
composition in the outpatient clinic setting, to further
improve the assessment of nutritional outcomes for patients
with PKU.
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