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RESEARCH ARTICLE

A comparison between bioelectrical impedance analysis and air-
displacement plethysmography in assessing fat-free mass in patients
with motor neurone diseases: a cross-sectional study
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MEYJES1, LEONARD H. VAN DEN BERG2, ELLES STEENHAGEN2, ANNEMIEKE
KOK2 & RUBEN P. A. VAN EIJK2,3*

1Department of Neurology, UMC Utrecht Brain Centre, University Medical Centre Utrecht, Utrecht, The
Netherlands, 2Department of Dietetics, University Medical Centre Utrecht, Utrecht, The Netherlands, and
3Biostatistics & Research Support, Julius Centre for Health Sciences and Primary Care, University Medical Centre
Utrecht, Utrecht, The Netherlands

Abstract
Aim: To determine the validity of bioelectrical impedance analysis (BIA) in quantifying fat-free mass (FFM) compared
to air-displacement plethysmography (ADP) in patients with a motor neurone disease (MND). Methods: FFM of 140
patients diagnosed with MND was determined by ADP using the BodPod (i.e. the gold standard), and by BIA using the
whole-body Bodystat. FFM values were translated to predicted resting energy expenditure (REE); the actual REE was
measured using indirect calorimetry, resulting in a metabolic index. Validity of the BIA compared to the ADP was
assessed using Bland-Altman analysis and Pearson’s r. To assess the clinical relevance of differences, we evaluated
changes in metabolic index and in individualized protein demand. Results: Despite the high correlation between ADP
and BIA (r¼ 0.93), averaged across patients, the assessed mean fat-free mass was 51.7 kg (± 0.9) using ADP and
54.2 kg (± 1.0) using BIA. Hence, BIA overestimated fat-free mass by 2.5kg (95% CI 1.8–3.2, p< 0.001). Clinically, an
increased metabolic index would be more often underdiagnosed in patients with MND using BIA (31.4% according to
BIA versus 44.2% according to ADP, p¼0.048). A clinically relevant overestimation of � 15g in protein demand was
observed for 4 (2.9%) patients using BIA. Conclusions: BIA systematically overestimates FFM in patients with MND.
Although the differences are limited with ADP, underscoring the utility of BIA for research, overestimation of fat-free
mass may have consequences for clinical decision-making, especially when interest lies in determining the metabolic
index.

Keywords: Motor neurone disease, fat-free mass, bioelectrical impedance, air-displacement plethysmography, gallagher formula

Introduction

Body composition plays a pivotal role in the clin-
ical management of patients living with motor
neurone disease (MND). Tracking changes in
body composition, such as quantifying the loss of
fat-free mass (FFM) or fat mass (FM), offers the
opportunity for timely dietary interventions to
maintain adequate protein and caloric intake (1–
3). In addition, it provides an objective method for

monitoring disease progression and loss of muscle
mass (4,5), which could be useful as an endpoint
in clinical trials (6).

Air-displacement plethysmography (ADP) has
proven to be a well-validated alternative to Dual-
energy X-ray Absorptiometry (DXA) for quantify-
ing FFM in healthy individuals (7,8). The main
benefits of ADP over DXA include the lower bur-
den, cost, easier application, and the absence
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of radiation. In late-stage patients with MND,
however, ADP may involve increasing operational
difficulties due to the need for patient transfers
(9). In addition, ADP assessments are required to
be performed in an environment with as table
room temperature, and, moreover, the ADP may
provide – for a currently unknown reason – outly-
ing data in a limited number of measurements
(10). Therefore, whole-body Bioelectrical
Impedance Analysis (BIA) may be an interesting
alternative. BIA is highly portable and requires no
effort from the patient, while being noninvasive
and maintaining low costs (7).

Besides above mentioned practical arguments
for using BIA versus ADP versus DXA, little is
known about the validity of these techniques in
patients with MND. DXA has shown to be cap-
able of detecting disease progression in patients
with ALS, but no comparison between techniques
was made (11). BIA, and its limitations, has been
extensively studied in healthy individuals, but not
in patients with MND (12). One study described
the validity of BIA over DXA in patients with ALS
(13). The authors created a specific equation to
calculate FFM by BIA. In addition, a strong cor-
relation was found between BIA and ADP in
determining FM in patients with MND; there was,
however, a lack of agreement existed between the
two techniques (14). ADP and DXA are indirect
methods for measuring body composition, whereas
BIA is a double indirect method. Hence, BIA
makes multiple assumptions to translate the
impedance data to a body composition, such as
hydration status, and timing and contents of last
ingested meal (12); assumptions that could be
affected by the presence of atrophy (12).

Therefore, the aim of this study is to provide
more clarity on anthropometric measures in
patients with MND using different methods to
assess body composition. The primary objective of
this study is to determine the validity of the BIA in
quantifying FFM compared to ADP in patients
with MND. In addition, we will explore the preci-
sion of the Gallagher formula (GAL) – a formula
to predict a person’s body composition – based on:
sex, age, ethnicity, and BMI as a ‘device-free’
alternative to BIA and ADP (15). Finally, we will
examine the potential effect of the data obtained
from the BIA versus ADP on the predicted resting
energy expenditure (pREE) (16), and the resulting
metabolic index (MI), to explore the clinical rele-
vance of our findings.

Methods

Study setting

Cross-sectional data from 140 patients with
Amyotrophic Lateral Sclerosis (ALS), Primary
Lateral Sclerosis (PLS) or Progressive Muscular

Atrophy (PMA), were prospectively collected at
the University Medical Center Utrecht, the
Netherlands. Patients with ALS were diagnosed
according to the El Escorial criteria (17). A diag-
nosis of PLS was defined as presence of: (1) pro-
gressive upper motor neurone (UMN) symptoms
for at least two years, and (2) UMN dysfunction
in at least two body regions (18). A diagnosis of
PMA was defined as having lower motor neurone
signs (LMN) only in two or more body regions.
Exclusion criteria included the inability to lie in
supine position for one hour, presence of a trache-
ostomy or the use of permanent assisted ventila-
tion, or having an intellectual disability or mental
illness. The study was approved by the Medical
Research Ethics Committee of the UMCU
(METC 15/656, NL54833.041.15). All patients
provided written informed consent.

Study procedures

Following diagnosis, patients aged � 18 years were
invited to participate in our study. Clinical charac-
teristics were collected, including disease duration,
forced vital capacity (FVC) as percentage of pre-
dicted (19), and the score on the revised ALS
functioning rating scale (ALSFRS-R). The rate of
disease progression (DFRS) was calculated by: (48
– ALSFRS-R score)/symptom duration (20). The
extent of atrophy was quantified as ordinal score,
ranging from 0 (no involvement) to 3 (significant
and severe involvement) and scored for the right
arm and leg only (21), according to the modified
Ravits scale (22). This scale is used to assess the
potential effect of the extent of atrophy on the dif-
ferences in body composition between BIA and
ADP. To assess patient’s nutritional status, we
administered the Patient-Generated Subjective
Global Assessment (PG-SGA) (23). Prior to the
assessment, patients were requested to abstain
from food, tea/coffee and smoking for at least 10 h,
and, in addition, not to perform any exceptional
physical activity. Furthermore, patients were
requested to abstain from water for at least one
hour, and to empty their bladder. All assessments
were performed on the same day. First, we deter-
mined body composition by ADP using the
BodPod (Cosmed USA, Rome, ITA) (24), accord-
ing to standard operating procedures. Patients
were dressed in tight/form-fitting underwear or a
swimsuit, were requested to remove jewelry and
glasses, and had to wear a swimming cap.
Thoracic gas volume was predicted using standard
prediction equations (25–28). Subsequently, the
FM (%) was estimated by ADP, based on the Siri
formula (29). Second, we measured the REE
(mREE) by indirect calorimetry, using a Quark
RMR respirometer (Cosmed). A canopy hood was
placed over the patient’s head for a period of
20min. Adjustment of the flow rate was allowed
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during the first five minutes to achieve a flow rate
of between 0.8 and 1.1L/min. No adjustment of
the flow rate was allowed during the remaining
15min. Finally, we performed the BIA using a
whole-body multifrequency device (Bodystat
Quadscan 4000; Bodystat Ltd, Douglas, UK) on
the right side of the body. Patients were requested
to lie in supine position; then four electrodes were
placed on the right side of the body. The electro-
des were placed in the middle of the dorsal surface
of the right hand and right foot proximal to the
metacarpal-phalangeal and metatarsal-phalangeal
joint, respectively, and also medially between the
distal prominences of the radius and the ulna and
between the medial and lateral malleoli at the
ankle. Obtained data included the body resistance
and reactance at a frequency of 50 kHz. Together
with height, weight and sex, these parameters were
used to calculate the FFM using Kyle’s equation
(30):

FFM kgð Þ ¼ − 4:104 þ 0:518 � height in m2=
�

resistanceÞ þ 0:231 � weight in kg

þ 0:130 � reactance þ 4:229 � male

We also determined the patient’s FFM using
the Gallagher formula (GAL) (15, 31).
Significantly, GAL does not require input from
either BIA or ADP and predicts a patient’s FFM
as follows:

FFM kgð Þ ¼ ð1 − ð76:0 − 1097:8 � BMI−1

− 20:6 � male þ 0:053 � age

þ 95:0 � Asian � BMI−1 − 0:044

� Asian � age þ 154 � male

� BMI−1 þ 0:034 � male � ageÞÞ
� weight in kg

For both equations, FM was simply calculated
as the total body weight minus FFM.
Subsequently, a patient’s predicted resting energy
expenditure (pREE) in kcal/day could be obtained
using the Sabounchi Structure 4 formula (16, 32,
33):

pREE kcal=dayð Þ − Males ¼ 361 þ 21:1ð
� FFM kgð ÞÞ þ 4:77 � FM kgð Þð Þ

pREE kcal=dayð Þ − Females ¼ 360 þ 21:0ð
� FFM kgð ÞÞ þ 4:68 � FM kgð Þð Þ

Based on these obtained parameters, we were
able to calculate the metabolic index (MI) by:
(mREE (kcal/day)/pREE (kcal/day)) � 100%. The
MI was determined using the data obtained from
both the BIA and ADP, in order to compare out-
comes. The GAL was not used in this analysis, as
the MI has not been determined in previous stud-
ies with a ‘device-free’ method. An elevated

metabolic index (e.g. hypermetabolism) was
defined as an MI of � 110% (34).

To summarize, the pREE outcomes are
dependent on the FFM and FM, and, as a result,
the metabolic index (MI) might differ between
data derived from BIA or ADP. For the sake of
consistency, we will refer to the outcome measures
of these devices, by mentioning the device that has
been used (i.e. BIA or ADP).

Finally, we performed two sensitivity analyses:
(1) we used the equation defined by Lukaski et al.
to calculate FFM (kg) in order to assess the degree
of accuracy between the equations of Kyle et al.
and Lukaski et al. (35), as the latter has previously
been used as best fitting equation for patients with
ALS (36), and (2) we evaluated the hydration sta-
tus of patients with MND using bioelectrical
impedance vector analysis (BIVA) (37,38). The
BIA assumes a fixed hydration status of patients of
73%; for illustrative purposes, we, therefore,
assessed the hydration status of our study popula-
tion to provide an insight into potential effect on
BIA outcomes (31).

Statistical analysis

Statistical analyses were performed using SPSS
Statistics version 28.0 and RStudio (version 1.1.4,
Rstudio: Integrated Development for R, Inc.,
Boston, USA, http://www.rstudio.com/). The char-
acteristics of the patients were expressed as mean-
± standard deviation (SD) or as median with their
25–75% interquartile range (IQR), depending on
their distribution, or as frequency and percentage.
The mean difference between BIA and ADP, and
GAL and ADP were assessed using a paired
Student’s t-test. Correlations were expressed as a
Pearson’s r correlation coefficient, and differences
further explored using the Bland-Altman method,
together with its 95% limits of agreement (13).
Additionally, we estimated the intraclass correl-
ation coefficient (ICC) and the standard error of
measurement (SEM) using a linear mixed effects
model with solely a random intercept per patient
(33). A linear regression model was used to evalu-
ate the impact of atrophy on the difference in
FFM between the BIA, GAL and ADP. To trans-
late differences in FFM between the different
methods to clinical relevance – besides determin-
ing the MI – we estimated a patient’s daily protein
demands. According to the Dutch guideline –

which is used in clinical practice – a chronically ill
patient requires 1.5 g protein per kg FFM (39). An
under- or overestimation of 15 g or more in pro-
tein demand was deemed clinically relevant. A
two-sided p-value of < 0.05 was considered statis-
tically significant.
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Results

Of the 140 included patients with MND, 77 were
diagnosed with ALS, 30 with PLS and 33 with
PMA. The baseline characteristics of the study
population are summarized in Table 1. The major-
ity of the patients with MND were male (63.6%)
with a mean age of 62.0±10.3 years. Patients with
ALS were relatively younger (59.9±10.2 years),
and fewer were well-nourished (64.9%) compared
to patients with PMA (83.3%) or PLS (72.7%).
None of the included patients was of Asian
descent.

Validity of BIA

The relationships between FFM estimated by
BIA, GAL or ADP are presented in Figure 1.
The Pearson’s r correlation coefficient between
BIA and ADP was 0.93 (95% CI 0.91–0.95,
p<0.001), and between GAL and ADP 0.91
(95% CI 0.88–0.94, p<0.001). The mean differ-
ences in FFM between BIA, GAL and ADP are
presented in Table 2. The BIA overestimated the
FFM by, on average, 2.5 kg FFM (95% CI 1.8–
3.2, p< 0.001), resulting in a relative overesti-
mation of 3.0% (95% CI 2.1–3.8, p<0.001).
The GAL overestimated FFM by, on average,
4.9 kg (95% CI 4.2–5.7, p< 0.001), with a rela-
tive overestimation of 6.2% (95% CI 5.3–7.1,
p<0.001). A potential cause might be related to
a patient’s hydration status, as shown in
Supplementary Figure 2. This figure illustrates
that our study population is overhydrated, which
may result in overestimating FFM using BIA.
Figure 2 presents the individual differences in
FFM between BIA versus ADP and GAL versus

ADP, with 95% limits of agreement ranging from
−5.3 to 10.3 kg, and from −3.8 to 13.6 kg,
respectively. The ICC for BIA was 0.93 (95% CI
0.91–0.95), and for GAL 0.91 (95% CI 0.88–
0.94). Results were similar within MND subtypes
(not shown). Lukaski et al. overestimated FFM by
10.2 kg (95% CI 9.1–11.3, p<0.001), as shown
in Supplementary Table 1 and Supplementary
Figure 1.

The difference between the BIA and ADP in
FFM declined as the atrophy score increased: for
each point increase in atrophy score, the mean
difference in FFM between BIA and ADP
declined by 0.78 kg (95% CI −1.2 to −0.4,
p<0.001). This relationship was less evident for
GAL (p¼ 0.08).

Clinical relevance

The mean pREE was found to be 1619.9 kcal/day
(SD 241.0 kcal/day) when using BIA, and
1577.9 kcal/day (SD 227.5 kcal/day) when using
ADP, resulting in a mean difference of 42.0 kcal/
day (95% CI −13.5 to 97.4, p¼ 0.123). We
found a mean metabolic index of 105.7% (SD
10.4%) when using BIA, and 108.2% (SD 9.7%)
when using ADP, resulting in a mean difference
of 2.5% (95% CI 0.1–4.9, p¼ 0.048). A hyperme-
tabolic state of � 110% was found in 44 (31.4%)
patients using BIA, and in 62 (44.2%) patients
using ADP. When we used � 120% as cutoff
value, 9 (6.4%) patients were hypermetabolic
using BIA, compared to 11 (7.9%) patients using
ADP (Figure 3). In addition, mean daily protein
demand was 77.5 g according to the ADP, which
would increase to 81.3 g and 84.9 g when using

Table 1. Baseline demographics and clinical characteristics of enrolled patients.

Characteristic All patients N5 140 ALS N577 PMA N5 33 PLS N530

Sex, male 89 (63.6%) 51 (66.2%) 23 (69.7%) 15 (50.0%)
Age at enrollment, years 62.0± 10.3 59.9± 10.2 65.3±9.1 63.8±11.0
Symptom onset, spinal 113 (80.7%) 58 (75.3%) 32 (97.0%) 23 (76.7%)
Symptom duration, months� 26.7 (15.7–68.2) 17.0 (12.9–27.8) 43.3 (24.5–82.7) 115.5 (59.4–177.0)
ALSFRS-R score 38.2 (5.2) 38.9 (5.0) 38.1 (5.3) 36.3 (5.3)
DFRS� 0.23 (0.12–058) 0.42 (0.20–0.79) 0.19 (0.08–0.44) 0.09 (0.06–0.17)
FVC, % 93.3 (19.1) 94.1 (18.5) 88.5 (22.4) 96.5 (16.3)
Riluzole use 94 (67.1) 64 (83.1) 24 (72.7) 6 (20.0)
BMI, kg/m2� 25.5 (4.6) 25.1 (4.8) 25.7 (5.2) 26.0 (3.8)
Waist circumference, cm 94.4 (11.9) 93.7 (11.2) 98.1 (12.0) 92.1 (13.1)
Atrophy score, right-sided� 2.0 (1.0–4.0) 3.0 (1.0–4.0) 3.5 (2.0–4.0) 1.0 (0.0–2.0)
PG-SGA category
Well nourished 99 (70.7%) 50 (64.9%) 24 (72.7%) 25 (83.3%)
Moderately malnourished 36 (25.7%) 25 (32.5%) 7 (21.2%) 4 (13.3%)
Severely malnourished 2 (1.4%) 0 (0.0%) 2 (6.1%) 0 (0.0%)

Note: Data are represented as mean (SD).
�Data are median values with their 25–75% interquartile range.
Abbreviations: ALS: amyotrophic lateral sclerosis; PMA: progressive muscular atrophy; PLS: primary lateral sclerosis; ALSFRS-R:
revised amyotrophic lateral sclerosis functional rating scale; DFRS: progression rate determined by: (48 - ALSFRS-R total score) /
disease duration); FVC: forced vital capacity; BMI: body mass index; PG-SGA: patient-generated subjective global assessment.
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the BIA and GAL, respectively. A clinically rele-
vant underestimation of 15 g or more in protein
demand was observed for 4 (2.9%) patients using

BIA, and 9 (6.4%) patients using GAL.
Differences in pREE were found between men
(ADP: 1705.8 kcal/day (SD 169.1 kcal/day), BIA:

Figure 1. Correlation between fat-free mass obtained by ADP versus BIA and GAL. Scatterplot of the FFM (in kg) values obtained from
the (A) BIA and (B) GAL, both compared to ADP. BIA outcomes were used in Kyle’s equation (30). BIA: bioelectrical impedance
analysis; ADP: air-displacement plethysmography; r: Pearson’s r correlation coefficient; FFM: fat-free mass; GAL: Gallagher formula.

Table 2. Overview of the measured FFM and FM (kg and %) and the difference between the BIA, GAL and ADP in patients with
MND (n¼140).

Method FFM (kg) FFM (%) FM (kg) FM (%)

ADP 51.7±0.9 65.8± 0.8 27.2±0.8 34.2± 0.8
BIA 54.2±1.0 68.6± 0.7 24.8±0.7 31.4± 0.7
Difference BIA versus ADP (95% CI) 2.5 (1.8–3.2) 3.0 (2.1–3.8) −2.4 (−3.2 to −1.8) −2.8 (−3.8 to −2.1)
p-value <0.001 <0.001 <0.001 <0.001
GAL 56.6±0.9 72.0± 0.7 22.3±0.7 28.0± 0.7
Difference GAL versus ADP (95% CI) 4.9 (4.2–5.7) 6.2 (5.3–7.1) −4.9 (−5.7 to −4.2) −6.2 (−7.1 to −5.3)
p-value < 0.001 < 0.001 < 0.001 < 0.001

Note: Data are represented as mean±SE. BIA outcomes were used in Kyle’s equation (30) to determine FFM.
Abbreviations: FFM: fat-free mass; FM: fat mass; ADP: air-displacement plethysmography; BIA: bioelectrical impedance; CI:
confidence interval; GAL: Gallagher formula.
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1751.6 kcal/day (SD 180.0 kcal/day)) and women
(ADP: 1354.7 kcal/day (SD 116.8 kcal/day), BIA:
1387.8 kcal/day (SD 137.2 kcal/day)), all p-values
< 0.001.

Discussion

In this study, we have shown that – despite high
correlations – the determination of fat-free mass
using bioelectrical impedance or the Gallagher for-
mula will result in a systematic overestimation,
compared to air-displacement plethysmography, in
patients with MND. As a result, protein demand
was overestimated when using BIA and GAL, but
this is unlikely to have significant disadvantages for
a patient’s health management. Nevertheless,

overestimation of fat-free mass may have conse-
quences when interest lies in determining hyper-
metabolism, which would be underestimated when
using BIA data to predict REE. This could be of
importance when counseling patients for dietary
interventions or in research settings when stratify-
ing patients according to their metabolic index.

A comparison between ADP and BIA has not
previously been performed in patients with MND.
However, in non-neurologically affected individu-
als, an overestimation of FFM was found when
using BIA compared to ADP (40–45), with differ-
ences ranging from 0.5% to 5.3%. Our results
seem to be in line with these studies, as we found
an overestimation of FFM when using BIA – and
GAL – compared to ADP. Nevertheless, both

Figure 2. Differences in FFM when determined by BIA, GAL, and ADP. Bland–Altman plots visualizing the differences in FFM (in
kg) of the BIA (panel A) and GAL (panel B) compared to ADP in MND patients (n¼140). Blue area indicates the 95% confidence
intervals around the mean difference. Dotted lines indicate the 95% limits of agreement. BIA outcomes were used in Kyle’s equation
(30). BIA: bioelectrical impedance analysis; ADP: air-displacement plethysmography; ICC: intraclass correlation coefficient; CI:
confidence interval; SEM: standard error of measurement; FFM: fat-free mass; GAL: Gallagher formula.
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methods were highly correlated with ADP. This
suggests that using BIA is a valid and easy device
to use in patients with MND, as previously sug-
gested (13). Moreover, repeated measures of BIA
and ADP have shown both to have high reliability
(46). On the other hand, we have highlighted the
clinical relevance and differences in our findings
which may be of relevance when assessing REE
and, subsequently, determining the MI.

Predicting a patient’s REE is mainly dependent
on FFM and FM (32), in addition to their age
and sex. A previous study showed that anthropo-
metric measurements – such as body mass index
(BMI) and body adiposity index (BAI) – do not
seem to be sufficient to determine fat mass in ALS
(14), thus questioning the use of the Gallagher for-
mula – which includes BMI as parameter – in
patients with ALS/MND. However, as a decline in

BMI (47), and weight loss (3) have proved to indi-
cate a less favorable prognosis, it would seem to be
important to prevent anthropometric changes by
starting dietary interventions in time (48,49).
Changes in outcomes of the Gallagher formula,
might, therefore, be indicative of a patient’s needs.
However, we have shown that the BIA is able to
timely identify those patients who are in need of a
dietary intervention, and, moreover, this method is
low-burden for patients. Besides, BIA determines
FFM more accurately than GAL, and the overesti-
mation of FFM by BIA would merely lead to an
advice of hypercaloric nutrition. An essential point
to emphasize is that the degree of this overesti-
mation might also be dependent on the prediction
equation used (32, 34). Clinicians should be aware
of the potential consequences of the method used,
as GAL and BIA overestimate FFM – and,

Figure 3. Differences in calculating predicted REE and MI using data provided by BIA and ADP. Figure shows probability densities of
(A) the predicted REE based on data provided by BIA versus ADP, and (B) having a certain metabolic index based on data provided
by BIA versus ADP, in patients with MND. BIA outcomes were used in Kyle’s equation (30). The horizontal bars below every panel
provide the median (black dots) with their 25–75% interquartile range. pREE: predicted resting energy expenditure; BIA: bioelectrical
impedance; ADP: air-displacement plethysmography; MI: metabolic index. P-values are Wilcoxon signed-rank test.
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therefore, underestimate FM – which might result
in an earlier indication for dietary intervention.
Besides, the proportion of patients in our study
with a clinically relevant deficient protein intake
was low, which might suggest augmentation of
energy intake only, as previously described (50).

In the same way, an increased metabolic state
(e.g. hypermetabolic state) has proven to be prog-
nostically less favorable in patients with ALS (9).
It is, therefore, very important that a patient’s
body composition – consisting of FM and FFM –

is determined accurately. We have shown differen-
ces between BIA and ADP in determining a
patient’s metabolic state, which may result in
excluding actual hypermetabolic patients with
MND from, for example, observational studies
and clinical trials (51). This might lead to unjusti-
fied exclusion of these patients. Similar to this,
GAL overestimates FFM, and, therefore, pREE,
which may lead to a lower estimate of the propor-
tion of patients with a hypermetabolic state, and
subsequently unjustified exclusion of patients.
Furthermore, the use of these different methods to
calculate FFM may affect the estimation of
patient’s caloric needs.

The main strength of this study is the compari-
son between BIA versus ADP and GAL versus
ADP in patients with MND, and the effect on
daily patient care. In addition, all assessments
were performed by a trained, consistent study
team, which prevented observer bias. As we have
not assessed the triceps skinfold thickness (TSF),
we were unable to assess the ALS-specific BIA for-
mula (13). The validity of TSF in ALS is arguable,
however, due to abnormal fat distribution and
asymmetrical muscle atrophy, as well as a rater-
dependent variation (13). Moreover, we used the
Sabounchi Structure 4 equation to determine the
pREE, and, subsequently, the metabolic index,
which has recently been shown to be the best fit-
ting equation in patients with MND (33).

A limitation of our study might be the assess-
ment of the BIA on the right side of the body
only. This may have generated some deviation in
outcomes due to asymmetrical muscle atrophy in
this study population. Performing BIA on both
sides and subsequently determining the mean, may
provide additional information (52). Future studies
should compare the validity of one-sided versus
double-sided BIA in patients with MND.
Furthermore, future studies should collect longitu-
dinal data in this study population, as it might pro-
vide greater insight in the validity of these
techniques. Moreover, a comparison between the
three disease subtypes (ALS versus PMA versus
PLS), when using BIA and ADP, might be of
value, despite their shared pathological features
(53). We do, however, provide unique data on
body composition and metabolic rate in these

patients. A comparison of pREE and MI between
disease subtypes has been described elsewhere
(54). Other limitations might be the fact that we
did not include non-neurological controls in our
study, and that we have not assessed the inter- and
intra-rater reliability. We did, however, include a
significant number of patients with PMA and PLS,
conditions which have not been extensively studied
in comparison with ALS. Moreover, all assess-
ments were performed according to our study
protocol, to which the same, experienced study
team adhered. Finally, future studies should be
aware of the impact of hydration status when
obtaining data regarding body composition (12,
31, 55). Measuring body composition in MND
patients is very important for creating an inter-
national consensus on the available techniques,
and, subsequently, the derived data, to advise
patients, their caregivers, and health care professio-
nals more appropriately on, for example, nutri-
tional intervention.

In conclusion, BIA and GAL systematically
overestimate FFM compared to ADP in patients
with MND. Differences are limited, and may have
limited clinical impact for dietary interventions.
However, overestimation of FFM may have conse-
quences when determining patient’s metabolic
index, as the BIA underestimates the metabolic
index compared to the ADP.
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