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Abstract

Background: Do current-life changes of hydration influence the assessment of small (~1kg) body composition
changes by Air Displacement Plethysmography (ADP) ?

Methods: In ten normal subjects, ADP measurements were performed before and after the ingestion of 1.055L of
water, and then after miction. The analysis were conducted with the subjects carriying external charges of 1.055L of oil
(density 0.9), and 1.055L of a fat-free-mimicking solute (density 1.1).

Results: Ingesting and carrying 1.055L of water led to a similar significant increase in fat-free mass (ingested:
+0.98+0.78 kg, carried: +1.01£0.98). A significant reduction of the body volume was detected after the miction
(0.286+0.152L), without any significant change of body composition. In the three situations (basal-hydrated-after
miction), fat and fat-free loads were discriminated, closest to reality in well-hydrated subjects. The measured changes
were correlated with the true changes, but the %fat of the changes were underestimated (real: +22+34%, measured:
-3+70%; p<0.001), and biased (Bland & Altman procedure): the more the change was fat, the less ADP underestimated
its fatness.

Conclusions: ADP discriminates ~1kg alterations in fat vs fat-free mass. The analysis should be performed in
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similar conditions of good hydration.
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Background

The analysis of body composition provides important information
on physical status. Numerous physical or isotopic methods are used
to distinguish fat and fat-free mass, but only a few, such as Body
Impedance Analysis (BIA) [1] or Dual Energy X-ray Absorptiometry
(DEXA) [2] are applicable to clinical practice. Body weight changes
during lifestyle interventions [3], or the pharmacological treatment
of obesity [4], although clinically relevant, are usually limited only
to a few kg. Measurement of body composition would help evaluate
the beneficial (or deleterious) effects of these small changes if the
techniques are accurate. Whether BIA [5] or DEXA [6] are sufficiently
accurate for this purpose is questionable.

Air Displacement Plethysmography (ADP) is a promising
alternative to the traditional body composition techniques [7]. The
commercially available device for ADP (BOD POD) is a safe, quick,
reliable and valid method for evaluating body composition in a
wide range of subject types, agreeing within 1% with the reference
hydrostatic weighing technique [8]. By contrast to BIA and DEXA,
ADP offers the unique possibility of verification by weighing and then
measuring subjects in the ADP chamber with and without loads of
known composition. This approach allowed us to demonstrate that
ADP could distinguish moderate changes (~2 kg) in fat and fat-free
mass in normal subjects [9]. Further work in obese subjects confirmed
this accuracy, but also showed that the results could be biased in cases
of alterations in hydration [10], a recognized problem in the analysis
of body composition [11]. Does the ingestion of water, or a simple
miction, modify the ADP results? Does it alter the detection of small
(~1 kg) fat (density =0.9) or fat-free (density =1.1) changes? Could the
combination with BIA, as used in three compartment models [12],
improve the results?

In ten normal volunteers, we compared the results of ADP, before
and after ingestion of water, and miction. These comparisons were
also performed with BIA. The body composition changes (ADP) after
drinking water was also compared to the carrying of a similar water
load in a closed bottle. The detection of fat and fat-free loads in the three
situations (before/after drinking/after miction) were then compared,
and we analyzed whether the hydration of the loads influenced the
results.

Methods
Subjects

Ten subjects (5 women, 5 men; age 22+1 yrs, BMI: 22.9+2.1)
participated to the study. Informed consent was obtained from each
subject, and the study was approved by the ethical committee of our
institution.

Loads
Four loads of identical volumes were employed:

The subjects carried three closed bottles (1.055 L, measured by
water displacement), containing:

-water for the water load (weight: 1.006 kg),
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-sunflower oil for the fat load (weight: 0.949 kg, density: 0.90),

-30 g/100 mL glucose solute for the fat-free load (weight: 1.160 kg,
density: 1.10).

In each case, a few coins were added to the bottle to adjust its
weight and obtain the desired density despite the small influence of the
plastic of the bottle and its cap.

The oral water load (1.055 L, 1.006 kg) was completely ingested by
the subjects.

Body composition assessment

Weight was measured as part of the BOD POD procedure.
The BOD POD was calibrated for an empty chamber and a known
volume (49.771 L cylinder) before each measurement. The subjects
were weighed, and then entered the BOD POD chamber, wearing
only underclothes and a swimcap. Duplicate measurements of body
volume were performed according to the BOD POD manufacturer’s
recommendations (Life Measurement Instruments, California, USA);
a third measurement was performed when they differed by more than
150 mL. Predicted lung volume was used for the calculation of body
volume, using adult-specific equations [13]. Fat and fat-free mass were
calculated using the equation of Siri [14].

The impedances were measured using a BIA system (Analycor,
Eugédia, France). Externally applied, current-inducing spot electrodes
were positioned on the dorsal side of the right foot and the left hand.
Body impedance at low frequency (5 Hz) was used to determine the
volume of extracellular water, and measurements at higher frequency
(100 kHz) reflected total body water [15].

Study design

All the subjects were studied in the fasting state, and underwent 10
ADP measurements in the following order (each measurement took
five to ten minutes):

0) Initial analysis (no ingestion, no bottle),

1) No ingestion, water bottle (+1.006 kg Fat-free, 100% hydrated),
2) No ingestion, oil bottle (+0.949 kg Fat, 0% hydrated),

3) No ingestion, glucose bottle (+1.160 kg Fat-free, 73% hydrated),
4) After ingestion, no bottle (+1.006 kg Fat-free, 100% hydrated),

5) After ingestion, oil bottle (+1.006 kg Fat-free, +0.949 kg Fat, 37%
hydrated),

6) After ingestion, glucose bottle (+2.166 kg Fat-free, 80%
hydrated),

7) After miction, no bottle (+0.735+0.146 kg Fat-free, 100%
hydrated),

8) After miction, oil bottle (+0.735+0.146 kg Fat-free, +0.949 kg
Fat, 43.2+£4.9% hydrated),

9) After miction, glucose bottle (+1.895+0.146 kg Fat-free,
83.4+1.2% hydrated),

- as the weight of urine was 0.270+0.146 kg (Volume: 0.286+0.152
L), and the hydration of fat-free mass was assumed to be 73% (11).

BIA were performed at steps “0”, “4” and “7”. At step 0, the
muscular strength was determined with a hand-grip dynamometer
(Takei, France).

Statistical analysis

Fat and fat-free mass with and without the loads were compared by
paired t tests. Measured changes in fat and non-fat mass were compared
and correlated (linear regression analysis) to the true changes with a
Bland & Altman procedure using the true changes as reference. The
relation between the errors (measured less true change of fat and fat-
free mass) and the relative hydration of the loads was also tested by
linear regression. SPSS 10.1 software was used for the calculations.
Results are presented as mean+SD with p<0.05 considered significant.

Results

Influence of water ingestion and miction on ADP results (Table 1).
As shown in the table 1, the ingestion of 1.055 L of water was correctly
detected as an increase in fat-free mass, with no significant effect
on the fat mass. The changes in fat and fat-free mass were similarly
detected with the ingestion of water (+0.98+0.78 kg fat-free and +
0.02+0.76 kg fat), and the carrying of the water bottle (+1.01+0.98 kg
fat-free and + 0.05+0.95 kg fat): in both cases, the fat mass with the
water load did not differ from that without, whereas the fat-free mass
increased significantly (p<0.005 by ingesting water, p<0.01 by carrying
it externally). The miction did not significantly modify the fat and fat-
free mass, although its small change (0.286+0.152 L) was detected as
fat by ADP.

Changes in fat and fat-free mass assessed by ADP with loads of
0.9 and 1.1 densities (Table 2). It can be seen from table 2 that the fat
mass changes were systematically underestimated, and fat-free changes
overestimated. On all occasions, the fat load led to a significantly
(p<0.05) higher increase in fat mass than did the fat-free load, and the
fat-free load led to a significantly higher increase in fat-free mass than
did the fat load, with a ~1 kg difference as expected: the two differing
loads were systematically discriminated. But the fat changes were less
underestimated and fat-free changes less overestimated, after drinking
water (before and after the miction).

Fat-free mass (kg) Fat mass (kg)
Baseline 53.94+14.85 13.2345.00
After 1.055L water ingestion 54.92+14.58*** 13.25+4.71
(Bearing 1.055L water) (54.95+14.27*) (13.28+4.67)
After 0.286+0.152 L miction 54.92+14.62 12.97+4.83

Table 1: Results of the body composition analysis by ADP before and after
ingestion of water, and after miction. **, *** respectively indicate p<0.01, p<0.005
vs the previous value.

AFat-free mass (kg) AFat mass (kg)

With load of 0.9 density

Expected O +1
Baseline +0.72+0.69 +0.22+0.68
After water ingestion +0.30+0.46 +0.65+0.46
After miction +0.11+0.64 +0.82+0.68
With load of 1.1 density
Expected +1 0
Baseline +1.98+0.76 -0.78+0.76
After water ingestion +1.28+0.54* -0.13+0.54*
After miction +1.41+0.59 -0.29+0.63

Table 2: The ADP-measured changes of fat and fat-free mass (kg) while carrying
the 1.055 L loads of 0.9 density (oil) and 1.1 density (glucose solute), before
and after ingestion of 1.055 L water, and after miction. * indicate p<0.05 vs the
previous value. Each result with the 0.9 density, fat mimicking, load significantly
differed from the result with the 1.1 density, fat-free mimicking, load.
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Changes in fat and fat-free mass assessed by ADP. For each of
the ten subjects, the composition of 9 distinct loads were analyzed.
For the 90 induced alterations in body composition, the mean true
change in fat-free mass was +1.07+0.61 kg, and the ADP overestimated
it by +1.40+0.97 kg (p<0.001). This measured change of fat-free mass
was significantly correlated with the true change (r=0.55, p<0.001,
Figure 1). The mean true change in fat mass was +0.31+0.45 kg, the
ADP underestimated it at +0.02+0.86 kg (p<0.001). This measured
change in fat mass was significantly correlated with the true change
(r=0.41, p<0.001). The mean true %fat of the change was +22.7+34.9%;
ADP underestimated it by -3.6+70.8% (p<0.001). This measured
%fat change was significantly correlated with the true % (Figure 2a:
r=0.30, p<0.05), but according to the Bland & Altman procedure it was
biased (Figure 2b: 2SD = 136%, r=0.98, p<0.001): the more the change
was composed of fat, the less ADP underestimated its fatness. The %
hydration of the loads was correlated with the error (r=0.22, p<0.05),
but this contribution was no longer significant after taking account of
the bias by the Bland & Altman procedure (p=0.38).

Effects of water ingestion and miction on BIA results (Table 3).
Due to the large dispersion in the results, no significant changes were
detected, except a paradoxical reduction in intracellular water after the
ingestion of the water: we considered these results to be aberrant, and
did not try to use them to correct the ADP results.

Correlation of fat-free mass with muscular strength. ADP-
measured fat-free mass was highly correlated with muscular strength
(r=0.94, p<0.001). Although significant, the correlation between BIA-
measured fat-free mass was weaker (r=0.75, p<0.05).

Discussion

Our results support the interest of ADP for studying the
composition of small body weight changes. The carrying of ~1 kg loads

measured A Fat- Free Mass(Kg)

r=0.55 p<0.001

Real a Fat-Free Mass (kg)
Figure 1: ADP-measured Fat-Free Mass (AFFM, kg) of the 9 distinct loads in the
10 subjects, as a function of the real change in Fat-Free Mass (figure 1).
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Figure 2a: ADP-measured % fat of the 9 distinct loads in the 10 subjects, as a
function of the real % fat (figure 2a).
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Figure 2b: Bland & Altman plots (figure 2b).

led to significantly different increases in fat (load of 0.9 density) and
fat-free mass (load of 1.1 density), as detected by ADP in ten normal
subjects. The results would presumably have been the same if the loads
had been incorporated to the body of the subjects instead of carried in
plastic bottles, as the ingestion of 1.055 L water gave similar results to
its addition in an externally beared bottle. ADP therefore discriminates
~1 kg changes in fat from fat-free mass, which improves our previous
reports suggesting that ~2 kg changes were discriminated in similar
numbers (n=10) of subjects [9,10]. The use of loads of densities
calibrated to the postulated densities of fat and fat-free mass instead of
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Baseline After ingestion of water p vs baseline After miction p vs before miction
Z100 7594628 1090+1149 NS 125411336 NS
Water Volume (L) 35.1+£10.5 30.1+x13.5 NS 30.8+16.2 NS
Extracellular water (L) 17.317.6 17.7+9.0 NS 17.129.8 NS
Intracellular water (L) 17.77.0 12.418.9 <0.05 13.79.9 NS
Fat-free mass (kg) 51.8£13.3 47.1£13.9 NS 45.5+11.3 NS
Fat mass (kg) 15.5+9.6 20.2+14.2 NS 21.5+13.4 NS

Table 3: The results of the body composition analysis by BIA before and after ingestion of 1.055 L water, and after miction.

just water and oil as previously, probably explains this better accuracy:
although water belongs to fat-free mass, its density is lower than 1.1,
so it was less distinguished from fat than the 1.1 density load used in
the present study. The use of closed instead of open bottles may also
have contributed to the better accuracy, as small volumes of trapped
air are known to influence the ADP results [16]. Short term changes in
hydration did not prevent the discrimination of fat from fat-free loads
by ADP: the differences were quite similar before and after miction,
and the ingestion of 1L of water was adequately detected as an increase
in fat-free mass. But from the practical point of view of an investigator
who wants to determine the composition of a few kg alteration in body
weight during a longitudinal study, the results in table 2 indicate that
the ADP measurements require similar conditions of hydration for
each analysis: a +1 kg fat gain was analyzed as a mainly fat gain after
drinking, and mainly fat-free before. The results in the table 2 also
suggest that the best results will be obtained if studying well-hydrated
subjects. In such conditions, ADP appears as a quick, safe, clinically
usable and reliable tool for studying the composition of small body
weight changes.

Our study however also shows the limitations of this method. The
ADP measured changes of fat and fat-free mass were correlated with
the true changes, but they were not exactly the same. For example,
the addition of 0.949 kg of fat (step 2) was measured as a +0.22+0.68
kg increase in fat mass (range: -1.4 to +1.3 kg fat): in common with
other physiological parameters, individual results should therefore be
interpreted with caution. It is of particular note though that the results
are biased: changes in fat mass were underestimated, confirming our
previous findings in normal subjects [9]. In this earlier study, we failed
to detect the overestimation of fat-free changes, that were in fact water
changes. Here, the use of a 1.1 density load enabled this discrimination.
Because the density of water differs from the density of fat-free mass,
hydration status and changes are a source of uncertainty for any two-
compartment model analysis of body composition. It should be noted
that the ADP-detection of the water load (ingested or carried) as an
increase in fat-free mass, which seems satisfactory at first sight, is in
fact another reflection of the ADP bias: due to its low density, the
water should have been partly detected as fat. However, varying the
water loads from 0 to 100% did not modify the ADP bias, and further
work will be required to explain this bias. At baseline, the addition of
0.949 kg fat was detected more as a fat-free than a fat mass increase
(table 2). Although this result correctly contrasted with the effect of the
1.1 density load, it shows that the changes in fat and fat-free mass as
measured by ADP cannot be regarded as quantitatively accurate. On
the other hand, as shown by the Bland & Altman procedure, the ADP
bias was especial: the lower the percentage fat in the load, the more its
%fat was underestimated, which favors the discrimination of differing
body composition changes.

Some limitations of the present study should be born in mind.
First, we only studied the influence of short-term limited (0 to

100% of a ~1kg change) alterations in hydration. Some pathological
alterations may in fact be more marked, and combine a decrease in
the protein and mineral body content with an increase in hydration
(Kwashiorkor, severe renal failure, edematous cirrhosis). In common
with other methods for assessing body composition, the validity and
interpretation of ADP in such situations are yet to be established.
Second, our study concerned normal subjects, whose density was
clearly different from the density of water. In obese subjects, the initial
density is much closer to the density of water, so changes in hydration
may have different consequences as we have already reported [10].
Third, the disappointing aberrant results of BIA according to changes
in hydration are in line with other reports (17: -24.5% lean body mass
after a haemodialysis session), and they dramatically contrast with the
accuracy of the ADP measurements in similar conditions. The poor
correlation between muscular strength and BIA-estimated fat-free
mass is another reflect of its inferiority. However, we think that testing
other BIA devices should be done before excluding three-compartment
models based on ADP and BIA measurements.

In summary, loads of water were similarly detected by ADP
whether they were external, or incorporated within the subjects. ADP
discriminates well a +1 kg fat vs +1 kg fat-free increase, with significant
differences on a small sample size (n=10). The changes in hydration
occurring in normal life (drinking up to one liter, urinating) do not
impair this ability, but they influence the results: for longitudinal
studies, the subjects should be analyzed in similar conditions of
good hydration (before/after miction does not seem very important).
Individual and quantitative results should be interpreted with caution,
as they are biased.
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