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Abstract The objective of this study was to evaluate
the accuracy of independent hydric data for the quanti-
fication of total body water (V,), extracellular water (V,)
and intracellular water (V;), obtained by a multifrequency
impedancemeter Z-Métrix® (ZM), in standing and lying
position, with respect to the Xitron reference. In a sec-
ond step, the aim was to consider whether it is possible
to quantify daily hydration. The average repeatability
error of the ZM impedancemeter is less than 0.5 %. For
total body water (V,), we note a low R? dispersion with
an average of 0.9 for men and 0.6 for women. The esti-
mation of extracellular water is equivalent to a maximum
error of 3.1 % in standing position for women against
2.97 % for men in the same position. The estimation of
the total body water by direct measurement and by sum-
ming the volumes of extracellular and intracellular water
obtained by the Z-Metrix® shows very low dispersions
with R* = 0.89 and average error from 1.3 % for healthy
women in lying position to 3.9 % for healthy women in
standing position. Finally, despite the impact of events on
the daily measurements, it is viable to track a subject’s
overall hydration.
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1 Introduction

Most of foot-to-foot impedancemeters usually offer tissue data
such as fat mass (FM), fat-free mass (FFM) and even estimates
of bone mineral content (BMC) [7, 12—14]. Some have gradu-
ally evolved to provide water indices, usually obtained from
the universal hydration rate of 73.2 % [4] or using anthropom-
etry equations. Wrist—ankle impedancemeters more often pro-
vide extracellular water volume (V,) [2]. However, the intra-
cellular water volume (V)) is usually derived by subtracting V,
to total water volume (V,), or by using an equation that takes
V. into account [8]; in that case, V; is the sum of V, and V,.
This new impedancemeter offers to quantify water volumes
of extracellular, intracellular and total compartments indepen-
dently, in order to help locate with higher precision the com-
partment affected by a hydric disorder. It does not use intracel-
lular as the difference between total and extracellular volume
but three different equations using three different resistances.

When measured in clinical or sports routine, the sub-
jects can be in supine or standing position. This is why it is
necessary to have validated the equations for the two types
of position; all the more so because the fluid accumulates
especially in the lower body in standing position. This new
impedancemeter enables to quantify V;, V, and V;, indices,
in both supine and standing position.

Thus, the objective of this study is to evaluate this device,
which provides clinical and sports routine with a fast and
inexpensive comprehensive diagnostic tool for detect-
ing water edema (due to venous insufficiency, burns, heart
failure, post-effort, etc.) or dehydration (malnutrition, post-
effort, etc.).
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Fig. 1 Photograph of the Xitron® reference device
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Fig. 2 Experimental and theoretical representation of the impedance
obtained with the Z-Metrix on a phantom (Re = 680 2, Ri =910 Q
and Cm = 2.7 nf)

2 Materials and methods

The reference device used in this study is the Hydra® 4200
Xitron (Xitron Tech, San Diego, USA), validated by iso-
tope dilution [3]. It scans frequencies from 1 to 1000 kHz
and requests that the subject be measured in supine posi-
tion. Figure 1 shows the device.

The multifrequency impedancemeter evaluated is the
7Z-Metrix® (BIOPARHOM Company, France). It runs on
a 9-V battery and delivers a sinusoidal current of about
77 uA. Tt uses ECG electrodes from the 3 M Company (ref-
erence 2660-5). It can be used to scan frequencies from 1
to 1000 kHz. Figure 2 shows the comparison between the
data provided by the device and the theoretical curve of a
phantom representing a healthy human body, according to
Cole—Cole modeling [5], with Ri = 910 @2, Re = 680
and membrane capacitance of 2.7 nF.

The device provides an impedance with an average
error of 0.95 £ 1.58 % with respect to the theory of the
whole frequency range and of 0.980° £ 1.100° for the
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Fig. 3 Photograph of the Z-Metrix®

phase angle. We note repeatability errors on an average of
0.55 % 0.38 % for Z and of 0.440° % 0.350° for the phase
angle on the same phantom. The device, on an healthy
subject rather than on a phantom, gives an average repeat-
ability error of 0.560° on the phase angle for the range of
1-1000 kHz and an average repeatability error of 1.3 %
over the entire frequency range on the values of resistances
R and reactances X. Electrical measurement accuracy is
ensured through a system of compensation of the parasitic
capacitances of cables and electrodes, as well as an inter-
nal self-calibration of the hard electronics. Figure 3 shows
a picture of the multifrequency impedancemeter evaluated.

We conducted this clinical study in compliance with
the Ethics Committee of Northwestern France, who gave
us the following accreditation number: 2008-A01373-52.
This work was carried out within the Center for Advanced
Medical Imaging in the hospital of Compiegne (France).
48 women and 47 men underwent the Z-Metrix® measure-
ments. These were made in standing and supine position,
after the subject, wearing a light blouse, was weighed and
measured. Table 1 shows the characteristics of the popula-
tion of healthy subjects who participated in the study.

The average body mass index (BMI) is above the healthy
limit for men because some obese subjects were tested dur-
ing the study. The data are processed by Student’s paired
statistical tests and Bland—Altman graphs [1].

This ZM device quantifies extracellular water (V,) by the
method of De Lorenzo et al. [2], total body water (V,) by
the method of Jaffrin et al. [6] and intracellular water (V,)
by an undisclosed method of the device. Same models are
used in standing or supine position.

The innovative principle of the new method of Jaf-
frin et al. is to consider total body water as an electrically
homogeneous compartment. They consider that there are
always extracellular and intracellular compartments, but
there are also communicating vessels, in particular ion
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Table 1 Characteristics of the population of healthy subjects who
participated in the study

Mean £ SD women Mean £+ SD men

Age (years) 372+189 33.1 £16.8
Height (cm) 162.1 £7.2 1749 £9.3
Weight (kg) 57.5+10.5 71.8 £ 154
BMI 21.8£3.5 233 £38
Table 2 Repeatability of hydric indices

Indices % Error
V, L) 0.23
Ve, (L) 0.44
Vi, (L) 1.01
Hydration of FFM (Hyd FFM %) 0.24
Hydration of body (Hyd Bod %) 0.23
Mean 0.43
SD 0.34

channels and aquaporins. Therefore, it would be more
appropriate to consider total body water as a whole rather
than as the sum of two volumes [9].

A subpopulation consisting of 14 women and 15 men,
ages 17-72 and BMI 21.4-38.6 kg/m* were also measured
by Xitron to validate the accuracy of the water volumes
found. The population was deliberately very heterogene-
ous (in terms of weight, height, BMI, age, etc.) in order to
be sure to validate the model on a wide variety of healthy
subjects. The method has been previously validated [6] in
a population of 95 healthy subjects, hemodialysis’ patients
and in anorexics too [11].

The device performs measurements of body composition
with disposable medical electrodes, such as ECG, using a
tetrapolar method with electrodes at the wrists and ankles,
right or left body.

The “hand” electrode is positioned on the hand in bones
of the phalanges. The “wrist” electrode is positioned at the
wrist. The “ankle” electrode is positioned at the ankle bone
(the outer ankle bone). The “leg” electrode is positioned
5 cm above the ankle.

3 Results and discussion
3.1 What is the repeatability of these hydric indices?

Table 2 shows the percentage of repeatability error (device,
including cables and electrodes) in hydric indices in one
healthy subject during 50 min. Any variation more than
0.25 % hydration rate comes from changes related to the
individual and not from the device.

3.2 What is the accuracy of these water indexes?

As Table 3 shows, there is no significant difference
between the total body water volume given by Z-Metrix
and that given by the Xitron reference, whether for men
or for women, in standing or supine position. There is an
average error of 0.6 and 0.4 L in women, respectively, in
supine and standing position. For men, there is an average
error of 1.6 and 1.7 L, respectively, in supine and standing
position.

For extracellular volumes, there is an insignificant 0.3 L
error for women in supine position and a significant 0.4 L
error (P = 0.04) in standing position. For men, there were
insignificant errors of 0.2 L in supine position and of 0.6 L
in standing position.

We have not tested Viz against Xitron Vix because this
index is not validated for this device, obtained by including
Vex.

Figure 4a, b shows an example of the distribution of
total body water in calculated points for women and men,
in standing and supine position, using Z-Metrix and Xitron.
We note a low R ? dispersion with an average of, respec-
tively, 0.9 for men and 0.6 for women. The estimation of
the total body water is more accurate in women with a
maximum 1.8 % error rate for standing position against
3.9 % for men in the same position.

Figure 5a, b shows an example of the distribution of
Ve calculated for women and men, in standing and supine
position, using Z-Metrix and Xitron. We note a low R?
dispersion of, respectively, 0.96 for men and of 0.84 for
women. The estimation of extracellular water is equiva-
lent to a maximum error of 3.1 % in standing position for
women against 2.9 % for men in the same position.

Table 3 Student’s test comparison of the V; volume obtained by Z-Metrix and Xitron

Xitron (ref.) Z-Metrix supine

Z-Metrix standing

Ve Mean &+ SD Vx Mean &+ SD Ve, Mean & SD Vi, Mean & SD V., Mean & SD V. Mean £ SD
Women 147+15 34835 150+ 18P =006 342+35P=0.32 151+ 1.7*P=0.04 344+£35
P =047
Men 193 +£3.13 494 +88 195+33P=048 478+£81P=0.15 199+36P=010 477£79
P=0.13
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Fig. 4 a, b Correlation between total body water given by Z-Metrix
and Xitron

Figure 6 shows the differences between the estimated
total body water obtained by direct measurement and that
obtained by summing the volumes of extracellular water and
intracellular water found by the Z-Metrix®. We note very low
R? dispersions with a high of 0.89 and errors ranging from
1.3 % for women in supine position to 3.9 % for women in
standing position. This indirectly validates the independent
estimation of the intracellular water volume (Viz).

If we compare V; as the difference between total and
extracellular water ICW ) and our new method (ICW ),
mean between ICW g and ICW | is summarized in Table 4.

3.3 Application by monitoring daily hydration on a
case study

A complaint is often made on the impedance sensitivity to
everyday events (meals, travel, etc.), leading to difficulties
in interpreting data for monitoring.

Like any measure, it is obviously preferable that it be
taken each time in the same conditions (time, weight, etc.).
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Fig. 6 Comparison between the direct method and the indirect
method (by summing the extracellular water and intracellular water)
to obtain total body water

Table 4 Differences between ICW by differences and direct method

ICWdiff lvanm
Men supine 25.8+£8.3 26.5+93
Men standing 26.6 + 8.6 273+ 10
Women supine 17.7 £ 4.7 179+54
Women standing 20.7£6.5 21.7+£93
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We wanted to test whether it was possible to elaborate an
interpretation of monitoring data for hydration, despite
measures being taken at any time of the day and in different
conditions.

To do so, we asked some subjects—two typical exam-
ples are given here—a sportsman (subject B) and a healthy
woman (subject C), to submit to measurements throughout
the day, before and after any action (meals, fluid intake,
the toilet, travel, rest, work, etc.). In addition, we induced
dehydration and rehydration, to try to understand these
trends despite possible fluctuations in impedance measure-
ments, due to everyday life events.
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Thus, the protocol consists in eating and accurately per-
forming the same events at the same time of the day for
2 days. The first day (D1) serves as normohydration refer-
ence. The subject should be hydrated. During D1, subjects
have usual intakes. The subjects drank about 1 L of water
during the day and ate vegetables at one of the two meals.
However, no fluid intake is permitted during the second day
(D2). Some measurements were taken on day 3 (D3) to see
the effect of recovery drinking on the beginning of rehydra-
tion. The subjects began to drink water from the wake. Fat
free mass (FFM) and lean body mass (LBM) are given by
the device [10].
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Fig. 7 Variation of subject B’s hydration rate during the protocol
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Fig. 8 Variation of subject B’s FFM hydration rate during the protocol
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3.3.1 Subject B: young male athlete

In Fig. 7, there is no direct link between fluid intakes and
V/W ratio, and even the result is the opposite of what one
would expect with increased hydration after using the bath-
room. It seems that the water volume is well measured in
tissues and the “wrist—ankle” electric currents do not pass
into the bladder or stomach, which is not unlikely. In addi-
tion, with regard to the stomach, one might think that meas-
urements taken on the left side of the body would show this
kind of variation. Regarding the bladder, foot-to-foot meas-
ures compare well measurements made on the whole body.

Thus again we find a discrepancy between the drink-
ing and the impact on the hydration measure, which, as we
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90.0 55098329

2

88.0

Vtz/LBM (%)

86.0

84.0

have already explained, is not necessarily inconsistent. Fur-
thermore, if indeed all the drinking water is not absorbed
and a consistent part of it goes to the bladder, it is normal
not to find it in the extracellular volume. The rehydration
on day 3 should be further analyzed on both the extracel-
lular and intracellular levels to better understand the dehy-
dration day. It seems that for proper hydration it is better
to take small drinks in order to allow a better and probably
faster absorption that is directly accessible to the tissues.
Regarding the overall hydration rate of the body, there is
therefore a normohydration average on day 1 with a mean
change of 0.06 % despite the variations due to the differ-
ent actions done during the day. Then, we note a dehydra-
tion average of 12 % during the second day, and finally, the
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Fig. 9 Changes in moisture content of lean body mass in subject B during the protocol
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Fig. 10 Total water changes in subject B during the protocol
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average goes back down to 7 % at the beginning of rehy-
dration on day 3.

As already mentioned, the increase on day 3 was diffi-
cult for every subject, as they all absorbed large amounts
of water. The first goal was to observe the dehydration
phase so there were no restrictions to subjects on day 3.
They have not quantified or rationed their fluid intake in the
morning of day 3. It is true that part of this protocol would
require a rehydration phase including comparisons of the
rationed quantities with body composition measured on the
left side and the right side and by foot-to-foot method.

Figure 8 reinforces the conclusions of Fig. 7.

Figure 9 shows the variations of the ratio V/LBM. We
find the same information in the global Figs. 7 and 8.

Unexpectedly, although the hydration degree is very
stable, the total water volume shows an average increase
of about 900 mL as shown in Fig. 10. This is averaged
in the moisture by an increase in weight. Although he
drinks very little in general, on this day the subject
shows unusual normohydration for his body. There-
fore, these new water supplies may have been stored
unexpectedly. A total water loss of 1.5 L on average
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Fig. 11 Changes in extracellular volume in subject B during the protocol
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was noted at bedtime on day 2, but it was 3.5 L in the
morning of day 3. This subject tends to urinate in the
night. We note the same point between days 1 and 2 with
a water loss of approximately 1.5 L overnight with two
urinations.

In the morning of day 3, there is already a total body
water recovery of 1.1 L.

We note in Figs. 11 and 12 that the increase in total body
water on the first day is divided into the extracellular and

the intracellular compartments with an average increase of
250 mL for V, and of 500 mL for Viz. Day 2 indicates an
average loss of 750 mL for each compartment. There was a
recovery of 500 mL for each compartment at the beginning
of the 3rd day.

It may be interesting to focus on measures 11-15 which
noted a sharp decrease in intracellular combined with an
increase in extracellular volume. A dump intracellular to
extracellular can therefore be assumed.
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Fig. 13 Variation in the overall body hydration rate for subject C
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3.3.2 Subject C: healthy young woman

Women’s monitoring tends to be more complex because of
hormonal changes. Models are more difficult to establish
with the same precision as for men. It is why it was essen-
tial that a woman participated in the protocol.

We note in Fig. 13, as was the case for subject B, an
average increase in overall body hydration during day 1
with a 1.9 % rate and not considering the average slope.

This day, intended to serve as reference shows that hydra-
tion is already back to normal. We noted a 1.7 % average
rate during day 2, but a 4 % hydration loss if one looks at
the maximum rate at sunset after a normal day of drinking.
Day 3 then indicates a hydration recovery of about 1 %.

Figures 14 and 15 show the same trends as Fig. 13.
Again we note a very noisy graph despite the weight gained
independently. We do not see any explanation for this
observation.
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Fig. 15 Changes in moisture content of lean body mass for subject C

41.0

40.5

40.0

39.5

39.0

385

vtz (1)

38.0

375

37.0

36.5

36.0 T T T
0 5 10 15

20 25 30 35 40

Number of measurements (D1, D2, D3)

Fig. 16 Changes in total body water for subject C

@ Springer



998

Med Biol Eng Comput (2015) 53:989-999

We note, in Fig. 16, an average increase of 1.5 L in total
body water on day 1. Again, a significant loss of about 2 L
occurred in the night. The nights were particularly warm
during the month of July. The alcohol intake in the even-
ing was meant to imitate normal life habits but also to test
the impact of dehydration on the subjects. Presumably, as is
also the case with soft drinks, the impact of alcohol intake
(the evening before) occurs only after a certain period of
digestion and does not yet appear in the evening measures

18.0 17.8

but rather in the next morning. Day 2 saw a day loss of
1 L but a total of over 3 L if one also considers the night
loss. The early morning and early recovery drink did not
have a real immediate impact, showing a recovery of about
400 mL in the morning of day 3. Only three measurements
were performed.

Figures 17 and 18 show the variations of subject C’s
extra and intracellular compartments. Unlike B whose
water intake on the first day was primarily extracellular
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with 900 mL against 100 mL for intracellular, there is a
difference of about 0.5 L with water measured directly by
V,,- The timing of the menstrual cycle of the woman is not
known. We know, for example, that during menstruation,
metabolic index rates can be caused to increase due to high
membrane activity. Thus, menstrual periods could perhaps
explain this difference. Day 2 indicates a loss of 600 mL in
extracellular compartment against 300 mL in intracellular
compartment, which summed to many diurnal total water
losses. If we consider also the night losses, there is an
extracellular water loss of 1.7 L and an intracellular water
loss of 800 mL. The beginning of day 3 indicates average
recovery of approximately 200 and 100 mL for extracellu-
lar and intracellular.

We note that the intracellular data are very noisy. One
might think that this is a particular behavior of cell mem-
branes. This could be checked with other women.

4 Conclusion

The objective of this study was to evaluate a new multifre-
quency impedancemeter enabling measurements of water
volumes, in standing and supine position, and indepen-
dently giving total, extracellular and intracellular water
compartments.

It has been shown that the device gave more accurate
measurements in supine position than in standing posi-
tion even if the error rate for values in standing position
was inferior to 4 %, offering an ergonomic advantage for
clinical and sports routine. In addition, the variability of
the device, essential when monitoring, remains on average
below 1 %, which means that any greater variation comes
from the patient.

Finally, although these results need to be clarified in a
larger population, it was noted that although the imped-
ance is indeed impacted by daily hazards, it still allows the
hydration trend to be observed.
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