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Abstract Bioimpedance spectroscopy (BIS) is suitable
for continuous monitoring of body water content. The
combination of body posture and time is a well-known
source of error, which limits the accuracy and therapeutic
validity of BIS measurements. This study evaluates a
model-based correction as a possible solution. For this
purpose, an 11-cylinder model representing body imped-
ance distribution is used. Each cylinder contains a non-
linear two-pool model to describe fluid redistribution due
to changing body position and its influence on segmental
and hand-to-foot (HF) bioimpedance measurements. A
model-based correction of segmental (thigh) and HF
measurements (Xitron Hydra 4200) in nine healthy human
subjects (following a sequence of 7 min supine, 20 min
standing, 40 min supine) has been evaluated. The model-
based compensation algorithm represents a compromise
between accuracy and simplicity, and reduces the influence
of changes in body position on the measured extracellular
resistance and extracellular fluid by up to 75 and 70%,
respectively.
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1 Introduction

Continuous monitoring of body fluids could be a powerful tool
for diagnosis in the clinical setting (e.g., for dialysis) or in the
home environment (e.g., homes for the elderly). Whereas
“dilution methods” are the current gold standard for deter-
mination of body water content [29], they are time consuming,
expensive, and not suitable for continuous use. In contrast,
bioimpedance spectroscopy (BIS) has low costs, allows fast
measurements and can be implemented in a portable appli-
cation [25]. Unfortunately, the negative influence of external
factors (e.g., body position and temperature) limits its accu-
racy. It has been shown that BIS precision can be considerably
improved if appropriate physiological modeling is used [6]
and the influence of external factors is minimized by estab-
lishing standardized “laboratory” conditions [10, 29, 40].

The influence of body position on BIS measurements is
based on the redistribution of body fluids [9, 21, 41]. A change
from vertical (or sitting) to horizontal position produces a fluid
shift from the extremities to the torso [16], causing an
increased impedance in the extremities and decreased
impedance in the torso [41]. As the torso contributes up to only
5% of the whole body impedance, the measured total body
impedance will increase [9, 41]. A change from horizontal to
vertical (or sitting) position produces the opposite effect.
Interestingly, there is no fast stabilization by remaining in a
specific body position (not even after 4 h) [21], and this effect
seems to persist throughout the day [37].

To minimize the influence of body position on BIS mea-
surements, recommended “laboratory” conditions include
performing measurements in supine position and after a
period of recumbance (usually at least 4—10 min) [10, 40], if
possible always at the same time of the day [10]. However, in
the case of continuous monitoring applications (e.g., during
dialysis or intensive care), these laboratory conditions can-
not be fulfilled and compensation for the produced error is
required. Current methods of correction [9, 41] are neither
sufficient to avoid the effect of body position, nor are they
suitable for continuous monitoring.

Therefore, the first aim of this study is to evaluate the
effectiveness of a model-based compensation for the effects of
body position on continuous BIS measurements. The second
aimis to develop a model, based on human physiology, able to
reproduce the effect of sequential changes in body position on
whole body and segmental BIS measurements.

2 Methods
2.1 Bioimpedance spectroscopy

Total body fluid in humans consists of intracellular fluids
(ICF) and extracellular fluids (ECF) separated by the
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cellular membrane. Due to the predominantly resistive
character of ICF and ECF and the capacitive character of
the cellular membrane, the path of electrical current
through tissue depends on the applied frequency. Low-
frequency currents only flow around the cells through the
ECF, whereas high-frequency currents will also pass
through the cell membrane and ICF. This phenomenon can
be represented by the well-known Cole model [35], which
represents the tissue using mainly extracellular resistance
(R.) and intracellular resistance (R;), a capacitor (cell
membrane capacitance; C,,) and a heuristic factor (o)
representing the presence of different tissues in parallel
with specific time constants. Considering this model and a
time delay (7p) produced by the speed of transport of
electrical information, the impedance can be expressed as
[40]:

) = (27 (B4 5 ot ) €
0

Using curve-fitting methods, Eq. 1 and measuring the
impedance (Z) at different angular frequencies (w), the
Cole parameters (R, R;, and C,,) can be determined. In
fact, typical frequencies lie between 5 kHz and 1 MHz.

Combining these Cole parameters and some basics of
Hanai theory [15] and representing body segments as
truncated cylindrical volumes, equations for the calculation
of whole body and segmental fluid volumes (ECF, ICF, and
total body fluid) have been provided in the literature [23,
40]. Accordingly, segmental ECF in (ml) can be calculated
as:

2 2

3 1 3
ZLF,-Z-(C%—&-QCQ%-C%)-( >’
3. (4 . 71')3 C10Re s

ECFs

(2)

where [ is the segment length (cm), ¢; and c, are the
segment circumferences (cm) on both ends, and pgcr is the
specific resistivity of ECF in (2 cm). For the calculation of
whole body fluids (in ml) using the hand-to-foot (HF)
measurement, a factor Kg, which relates the relative impact
of leg, arm, trunk, and height (H in cm) to the HF mea-
surements, is introduced, and Eq. 2 for HF measurements
results in:

2 2 Ny 3
ECFyp = (KBpECF> (H \/W> : (3)

Dy Re nr

where W is the weight (kg) as a measure of body mass and
Dy is the body density in (kg/cm®). Finally, the segmental
and whole body ECF can be defined as the addition of
interstitial fluid (IntF) and plasma volume (PV) as given
by:
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ECF = IntF + PV (4)

2.2 Fluid shifts and body position

A major effect of changing orientation in space is the
generation of different hydrostatic blood pressures (Fig. 1)
due to gravity.

Changes in blood pressures lead to changes in capillary
pressures and, therefore, to fluid shifts between capillary
space and surrounding tissue [3]. According to Maw et al.
[24], changes in body position do not influence the amount
of ICF and fluid shifts take place only within ECF, i.e.,
between IntF and PV. Therefore, for the present study only
changes in ECF (R.) or in its compartments (IntF and PV)
are considered.

2.3 Body posture, bis measurements and model-based
correction

The measured R. value can be represented as a superpo-
sition of the influence of time and body posture plus a
reference value (e.g., the value measured under the rec-
ommended laboratory conditions), see Eq. 5.

R, (measured,time) — R, (laboratory conditions) + ARe (body posture, time)

observed reference error

(5)

Assuming that effective changes in body fluid volumes
can be measured under laboratory conditions, the observed
change in R, can be expressed rewriting Eq. 5 in terms of
an effective body fluid change and the influence of time
and body posture:

ARe (measured,time) — ARe (body posture, time)

observed change error

+ ARe (effective change body fluid) (6)

effective change

Thus, for the purpose of this study, the model-based
correction yields:

Veins Arteries
-39 — — 51
Veins 5 2 5
2 — — 100
Arteries 95 100 95
i‘_\O" 90°
90 — — 183

Fig. 1 Typical arterial and venous pressures (mmHg) in supine and
vertical position. Assumed body height is 180 cm; values are from [4]

ARe (measured, corrected) — ARe (measured,time)
- ARe (simulation: body posture, time) (7)

The desired result of the simulation is to reproduce the
effect of body posture and time (ARcwody posture, time) =
ARe(simulation: body posture, time)) having as a consequence:

ARe (measured, corrected) = ARe (effective change body fluid) (8)

The error reduction can be quantified using the
following equation:

( 1 ‘ARe (measured, time) — ARe (simulationbody posture, time)

> £100%
9)

ARe (measured, time)

2.4 ECF, IntF, and PV in BIS measurements

To evaluate simulations of fluid shifts between IntF and
PV, individual measurements of one or of both compart-
ments are required. For that purpose, we propose the
approximation of ECF =~ IntF in Eq. 2, i.e., to ignore any
electrical conduction through PV, for whole body and
segmental limbs measurements. The following facts sup-
port this simplification:

(a) Approximately 75% of muscle tissue is found in the
limbs [38]. Assuming that PV is proportional to blood
perfusion, 21% of PV is to be found in muscle and
therefore only about 16% of the whole PV is found in
the limbs.

(b) Considering a contribution of muscle tissue and PV to
body mass of 40 and 4%, respectively [38], PV
constitutes only about 2.4% of muscle mass in the
limbs and therefore a reduced cross-section compared
to muscle tissue.

(c) Using these facts and assuming that a limb segment can
be represented as a circuit with parallel tissues (plasma,
muscle, fat, and bone), about 90-95% of the injected
current in the limbs will flow through muscle tissue.

(d) This issue can be extended to HF impedance
measurements, since the impedance of the limbs
constitutes about 90-95% of the measured HF
impedance values [1, 9].

As the amount of PV is very different in the torso this
approximation may not be valid for segmental measure-
ments at this location. Note that the result of this analysis is
in agreement with reported finite element method simula-
tions [1]. Rewriting Eq. 2, IntF for every segment (IntFs) in
ml can be found as:

l
(S +erer+ ¢ ( >
(e 2) croaRes

%
PECF
1
3-(4-m)3

Wi

IntF s =

(10)
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2.5 General concept of the model

The proposed model includes two main components:

(a) An ll-cylinder model representing the body imped-
ance distribution at any time.

(b) An active nonlinear two-pool model representing
fluid shifts between IntF and PV to reproduce changes
in impedance with respect to time and body posture in
each cylinder (body segment). Fluid shifts outside
ECF are not considered.

The general idea of the model for each cylinder is shown
in Fig. 2a. Using impedance measured values (R.g) at
initial time (¢t = 0) and Eq. 10, initial interstitial fluid
segmental volumes (IntFg) can be calculated. The change
in IntFg with respect to time is calculated with the two-pool
model. Now, by knowing the new IntFg value in time
(t = T) the new R, g value is provided as output of Eq. 10.
A detailed description of the model is given in the fol-
lowing subsections.

2.6 11-cylinder model

The 11-cylinder model (Fig. 2b) uses the impedance dis-
tribution and anthropometric data proposed in [1]. From an
electrical point of view, every cylinder represents a body
segment and consists of three compartments: IntF, PV, and
all other compartments which do not contribute to low
frequent current conduction (ICF, bone), see Fig. 2c. HF
measurements were simulated as (Fig. 2b):

Re,HF = Re, calf 1 ReA, knee T Re7 thigh + Re, torso
+ Re7 upper arm + Re, lower arm (] 1)

where the subindexes indicate the segmental R, of the indi-
cated segment (e.g., calf, knee, etc.). The amount of IntF and
its distribution (in percentage) were calculated using Eq. 10.
To compare simulations with measurements on subjects,
segmental reference dimensions [1] were adapted to the
anthropometric characteristics of the subjects as follows:

o H, subject
lS,adupted - lS sreference * ) ( 1 2)
H, reference
Wsubject H, reference
CS,adapted = : * €S reference ( 1 3)
Wreference H, subject

where H and W represent the height and weight of the
subject, and ¢ and [ is the circumference and length of the
segments, respectively.

2.6.1 Active nonlinear two-pool model

Fluid shifts between interstitium and plasma in every cyl-
inder are described considering nonlinear effects of protein
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concentrations in plasma and the action of the lymphatic
pump (Fig. 2d), resulting in the following mass balance
(ml/min):
dIntFs . dPVg .
e dr
where dIntFg/dt, dPVg/dt represent the change of IntFg and
PV with respect to time, Qpy s and Oy ymph s are the rate of
fluid shift from plasma to interstitium through the capillary
membrane and from interstitium to plasma through the
lymphatic pump, respectively. Qp;s in ml/min was
calculated using the Starling equation [22]:

Opis = K - [(Pc — Pinr) — (TIe — i), (15)

where capillary hydrostatic pressure (Pc), interstitial fluid
pressure (Prr), plasma oncotic pressure (Ilc), and inter-
stitial fluid oncotic pressure (Ilj,g) are expressed in
mmHg.

For the filtration coefficient K, the value for a human
forearm for muscle tissue in [ml/(min*100 g tis-
sue*mmHg)] [22] was used. Muscle tissue was chosen
because of its predominance in the limbs, high water
content [36] and its decisive role in fluid shifts during body
posture manipulations [2]. In case of the lower leg, an
additional influence of body posture on the filtration
coefficient K; was considered, according to [7]. The muscle
volume (ml) in each cylinder was calculated using the
muscle mass (g) and muscle density (Dypsce) in g/ml,
according to [38]. The muscle mass was calculated using
the amount of IntF at the segment (IntFg) and the amount
of IntF per muscle mass (Kgcp muscle) 10 ml/g according to
[36, 38]. The initial values for Pryg, Cpro e Cprop WeTe
set according to their normal range found in [13].

P was calculated for the middle of the cylinder, using
arterial and venous pressure values for supine and vertical
positions presented in [4] (Fig. 1) adjusted to anthropo-
metric data, and the ratio of venous to arterial resistance to
flow (Ry/Rj,), according to [20, 32].

Ilc and I}, were calculated as a nonlinear function of
the protein concentration (Cp,,) as follows [22]:

I =2.1-Cpyo+0.16 - C5, +0.009 - C;, (16)

QPI,S - QLymph‘Sv (14)

The change of P, was calculated adapting the
nonlinear relationship between IntF and Py, for the
whole body to a body segment, adapting the curve
presented in [14] in terms of the relative amount of IntF
(IntFge) to Pryr (Fig. 3, left).

Note that IntFg is defined by:

IntFg (t )

T (17)

IntFra (1) = s 0y

Accordingly, IntFge (0) =1 (Pp = —3 mmHg). A
mathematical approximation based on the shape of the
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Fig. 2 a General concept for Body i
the model (one segment), b 11- position Pe [mmHg]
cylinder model for the
representation of human body - v dintF /dt AIntF
with R, and IntF distribution (R, R.suc Eq. (10 Int el Two E sl IntF.,.., E>R
in (%) of a HF measurement, Measured E> 8119 l "] pool model __'J(’it T (? —>| Ea.(10) *21ET)
according to values given by A . IntF A
[1]), ¢ cylinder model structure, Anthropometric V. y Vo
and d two-pool model Data —(+ -
(a)
(IntF. in [%] R,. in [%)]
of IntF..) of R, IntF
PV
(3.4 %) 158% R, .. APc [mmHg]
' 253% R,
(1.2%
% R,
(14.7 %) R
9 .
(159 e o Lymphatic
system
(4.8 %) ‘ 0% R ey 7 TR
(b) (c) (d)
IntF,, - P, Curve Q- P Curve Ore1 =0 |V[PIntF] < -3
5 . Ada mdfro = i = : 2 Orel = 0.78 - Pipe + 2.9 |V —3<P,r<3 (19)
m
45} Mai:ematical o Y Meiud ol Oret = 4.6 |V[Pner] > 3
—_— approximation Mathematical

approximation

53 0 5 .10 5 0 5
P e [MmHg] P e [mmHg]

Fig. 3 Relationship between relative IntF, Py, and relative amount
of lymphatic fluid according to [14, 13] and their mathematical
approximations: Egs. 18, 19

function with coefficients calculated using fitting curve
algorithms for Py, in mmHg would be (Fig. 3, left):
-1

5.17
O.3(IHtFRe| — 061) *

Prr = (18)

The lymphatic system was implemented as a
mathematical approximation of the curve relating Py,
(mmHg) and the relative lymph flow (Qg.)) as follows
(Fig. 3, right):

Finally, the effective segmental lymph flow, Qpympn.s
(ml/min) is expressed as:

OLymph,s = Orel - OLs, (20)

where Qg is the nominal value for the segment, calculated
from the amount of whole body lymph flow (3 1 per day
[13]), ignoring the lymph flow during 8 h of sleep, and
relating it to the segmental (Vs) and the whole body
volume (Vg):

31 1h Vs

OLs —

~16h 60 min Vg (21)

In addition a protein concentration for Qy ympn and QOpr s
of 3 (g/dl) as reported by [16], has been assumed.

Table 1 shows a summary of values used for the model
and the respective source. Notice that most of them were
taken from the literature (Table 1), with the exception of
Pk for the torso where a value of —1 mmHg was deter-
mined from an analysis (for details, see Appendix).

2.7 Study design

Nine healthy volunteers (three females and six males with age,
weight, and height averaged & SD 26 + 2.5 years, 66 +
13 kg and 170 £ 8 cm, and with thigh dimensions ¢, and ¢,
of 54.5 £ 5 and 42.7 + 4.9 cm, respectively) participated in
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Table 1 Physiological parameter values used for the initialisation of

the model

Parameter Value Units Reference

Corop 73 g/dl [13]

ChroIntF 3.0 g/dl [13]

Diuscle 1.0414 g/ml [38]

Dgoay 1.070 g/ml [38]

K; 0.0057 ml/(min*100 g [22]
tissue*mmHg)

KeCE muscle 0.175 ml/g [36, 38]

PV 3.0 1 [13]

Prr -3 mmHg [13]

P (Torso) -1 mmHg Estimated

(see Appendix)
Ry/RA 0.1 - [20]

this study after giving informed written consent. The study
protocol was approved by the local Ethics Committee.

Segmental (thigh) and HF BIS measurements were
performed during sequential periods in supine (7 min),
vertical (20 min standing), and supine position (40 min)
with a commercial bioimpedance device (Xitron Hydra
4200, Xitron Technologies Inc., San Diego, CA, USA) and
commercial Al-hydrogel BIS electrodes. Single measure-
ments (repeated 5-6 times every 3-5 s) were performed
every 3—4 min. Thigh measurements were followed by HF
measurements 1-2 min later.

The measurements were performed in a strictly tem-
perature-controlled room (24°C) always in the morning,
2-3 h after waking up. A period of at least 6 h without
eating or drinking and 48 h without strenuous exercise
were prerequisites for the tests. Having a fixed distance
between the feet, and between arms and torso, the subjects

Fig. 4 Diagram showing hand-
to-foot and thigh BIS
measurements
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were advised to remain as still as possible during the
measurements. The electrodes were located according to
the manufacturer’s instructions for the device [40] (Fig. 4),
after removing excessive body hair if necessary.

3 Results

Measurements, Simulink® simulations, and model-based
corrected measurements for subject 1 (as an example) during
the sequence of different body positions for the thigh and HF
BIS measurements are shown in Fig. 5a, b, respectively.

The change of R, with body posture is similar for HF and
thigh BIS measurements: they increase during the supine and
decrease during the vertical position (Fig. 5). However,
changes during standing position are almost twice as fast as
changes during the supine position. The measured AR, (in %)
for both positions is higher for the thigh than for HF. Similar
curves were observed in all subjects, showing differences
only in the magnitude of change. The simulations are in
agreement with the measurements, allowing an effective
reduction of the error produced by body position and time
(see Table 2 for details).

For subjects 3 and 5, the 20-min period in a vertical position
could not be finished due to symptoms of fainting. The HF and
thigh measurements of these two subjects show a higher AR,
(in %) during the standing period than in the other subjects
(mean £ SD for the group without these two subjects: —
10.86 £ 1.11 for thigh and —3.96 £ 1.32 for HF measure-
ments) and a lower change for the posterior horizontal period
(12.49 & 2.43 and 7.47 % 0.68 for thigh and HF measure-
ments, respectively). In contrast, subject 4 showed a smaller
change during the vertical position HF measurements (IAR.|
in % = —1.4). The AR, (in %; mean = SD) for the simula-
tions for the standing period was —13.63 £ 0.20 and

5¢cm

15 cm

 Scm

Current
Injection

(b)
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Fig. 5 Measured, modeled, and 46 -
d R. trajectori duri #  Measurement 660 || * Measurement
correcte e rajectories during 45 Simulation: P, - =3 [mmHg), C,, 7.3 [g/d] 15 —— Simulation: P, =3 [nmHg], C,,  ,=7.3 [g/d]
bOdy pOSitiOH changes for Corrected Measurement ) . ' 650 —— Corrected Measurement 3
subject 1: a for the thigh and b a4 - |
for hand-to-foot measurements . fx“"f — 640} . ]
@ 43 FF N 1o %)
£ 5 £ >
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o 2 ® > B
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1 15 620 rs %
1]
40 610 | . 3
39 ¥ -10 600
0 10 20 {30 40 50 60 |70 0 10 20 30 40 50 60 70
Time (minutes) Time (minutes)
7 Min 20 Min 40 Min 7 Min 20 Min 40 Min
(a) (b)

Table 2 Mean + SD values of the measured R, and ECF in all nine subjects (thigh and HF measurements), measured and corrected AR, and
AECF (in %) of the initial R, and ECF, and error improvement for the standing (20 min) and supine (40 min) periods

Position (period) Measured Corrected A Error reduction Measured AECF Corrected AECF Error reduction
AR, (%R.) R. (%R.) in R, (%) (% ECF) (% ECF) in ECF (%)
Thigh (initial measured values: R, (Q) = 44.02 £+ 15.43, ECF (1) = 0.53 &+ 0.15)
Standing (20 min) —12.15 £ 2.74 1.48 + 2.67 7573 £ 11.17 8.77 £ 2.25 —1.42 +2.21 70.20 £ 14.56
Supine (40 min) 12.17 + 2.80 2.94 + 291 65.36 + 32.58 —7.70 + 1.68 2.56 + 2.10 63.83 £ 24.13
HF (initial measured values: R, (Q) = 662.14 + 89.42, ECF (1) = 16.14 + 3.54)
Standing (20 min) —4.38 + 1.47 3.16 &£ 1.65 49.43 £ 25.51 2.87 + 1.06 —2.08 £+ 1.09 46.5 + 27.3
Supine (40 min) 8.03 + 1.59 1.97 + 0.67 74.8 £ 13.20 —533 £ 1.12 —1.11 +£ 1.09 71.6 + 13.9

—7.29 £ 0.17 for the thigh and HF method, respectively. For
the supine period the values were: 15.18 £ 0.22 and
9.45 £ 0.22 (thigh and HF methods, respectively).

For thigh measurements, in both positions the error
produced in the measured R. was about 12%. A model-
based correction reduces the error to about 3%, i.e. con-
stituting an error reduction higher than 65% (Table 2:
columns 1-3, rows 1 and 2). For the measured ECF, the
error was reduced from about 9 to 3%, i.e., an error
reduction of more than 60% (see columns 4—6, same rows).
For HF measurements, a measured AR, of 8% could be
reduced to about 2% (error reduction of about. 75%, see
columns 1-3, rows 4 and 5). In terms of the measured
ECFy, the error produced during the supine position was
about 0.9 1 (mean value) which, after the model-based
correction, was reduced to about 0.18 1.

4 Discussion

4.1 Model implementation and usability

In the present study, a model based on bioimpedance mea-
surements theory and physiological mechanisms has been

implemented and proposed for reproduction and correction
of the effect produced by changes in body position on BIS
measurements. The model allows to reproduce the influence
of body posture and time on HF and segmental bioimpedance
measurements, requiring easy-to-calculate inputs, i.e.,
anthropometric features of the subjects (or body segment)
and data on body posture. The internal calculations are
mainly based on published physiological parameters. To our
knowledge, only one other study has reproduced the influ-
ence of body posture on bioimpedance measurements [26];
however, this latter investigation was dependent on a very
approximate reproduction of the change in protein concen-
tration in plasma for the supine position reported elsewhere
[16] and, therefore, is not applicable for general use.

The model presented here has been tested only for HF and
segmental (thigh) bioimpedance measurements. However, as
body posture data are transformed into hydrostatic pressure
blood changes, simulations should also be possible for other
body positions. In addition, the composition of the model (an
11-cylinder including in each cylinder a two-pool model)
allows to simulate changes at almost any body segment, based
on fluid shifts between capillary space and interstitial fluid. As
several processes that affect impedance measurements are
related to body fluid redistribution between those spaces (e.g.,
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ambient temperature, food and fluids consumption, ultrafil-
tration, changes in body posture) [5, 21, 27, 34], in the future
the present model might be used to investigate or reproduce
some of these processes. The correction of segmental bioim-
pedance measurements on specific body postures may be of
future importance [17, 27, 34].

Despite these advantages, the model requires a relatively
large amount of variables, which could limit its use to
clinical research only. Future investigations should focus
on simplification of the model for specific applications.

4.2 Model-based correction as an alternative

Based on our results from nine healthy subjects, the model-
based correction allows an error reduction of the influence
of body position (vertical and horizontal) of 65-75% and of
45-72% for segmental (thigh) and whole body (HF) R,
measurements. A smaller error reduction was obtained for
the standing position (HF measurements).

The two methods currently proposed to reduce the
influence of body posture and time are: (1) parallel mea-
surement of torso and extremities, which showed an error
reduction of about 100% for ECF (HF) measurements
according to [41] (11 subjects), and of only 25% according
to [9] (15 subjects) and (2) starting measurements about
20 min after lying supine which, according to our mea-
surements, may reduce the error by 50-60% for a 40-min
period of recumbancy; however, for longer periods the
effectivity decreases with increasing length of the mea-
surement period (e.g., only about 30% for a 4-h supine
period). In clinical use (e.g., during dialysis), body fluid
changes (e.g., ultrafiltration) and fluid redistribution pro-
duced by continuous changes of body posture and time
may take place at the same time. This combined effect is
only taken into account by method 1 and by model-based
correction. From the present, study the following conclu-
sions can be drawn: in terms of effectivity, the model-
based correction can be better than method 2, but may not
be as effective as method 1. In terms of comfort, model-
based correction is as good as method 2.

Even though model-based correction allows a reduction
of the magnitude of the error, further improvements are
possible. During the evaluation periods, differences
between simulations and measurements sometimes pro-
duced a corrected signal with undesired peaks and an
overcorrection of the error (Fig. 5, Table 2). Possible rea-
sons for these differences are measurement conditions, and
limitations of the model.

4.2.1 Measurement conditions

As changes between HF and thigh measurements were per-
formed manually, some error between measurements could be

@ Springer

produced by handling. In addition, in some cases involuntary
muscle movements were observed in the subjects during the
measurements (mainly during standing), which could lead to
differences between simulations and measurements.

4.2.2 Limitations of the model

Even though the model takes important physiological
mechanisms into consideration, some limitations can be
identified. These are discussed below.

4.2.3 Validity of the model for all segments

As discussed in the Sect. 2.4, Eq. 10 is valid for the limbs
due to the high amount of muscle compared to blood (PV).
However, changes in body posture can expand the PV
compartment, thus changing the amount of conduction
through blood. From our calculations these changes at the
thicker part of the calf can produce a change of current
conduction through blood only from 2.5 (supine) to 6.4%
(standing). However, the lower part of the calf presents
much less muscle tissue and a large contribution to the
measured HF impedance. Changes in PV at this part may
have a greater influence than changes in PV at other limb
segments; this indicates that immediate changes in HF
impedance after changes in body posture mainly reflect
changes in intravascular volume, while posterior changes
are mainly due to capillary filtration, as suggested by [11].
This would explain the fast changes in impedance after
changing body posture seen in the HF measurements, but
not in the thigh measurements (Fig. 5).

4.2.4 Consideration of individual differences

The model takes anthropometric differences between sub-
jects into consideration; however, a relatively low SD for
the simulations did not follow the moderately high SD of
the measurements. As relatively high SD values in mea-
surements have been reported by others [9, 41], the low SD
of the simulations indicates differences between subjects
not yet taken into consideration in the model. To establish
which model variables play a major role in the tuning with
measurements, a sensitivity analysis was performed. The
results indicate that all factors with a large influence on
AR, (%) are of a physiological character (e.g., Cp,op and
IntF (P1yr)), while anthropometric factors (e.g., external
dimensions of the thigh and differences in segments length)
seem to play an important role only in the calculation of the
initial R.. As the model requires a measured R. as initial
value, small inaccuracies in anthropometric data (e.g., the
use of Egs. 12, 13) will have a reduced effect on the
results. The two physiological factors with the greatest
effect on the results were the concentration of proteins in
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plasma (Cpyop), and the amount of IntF (Pig). Their
influence on the fluid shift rate between interstitium and
capillary spaces has been reported in simulations [5] and
measurements [11] and is interrelated with fluid volume
state (see Fig. 3). As the normal range for these values [12,
38, 39] is high enough to influence the simulation results,
their influence is highly likely (see Appendix for details).
Cpop and Pryr are prime candidates for the tuning of
simulations and measurements in future investigations.
Other physiological parameters related with microcircula-
tion (e.g., Ky, Ra/Ry), which could be different between
individuals [28] showed less influence in the simulations.

Note that in the present study, the influence of fluid shifts
between ECF and ICF has been ignored and the model corrects
only R, values. Although changes in R; due to body posture
and time have been reported, these changes appear to be much
smaller than R, changes [9], which supports the findings of
Maw et al. [24] and the assumption for the present research.
Based on this assumption, the influence of body posture on
BIS measurements is due to ECF redistributions between the
torso (containing almost 50% of body water) and the limbs
representing almost 90% of the measured HF impedance [1, 9,
41]. Small changes in fluid volume in the limbs are “more
visible” than changes in the torso. Model-based simulations
could be the key to predict these “invisible” changes in body
fluid and thereby avoid errors due to fluid redistributions. Even
so the present model needs R. values as input, impedance
values at specific frequencies could be used [18, 19, 33].

In conclusion, we argue that the influence of body
posture and time is unavoidable on every bioimpedance
measurement. However, the proposed model and model-
based correction procedure constitute a new and effective
alternative to reduce the influence of body posture on
segmental and HF bioimpedance measurements. Since the
model is based on human anatomy and physiology and
only requires as input data easy to obtain, its application is
very suitable in clinical research. Further investigation may
improve the model accuracy and extend its application for
the correction of other influences affecting the accuracy of
bioimpedance measurements.
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Appendix
Calculation of Py, for the torso

Fluid shifts from the legs to the torso for the change of
vertical to supine position, and vice versa, as observed

through bioimpedance [9, 35, 41] and computer tomogra-
phy [2] measurements. Accordingly, fluid in the torso
should flow from the capillaries into the interstitium during
supine position and in the opposite direction during
standing position. Values reported for the chest (lungs
capillaries) [13] were taken to capture the effect of Star-
ling’s forces in the torso, resulting in the right direction
during supine (Fig. 6a, left), but in the opposite direction
during standing position (Fig. 6a, right).

To satisfy the desired result during standing position, the
following relation must be fulfilled:

Pc + Pur + e <Tlc (22)

Equation 22 indicates that during a change from supine
to standing position, a fast change in one of the pressures
(in addition to the change already considered in Pc) is
necessary. As a fast change in Iy, and I1c is not expected
[16, 30] the values for Pc, Iy, and Il for the standing
position can be substituted on Eq. 22:

12 4+ Pror + 14 <28 (mmHg) (23)
P <2 (mmHg) (24)

Considering the directions of the arrows, a value of
Pl = 1 mmHg  (physiologically —1 mmHg) during
standing position was assumed. The result can be seen in
Fig. 6b. Explanations for this value could be: (a) the
influence of gravity in the pleura (standing position should
lead to a reduction of |Py,gl) [31] or (b) an increase in the
intraperitoneal pressure in the lower part of the abdomen
[8], producing a reduction of |Py,l.

Pc=7 —»i—» P|ptr=8
Ilc = 28 <=1 —» TljntF = 14

Pc=12-—9»1—» P|ptr =8
Ilc = 28 <€—i—» TljptF = 14

S=1 =P Resul Y=6 =P Result
= Ex pected ~<<P—1  Expected
Blood IntF Blood IntF

Supine Standing

(@)

Pc=7 —»i—» P|ptF=8
[lc = 28 €—1—» [t = 14

Pc=12=—91—» P|ptF =1
[lc = 28 €—1—» [l|ptF = 14

=1 ==+P» Resul Y— | € Result
— Expected Expected

Blood IntF Blood IntF
Supine Standing

(b)

Fig. 6 Starling’s forces in the torso (in mmHg, signs have been
represented as directions) and expected and produced direction of the
fluid shift between interstitial and capillary spaces for supine and
standing position. a Il¢, Iy, and Ppy,g according to [13]. Pc as
explained in the Sect. 2.6.1. b Py, according to analysis (see text)
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Table 3 Influence of using initialisation values +10% on the simulated AR, (%) and R. (%)

Parameter Thigh Hand-to-foot
Initial AR, (%) standing AR, (%) supine Initial AR, (%) standing AR, (%) supine
R. (%) position 20 min position 40 min R. (%) position 20 min position 40 min

T Cprop 0.0 | 1.37 12.86 0.0 | 1.49 12.17

1 IntF (Pryr) 0.0 1 1.33 1337 0.0 1 0.43 1255

T Ry/Ra 0.0 10.24 1 0.46 0.0 10.13 10.29

T K¢ 0.0 10.20 1033 0.0 10.44 10.92

1 Anthropometric (asymmetric) 1226 10.10 10.15 12.51 10.05 1 0.08

1 Anthropometric (symmetric) 1043 10.02 10.02 1043 10.01 10.01

(1) represents an increase and (]) a decrease

Sensitivity analysis 6. Chamney P, Wabel P, Moissl U, Miiller M, Bosy-Westphal A,

The influence of model parameter values on AR, has been
determined through simulations using nominal parameter
values +10%. Anthropometric changes influenced only the
initial R, value. Changes in the amount of proteins (Cpyo p)
and in fluid volume state (IntF (P,)) present a relatively
large influence on the simulated AR, (see details in Table 3).

Suitability of the influence of different Cp,,p and IntF
(Ppyp) values on AR,:

As healthy Cp,p can range from 6.5 to 7.2 g/dl
(reference [38]) or even between 6.4 and 8.3 g/dl
(reference [12]), which is more than +10%, this
parameter may influence the differences between
simulations and measurements.

Since a mild dehydration constitutes a loss of 3% of
body weight and about 20% of ECF without presenting
any clear symptoms [39], a local change of IntF by 10%
is very possible and the local Py, for each subject
could vary from the assumed initial P,z = —3 mmHg.
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