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Objective: We investigated whether air displacement ple-
thysmography (ADP) could detect small changes in body
composition of obese subjects with alterations in hydration.
Research Methods and Procedures: Ten obese subjects
(mean BMI, 39.3 � 2.8 kg/m2) entered the ADP chamber
without and with oil (1, 2, or 4 liters), water (1, 2, or 4
liters), or mixed (1 liter oil � 1 liter water or 2 liters oil �
2 liters water) loads. Real and measured changes in body
composition were compared by regression analysis and
Bland-Altman procedures.
Results: The ADP-measured changes in volume did not
differ from the real values and were strongly correlated with
them (r � 0.98). In all cases, loads of differing composition
and similar volume led to different values of fat, fat-free
mass, and percentage fat. Water was detected as increased
fat-free mass only with loads of �2 liters, most of the water
being falsely detected as increased fat mass. The observed
changes were correlated with the real ones for fat mass (r �
0.68; p � 0.0001), fat-free mass (r � 0.66; p � 0.0001), and
percentage fat (r � 0.61; p � 0.0001), but fat mass changes
were overestimated by �1 kg, and fat-free mass changes

were underestimated by �1 kg. This underestimation in-
creased with the highest water loads, as shown by the
Bland-Altman plot (r � �0.27; p � 0.05). Percentage fat
changes were overestimated by 0.8% (p � 0.001); the
magnitude of the error was correlated with the weight of the
water load (r � 0.62; p � 0.0001).
Discussion: ADP accurately measures changes in body
volume, discriminating small changes in body composition.
It overestimates changes in adiposity, as most of the in-
creased hydration is detected as an enlarged fat mass.
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Introduction
Obesity is characterized by enlarged fat mass. Although

numerous physical or isotopic methods can be used to
measure body composition in obese subjects, only a few,
such as body impedance analysis (BIA)1 (1) or DXA (2), are
simple and safe enough to be used in routine clinical prac-
tice. Air displacement plethysmography (ADP) is consid-
ered a safe, quick, reliable, and valid technique (3), provid-
ing accurate measures of body density in obese subjects (4).
Das et al. (5) studied the composition of a 45-kg weight loss
after gastric bypass surgery in 20 women with massive
obesity: the results of ADP alone were in good agreement
with the reference three-compartment model.

The ability of ADP to determine the composition of
moderate body weight changes in obese subjects remains to
be established. The results of ADP alone rely on a two-
compartment model that may be flawed if the changes in
fat-free mass stem from hydration (6). In contrast to BIA
and DXA, ADP offers the unique possibility of verification
by weighing and then measuring subjects in the ADP cham-
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ber with and without loads of known composition. To
mimic small changes in adiposity and hydration, we used
loads of oil and water.

We compared the results of body composition by ADP in
10 obese subjects without and with loads of differing com-
position. All of the subjects underwent nine measurements:
one without any load, three with oil (1, 2, and 4 liters), three
with water (1, 2, and 4 liters), and two with mixed loads (1
liter oil � 1 liter water and 2 liters oil � 2 liters water). The
loads were contained in plastic bottles held by the subjects
while they were being weighed and when they entered the
ADP chamber; they were not ingested by the subjects. The
results of the body composition analysis (weight, volume,
fat, and fat-free mass) with and without the loads and the
real and ADP-measured body composition changes were
compared. We also checked that the presence of an empty
bottle, or the time interval between the measurements, did
not affect the results in 10 normal-weight subjects (control
study).

Research Methods and Procedures
Subjects

Ten obese subjects (five men, five women) participated in
the study. Their mean age was 54 � 13 years (range, 35 to
75 years), mean BMI was 39.3 � 2.8 kg/m2 (range, 35.0 to
43.3 kg/m2), mean body weight was 108.7 � 15.6 kg
(range, 78.8 to 130.0 kg), and mean height was 166 � 9 cm
(range, 150 to 180 cm). Ten normal-weight subjects (six
men, four women; mean age, 24 � 5 years; mean BMI,
23.0 � 2.1 kg/m2) also underwent a control study to con-
firm that the presence of an empty bottle in the chamber, or
the time interval between the measurements, did not affect
the results. Informed consent was obtained from each sub-
ject, and the study was approved by the ethics committee of
our institution.

Body Composition
Weight was measured with a high-precision scale as

part of the ADP procedure. The ADP (Bod Pod; Life
Measurement Instruments, Concord, CA) was calibrated
for an empty chamber and a known volume (49.771-liter
cylinder) before each measurement. The subjects were
weighed, and they then entered the ADP chamber, wearing
only underclothes and a swimcap. Duplicate measure-
ments of body volume were performed according to the
manufacturer’s recommendations; a third measurement
was performed when the first two measurements differed
by �150 mL. Predicted lung volume was used to calculate
body volume, using adult-specific equations (7). Fat and
fat-free mass were calculated using the equation of Siri (8),
as used by other authors for obese (5) or non-obese sub-
jects (9).

All subjects were studied in the fasting state. Each mea-
surement took 5 to 10 minutes, and the interval between the
measurements was �5 minutes: the complete test lasted
90 minutes. The oil (sunflower oil; Eco�, Asnière-sur-
Seine, France) and water loads were in open plastic bottles,
at room temperature; their volume, weight, and density are
listed in Table 1. All of the subjects underwent nine mea-
surements in random order, one basal and one with each of
the eight different loads.

The real fat mass changes were �0.915 kg (with 1 liter
oil), �1.830 kg (with 2 liters oil), and �3.663 kg (with
4 liters oil). The real fat-free mass changes were �1.001
kg (with 1 liter water), �2.025 kg (with 2 liters water),
and �4.050 kg (with 4 liters water). The measured
changes were calculated as: �fat mass � measured fat
mass (with the load) � measured fat mass (without
the load); and �fat-free mass � measured fat-free mass
(with the load) � measured fat-free mass (without the
load).

Table 1. Characteristics of the oil, water, and mixed loads

Load

Liquid Bottle

Overall densityWeight (g) Volume (mL) Density Weight (g) Volume (mL)

1 L oil 915 1030 0.8883 32 23 0.8993
2 L oil 1830 2060 0.8883 64 46 0.8993
4 L oil 3663 4107 0.8919 115 84 0.9010
1 L water 1001 1030 0.9718 27 20 0.9790
2 L water 2025 2063 0.9815 39 28 0.9823
4 L water 4050 4126 0.9815 78 56 0.9823
1 L oil � 1 L water 1916 2060 0.9300 59 43 0.9391
2 L oil � 2 L water 3855 4123 0.9349 103 74 0.9430

L, liter(s).
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Statistical Analysis
Basal and modified fat mass, fat-free mass, and percent-

age fat were compared by ANOVA for repeated measure-
ments. As each of the 10 subjects was analyzed without
and with eight different loads (nine testing conditions, and
eight different changes of body composition), 80 changes of
body composition were induced during the study. These 80
real—and known—changes in body composition were
compared with the ADP-measured changes by regression
analysis, and a Bland-Altman procedure was performed.
SPSS software (version 10.1; SPSS, Inc., Chicago, IL) was
used for the calculations. The results are presented as
means � standard deviations, with p � 0.05 considered
significant.

Results
Control Study

As shown in Table 2, body weight, fat, and fat-free mass
were not affected by the presence of the empty bottle or the
time between the measurements (all not significant) in the
10 normal subjects (controls). The results for the fat and
fat-free mass in the presence of the empty bottle and after a
30-minute delay were well-correlated with the basal results,
and the mean absolute differences between the measure-
ments was �1 kg. As expected, the empty bottle (71 g) was
not detected during the measurements; its contribution to
the real body composition changes was, therefore, disre-
garded in the calculations.

Measurement of Body Volume and Density
The eight loads in 10 subjects led to a mean real volume

change of 2626 � 1293 mL; the measured change (2592 �
1268 mL) was comparable to (p � 0.26) and well-correlated
with the real value (r � 0.98), despite the fact that the ADP
gave an abnormal result in one measurement (�2213 mL
with the 4-liter water load). Because an aberrant value
cannot be excluded when a single measurement is made, it
was included in the analysis.

The measured weight changes (2416 � 1208 g) were also
well-correlated (r � 0.99) with the real values (2468 �
1223 g), although the 52-g difference was significant (p �
0.001).

The initial density of the 10 subjects was 1.01388 �
0.019022. With the loads, the measured value (1.01201 �
0.01724) did not differ from the real density (1.01223 �
0.01784), and these values were well-correlated (r � 0.99).

Detection and Discrimination of Changes in Body
Composition

The findings on fat, fat-free mass, and percentage fat for
each type of load are summarized in Table 3. Percentage fat
increased only with oil-containing loads. Fat mass increased
with all of the loads, even with water; however, oil loads
always led to higher fat mass than water loads of similar
volume. Fat-free mass increased with water loads, reaching
significantly higher than basal values with �2-liter loads. It
did not change significantly with oil loads, although it
tended to decrease (p � 0.08). Water loads always led to
higher fat-free mass than oil loads of similar volume. The
changes in body composition, therefore, correctly differed
according to the loads: more fat mass with oil than with
water and more fat-free mass with water than with oil (one
exception: fat mass did not significantly differ between 2
liters oil and 1 liter oil/1 liter water; p � 0.059). However,
most of the water loads were falsely detected as increased
fat mass.

Comparison between Real and Measured Changes in
Body Composition

Over the 80 experiments, the observed changes in adi-
posity (percentage fat) were correlated with the real changes
(Figure 1A) but were overestimated by 0.8% (p � 0.001),
as shown by the Bland-Altman plot in Figure 1D. The
magnitude of the error was correlated with the weight of the
water load (r � 0.62; p � 0.0001). The observed changes in
fat mass were correlated with the real changes (Figure 1B),

Table 2. Weight, fat, and fat-free mass during the control study

T0 T�30 minutes

Basal (T0)
(kg)

With
empty

bottle (kg)
Correlation
with T0 (r)

Absolute
difference from

T0 (kg)

T�30

minutes
(kg)

Correlation
with T0 (r)

Absolute
difference from

T0 (kg)

Body weight 68.6 � 11.1 68.6 � 11.1 68.6 � 11.1
Fat mass 14.4 � 6.6 14.5 � 6.8 0.98 0.9 � 0.6 14.4 � 6.8 0.99 0.7 � 0.6
Fat-free mass 54.1 � 12.5 54.0 � 12.4 0.99 0.9 � 0.6 54.1 � 12.2 0.99 0.7 � 0.5

T0, time at baseline measurement; T�30, time after 30-minute interval between measurements.
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although they were overestimated by �1 kg (p � 0.001), as
shown by the Bland-Altman plot in Figure 1E. The ob-
served changes in fat-free mass were also correlated with
the real changes (Figure 1C), but they were underestimated
by �1 kg (p � 0.001), as shown by the Bland-Altman plot
in Figure 1F; this also demonstrates a significant bias, as the
underestimation increased with increasing water loads.

The observed changes in fat and fat-free mass with the
different loads are plotted against the real changes in
Figure 2; in every case, the ADP found more fat and less
fat-free change than reality, and the error was magnified
with increasing water loads. This resulted in an overesti-
mation of adiposity, which was especially pronounced with
the highest water loads, as shown in Figure 3.

Discussion
Our first objective was to check the accuracy of ADP for

the measurement of body volume changes in obese subjects.
The ADP measurement of density has been validated
against an underwater weighing technique in obese subjects
(4), but this did not demonstrate that moderate (1- to 4-liter)
volume changes, commonly observed in clinical practice,
would be measured accurately by ADP. Our results show
that this is the case, as the measured values did not differ
from the real changes in volume, and there was a high
correlation coefficient. One of the 80 volume measurements
was abnormal; Wells and Fuller (9) also found outlying
results in 2 of 57 repeated measurements. Despite this rare
occurrence of error, we showed that ADP provided a reli-
able estimate of moderate changes in body volume, with a
similar accuracy to the measurement of weight changes
using high-precision scales.

Our second objective was to determine whether the ADP
could distinguish the moderate changes of body composi-

tion we induced. Indeed, loads of similar weight but differ-
ing in the proportion of oil and water consistently led to
different results for body composition analysis, as shown in
Table 3. The presence of water was detected as a signifi-
cantly increased fat-free mass, but only with water loads of
�2 liters. ADP seemed to be more sensitive for the detec-
tion of oil loads as fat mass.

Our third objective was to compare the calculated
changes in fat mass, fat-free mass, and percentage fat, based
on ADP measurements, to the real changes. Although the
measured changes were correlated to the real values, they
were biased, with an underestimation of fat-free mass and
an overestimation of fat mass, as shown in Figure 2; most of
the water loads were detected as an enlargement of fat mass.
This was not unexpected: although the water loads are
fat-free, their density (0.98) was far below the density of
fat-free mass as postulated for the Siri equation (1.1), and
they ranged between the initial density of the subjects (1.01)
and the density of fat (0.9). Our results, therefore, reflect the
extent of the error of the two-compartment model on a
change in hydration of the fat-free mass. As shown in
Figure 3, each liter of water was associated with an �0.5%
overestimation of adiposity.

In practice, such changes in fat-free mass hydration do
occur during moderate weight changes. For example,
Packianathan et al. (6), using deuterium dilution to measure
total body water, reported a 1.3% increase in fat-free mass
hydration 6 months after the onset of insulin therapy in type
2 diabetic patients. The over-hydration in obese subjects
may, therefore, explain why ADP usually finds higher per-
centage fat than other methods in such patients (10–13).
Although the results of DXA do not seem to be significantly
affected by hydration status, it may not be a simple alter-
native for routine assessment of body composition: apart

Table 3. Body weight and composition in the nine testing conditions

Body weight (kg) Fat-free mass (kg) Fat mass (kg) Percentage fat

Basal 108.7 � 15.6 55.4 � 14.9 53.2 � 10.1 49.4 � 8.8
1 L water 109.7 � 15.6*** 55.7 � 14.4 54.0 � 10.5* 49.5 � 8.6
2 L water 110.7 � 15.6*** 56.0 � 14.6* 54.7 � 10.5*** 49.8 � 8.6
4 L water 112.8 � 15.6*** 57.0 � 14.6** 55.7 � 10.6*** 49.8 � 8.5
1 L oil 109.6 � 15.6*** 54.8 � 14.5††† 54.8 � 10.3***††† 50.3 � 8.6**†††
2 L oil 110.5 � 15.6*** 55.0 � 14.4††† 55.5 � 10.5***†† 50.6 � 8.5**†††
4 L oil 112.4 � 15.6*** 54.7 � 14.3††† 57.6 � 10.3***††† 51.6 � 8.4***†††
1 L water � 1 L oil 110.6 � 15.6*** 55.5 � 14.6††‡ 55.1 � 10.3***† 50.2 � 8.5**††‡
2 L water � 2 L oil 112.6 � 15.6*** 56.1 � 14.4††‡‡‡ 56.4 � 10.6***††‡‡‡ 50.4 � 8.4**††‡‡‡

*, **, *** indicate p � 0.05, p � 0.01, p � 0.001 vs. basal values (no load), respectively.
†, ††, ††† indicate p � 0.05, p � 0.01, p � 0.001 vs. water loads of similar volume.
‡, ‡‡, ‡‡‡ indicate p � 0.05, p � 0.01, p � 0.001 vs. oil loads of similar volume.
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Figure 1: Regression analysis of the measured changes (y axis) of percentage fat (A), fat mass (B), and fat-free mass (C) against their real
changes (x axis). The respective Bland-Altman plots are also shown (D, E, and F).
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from the exposure to X-rays, the results have been reported
to be highly dependent on the actual device used and its
associated software (14). Three-compartment models based
on ADP-density and BIA-total body water measurements
(15) need to be further developed for valid measurement of
body composition in routine clinical practice.

In summary, ADP is a reliable technique that gives a
precise measurement of body volume changes in obese
subjects. Moderate (�1- to 2-kg) changes of fat and fat-free
mass can, therefore, be distinguished in a small (n � 10)
number of subjects. But the results are biased according to
the hydration status: most added water is detected as fat,
owing to its low density.
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