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Abstract

Background: Measurements of Total Body Electrical Resistance (TBER)
are used to improve fluid balance management in patients on Hemodialysis
(HD). This approach is based on the inverse relation that exists between TBER
and body water volumes. Interpretation errors may occur if TBER measurements
are affected by factors that are not related to changes in body water. Aim of this
paper was to provide an overview of the methodological artifacts commonly
encountered in a clinical setting, and to strengthen current evidence of their
disturbing effects by performing additional experiments.

Methods: This study includes an analysis of available literature data,
supplemented with additional experiments in healthy adults and patients.
A cutoff of 2.7% was used to classify changes in TBER as significant within
individual subjects.

Results: Electrode position, electrode interference, differences of
measurements performed at the right or left side of the body, presence of
orthopedic prosthesis located in the limbs, fluid redistribution induced by long-
term changes in body position, and electrolyte abnormalities were the main
disturbing factors that can induce a significant change in TBER. Other factors

either had no significant disturbing effect or could be easily avoided.

Conclusion: TBER measurements require a high degree of standardization
to minimize interpretation errors.

Keywords: Bioimpedance; Hemodialysis; Single-frequency; Measurement
errors; Standardization

Introduction

Whole-body Bioelectrical Impedance Analysis (BIA) can be
used for fluid balance monitoring in patients on Hemodialysis
(HD) and has been shown to have significant clinical benefits, such
as improvements in fluid status and blood pressure, reduction of
antihypertensive medication, and a reduced number of intradialytic
hemodynamic events [1-5]. Nevertheless, clinicians remain reluctant
to use the BIA technique in clinical practice, probably because of
concerns about the accuracy of volume estimations in individual
patients. In the present paper, we will discuss the potential sources
of these inaccuracies, based on findings described in the literature as
well as data from additional experiments.

BIA is an umbrella term used to encompass a number of
different technologies, of which Single-Frequency BIA (SF-BIA),
Multifrequency BIA (MF-BIA), and Bioimpedance Spectroscopy
(BIS) are the most commonly used methodologies. It is important
to note that they are all based on a two-step procedure. The first
step is measurement of Total Body Electrical Resistance (TBER)
by skin electrodes positioned on the hand and foot or a predefined
body segment. The second step includes translation of the measured
TBER into body water volumes, either based on empirically derived
algorithms or more complex models [6-10]. Therefore, inaccuracies

may either be related to factors that only affect the measurement of
TBER itself, or to computation errors caused by invalid assumptions
in the algorithms translating TBER into body water volumes.

The electrical measurement of TBER itself is very precise, with
an analytical coefficient of variation ranging from 0.07 to 0.30%,
and therefore this cannot account for the observed inaccuracies
in patients [11-14]. In a well-controlled setting, changes in TBER
observed during HD are tightly correlated with the changes in body
water volume induced by Ultrafiltration (UF) [14-16], indicating that
TBER measurements are useful to monitor hydration and to guide
UEF. However, this does not exclude the possibility that methodical
errors or specific clinical conditions can induce changes in TBER
that have no relation with changes in body water volume. If these
disturbing factors are not recognized, a non-volume related decrease
or increase in TBER will be incorrectly translated into an increase or
decrease in calculated body water, respectively. This will lead to either
over- or underestimation of the actual hydration status, and patients
may receive the wrong treatment.

Knowledge of all factors affecting TBER in any specific situation
is required to avoid interpretation errors. This applies to all BIA
approaches using algorithms to calculate body water, as well as all
BIA methods that are based on raw data analysis. Several studies
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already provided an overview of sources of error affecting TBER and
recommended ways to minimize or avoid them [11,17-21]. Examples
of factors that were addressed are electrode placement, body position
during measurement, and the impact of food and beverage. However,
other issues commonly encountered during HD, like blood pressure
measurements coinciding with TBER measurements, HD related
changes in body temperature, and the impact of posture dependent
fluid redistribution have received limited attention. Moreover, the
safety of TBER measurements in patients with implanted electronic
cardiac devices also remains subject of debate.

Most data about TBER disturbances have been derived from
studies in healthy subjects. It is not well known to what extent these
results are applicable in patients on HD. The aim of this study was to
extend the currently available information on methodological factors
and conditions that disturb the relationship between TBER and body
water volume in patients on HD, in order to minimize errors in
hydration status assessment.

Methods
Subjects

This study was performed in various subgroups of healthy
adults and patients visiting either Rijnstate Hospital (Arnhem, the
Netherlands) or Deventer Hospital (Deventer, the Netherlands).
The studies were approved by the local ethics committee of both
institutions, and all subjects gave their informed consent prior to
participation.

TBER measurements

Literature results and additional experiments were based on
TBER measured at a frequency of 50kHz, unless stated otherwise.
This choice was made because 50kHz BIA was the earliest proposed
method for the estimation of body water, and because the majority
of research on interfering factors has been performed at this
particular current frequency. The BIA10l1 Anniversary (Akern
bioresearch srl, Pontassieve, Italy) was used to measure whole-body
TBER in additional experiments, using skin-gel electrodes. In fact,
TBER is not measured directly, but calculated from measured total
body impedance and phase. Under normal conditions, TBER was
measured at the right body side in controls and at the non-shunt
side in patients on HD, with subjects in semi-recumbent position
and with limbs slightly abducted from the body. Current injection
electrodes were placed below the phalangeal-metacarpal joints of
the index and middle finger, and below the phalangeal-metatarsal
joints of the second and third toe. Detection electrodes were placed
in the middle of the posterior aspect of the wrist proximal from the
imaginary line at level of the styloid process of the radius, and at the
ventral side of the ankle joint distal from the imaginary line at level of
the lateral malleolus.

Critical difference

The concept of critical difference of TBER measurements
was used as an objective criterium to quantify the impact of the
investigated error for individual patients. It is defined as the smallest
difference needed to consider a change in TBER significant within
a single subject, with a confidence interval of 95% [22]. The critical
difference of a TBER measurement in adults is 2.7%, and is based on
analytical precision of the TBER instrument and biological variation

within subjects [7,14,23]. For example, in patients with an ECW
volume of 18L, a critical difference of 2.7% implies that the volume
change has to be at least 0.49L in order to become detectable within a
single subject. In this study the critical difference is used as a cutoff to
describe the impact magnitude for each disturbing factor separately.
However, in a clinical setting more than one disturbing factor may
occur. In such cases the errors need to be added up. To avoid a
significant disturbance, it should be realized that the sum of the all
errors factors should not exceed 2.7%.

Statistical analysis

Results of additional experiments were presented as mean *
standard deviation (SD). Differences between groups were tested by a
student’s t-test and intra-individual changes in TBER by paired two-
tailed t-test. Linear regression was performed to explore the relation
between TBER and UF volume (temperature study). A P-value of
<0.05 was considered statistically significant.

Experiments and Results

Impact of alcohol cleaning

TBER is measured by four adhesive electrodes applied to the
skin. To achieve a good signal quality, the skin has to be proper
and dry. In case of dirty or oily skin, impeding proper attachment
of the electrodes, the skin can be cleaned with alcohol prior to
attachment of the electrodes. However, it has been suggested that
alcohol might dehydrate the skin and, thereby, increase the electrode-
skin impedance [24]. Evans et al. investigated the impact of alcohol
cleaning on the TBER in only two patients. TBER measured before
and directly after alcohol cleaning, showed an increase in TBER of
1.3% (7.0Q) and 1.5 % (7.2Q)), respectively [11]. A similar study in 46
adults found a small but significant increase of 0.4% [25]. Because of
the limited data available we decided to study this aspect in a group
of 18 healthy subjects (9 men and 9 women). In this study, alcohol
cleaning was associated with a very small, non-significant decrease
in TBER of 0.5 + 2.1 Q or 0.1 + 0.4% (P=0.29). Changes within
subjects ranged from -6.0 to 3.4 Q (-1.0 to 0.6%) and never exceeded
the critical difference. Note that this topic is only relevant for skin-
gel electrode type devices. It does not apply for stand-on devices or
devices using tactile electrodes.

In conclusion: Cleaning of the skin with alcohol does not affect
TBER.

Shielding of the cables

When performing TBER measurements it is important to
know the degree of shielding of the electrode cables. If shielding is
incomplete, electrical interference may occur between the cables or
between the cables and metallic bed frames, which will disturb the
measurement of TBER. A study in 46 adults showed a small error
of 0.2% related to the use of a metallic hospital bed [21]. To extent
current knowledge, we studied further this aspect with BIA 101 cables
in 20 healthy controls (9 men and 11 women). Cables were attached
to the skin electrodes placed at the standard anatomical positions
on the hand and foot. Initially, TBER was measured with the cables
clearly separated, and then while holding the cables in parallel contact
to each other. Interference was found to be negligible with the cables
in parallel contact, with a mean decrease in TBER of 1.0 + 0.7 Q or
0.2 £ 0.1% (P <0.001). Impact at individual level was far below the
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Figure 1: Impact of detection electrode displacements of the hand and foot on Total Body Electrical Resistance (TBER) measured in individual patients. Electrode
proximalization is indicated by negative distances and distalization by positive distances. The percentages at the top of the figure represent the percentage of
patients with a change in TBER exceeding the critical difference of 2.7% (gray area).
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Figure 2: Impact of changes in inter-electrode distance of the hand and foot on Total Body Electrical Resistance (TBER). Data are presented as mean and
individual values. TBER measured with the pair of electrodes at 6 cm distance represents baseline TBER. The percentages at the top of the figure represent the
percentage of patients with an overestimation of TBER exceeding the critical difference of 2.7% (gray area).
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critical difference of 2.7%, with values ranging from -3.1 to -0.3 Q
(-0.4 to -0.1%).

In conclusion: The cables of the BIA101 device are well shielded.
When measurements are performed with other devices and at other
frequencies, shielding check is recommended.

Impact of detection electrode position

TBER measurements are often used for long-term monitoring.
Since TBER is directly related to length of the segment that is
measured [8], electrode position should be the same at each occasion
to obtain comparable data. In a study of two subjects, Evans et al.
reported that a decrease of the hand-to-foot detection electrode
distance was associated with a decline in TBER of about 1.7% per
cm proximalization of the hand electrode pair and of 1.2 % per cm
proximalization of the foot electrode pair [11]. Gartner et al. studied
8 subjects and confirmed that proximalization of the detection
electrode was associated with a linear decrease in TBER [26].

To extend current evidence, we evaluated the impact of electrode
displacement in 20 healthy subjects (9 men and 11 women). TBER
measurements were first performed with electrode pairs applied to
standard anatomical positions, and then after shifting the detection
electrode in steps of 1cm, up to either 3cm distally or 3cm proximally,
while maintaining the baseline position of the injection electrodes.

TBER proved very sensitive to detection electrode displacement
(Figure 1). It decreased by 11.1 + 2.3 Q/cm (2.1 + 0.3 %/cm) for
proximal shifts of the hand detection electrode and by 8.3 + 2.0 (/cm
(1.5 £ 0.2 %/cm) for proximal shifts of the foot detection electrode. At
individual level, the impacts ranged from 7.5 to 14.4 Q/cm (1.6 to 2.6
%/cm) for shifts of the hand electrode and from 4.7 to 11.8 Q/cm (1.0
to 1.9 %/cm) for shifts of the foot electrode. In 7 of 20 subjects (35%),
one centimeter distalization of the hand detection electrode caused
an increase in TBER that exceeded the critical difference.

In conclusion: Rigorous standardization of detection electrode
position is very important to obtain reproducible results.

Impact of inter-electrode distance

A minimal distance of 5cm between the detection and injection
electrode is advised to prevent electrode interference [27,28].
However, available literature supporting this recommendation is
limited. Gartner et al. measured TBER while decreasing the inter-
electrode distance between the detection and injection electrode at
the hand and foot by a proximalization of the injector electrode in
8 subjects. Some interference was observed when the inter-electrode
distance became <3cm [26]. Russo et al. also observed interference at
an inter-electrode distance of 3cm or less, with a mean overestimation
of TBER of 1.0% in 104 healthy adults [18].

To evaluate the results of previous studies, we performed a
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Table 1: Overview of absolute values and differences in TBER measured at left and right side in controls and at Prosthesis (P) and Non-Prosthesis (NP) side in patients
with Total Hip Prosthesis (THP) and patients with Total Knee Prosthesis (TKP).

Left sided TBER (Q)

Right sided TBER (Q)

Difference (%)

Healthy controls

Men (N = 44)

476 + 59

473 + 62

0.6+3.2

Women (N = 47)

572 + 62

566 * 61

1.0+2.9*

TBER P-side (Q)

TBER NP-side (Q)

Difference (%)

THP patients

Men (N = 25) 436 + 40 441 + 36 -1.2+41
Women (N = 25) 515+48 522 +55 -1.0+£3.9

TKP patients

Men (N = 25) 439 + 53 449 + 51 -2.3+3.4%
Women (N = 25) 512+ 71 526 + 74 -2.7+3.0

Values are presented as mean + SD.

Abbreviations: TBER: Total Body Electrical Resistance; P: Prothesis; NP: Non-Prosthesis; THP: Total Hip Prosthesis; TKP: Total Knee Prosthesis.

Level of significance: #P<0.05; "P<0.001.

Men Women
800 P=0.29 P=0.02
7004
£ 600+
v’
& 500
'—
400 4
300-
Left Right Left Right
2.7% (gray area).

Figure 3: Left-sided and right-sided Total Body Electrical Resistance (TBER), and left-right differences in TBER in healthy subjects. Data are presented as mean
and individual values. The percentages at the top of the figure represent the percentage of patients with a TBER difference exceeding the critical difference of
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similar study in 20 healthy subjects (10 men and 10 women). Initially,
electrodes were applied to the standard anatomical positions.
Baseline TBER was measured at an inter-electrode distance of 6 cm
and, subsequently, TBER was measured while gradually shifting the
hand and foot injection electrodes separately from 6 (baseline) to 0
cm distance to the detection electrodes, in shifts of 1cm, and while
maintaining fixed positions of the detection electrodes.

As demonstrated in Figure 2, a decrease in inter-electrode distance
to 5cm already caused a detectable interference with a small increase
in TBER of 0.4 + 0.6 Q or 0.1 + 0.1 % for the hand (P <0.05) and 1.5
+ 0.8 Q or 0.3 + 0.2 % for the foot (P<0.001). TBER overestimation
gradually increased with each cm decrease in inter-electrode distance.
At Ocm distance it had increased by 8.4 + 2.6 Q or 1.7 + 0.5 % for
the hand (P <0.001) and by 15.1 + 4.3 Q or 2.9 £ 0.7 % for the foot
(P<0.001), where it exceeded its critical difference in 12 of 20 (60%)
patients. Overestimation of TBER that exceeds the critical difference
can occur for inter-electrode distances <2cm.

In conclusion: Inter-electrode distance <2cm will induce
electrode interference that exceeds the allowable error of 2.7%.

Left-right differences
The majority of published TBER normal values have been obtained

by measurements in healthy adults, performed at the right side of
the body. To avoid any bias caused by left-right differences in body
composition, measurements in patients should therefore preferably
be performed at the right side. However, in some conditions this is
not feasible, such as in patients with right-sided limb amputation or
in patients on HD with an arteriovenous shunt in the right arm. In
such cases, the validity of left-sided TBER measurements based on
right-sided normal values may be questioned. A switch from right
to left-sided measurements is only valid if the population normal
range is similar for both sides, and if TBER differences between left
and right sided measurements within a patient does not exceed the
critical difference.

Previous studies investigating TBER left-right differences have
produced conflicting results. In a study of 46 healthy men and 46
healthy women, left-sided TBER was 8.0 + 16 Q higher (1.6%) than
right-sided TBER (P <0.01) [29]. In contrast, Di Iorio et al. found that
left-sided TBER was 1.4 + 2.3% lower than right-sided TBER in 20
healthy right-handed subjects (10 men and 10 women) [19]. These
discrepant finding may be partially related to differences in right/left
side dominance [21,30]. We investigated left-right differences in 91
healthy subjects (44 men and 47 women). Right-hand dominance was
present in 81% of men and in 82% of women. Figure 3 shows left-
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Figure 4: Differences in Total Body Electrical Resistance (TBER) between Prothesis (P) and Non-Prothesis (NP) side in patients with total hip or total knee
prosthesis. Data are presented as mean and individual values. The percentages at the top of the figure represent the percentage of patients with a TBER difference
exceeding the critical difference of 2.7% (light gray area). The dark grey areas represent the total range of left-right differences in healthy subjects.

Total knee prosthesis

12+ 44% 52%
SN
& 1
e 49 | *
o C)F-E’Q) o
@ [LE B Lo e 20 LE N e LR LR LT 6”50 ........
= £00 205° 100
5 4] Oos0 —= 500y
Cog oC | o G
o p OOOO
< -84 o
o |
124 <
Men Women

sided and right-sided TBER values in men and women. Although left-
sided TBER tended to be higher in men, left-right differences were
not significant, with a mean difference of 2.5 + 15.3 Q or 0.6 £ 3.2%
(P=0.29, Table 1). In women, left-sided TBER was significantly higher
than right-sided TBER, with a small difference of 5.7 + 15.9 Q or 1.0
+ 2.9% (P=0.02). Left-right differences did not significantly differ
between men and women (P=0.32). At individual level, left-right
differences may be large, ranging from -34.6 to 28.8 Q (-6.5 to 5.9%)
in men and from -16.0 to 48.1 Q (-2.6 to 8.5%) in women. As shown
in Figure 3, side-switching may introduce an error that exceeds the
critical difference in 17 of 44 men (39%) and in 11 of 47 women
(23%). As TBER is for 90 to 95% explained by the resistance of the
limbs [31], and limb conduction is mainly determined by the limb
lean body mass [32,33], left-right differences in TBER may be related
to differences in limb muscle mass. This relationship was however not
investigated in this study.

In conclusion: Because left-right differences at a group level
were small, the right-sided TBER normal range may be used for
left-sided measurements, if necessary. However, in view of the large
differences within individuals, it is strongly recommended to perform
all repeated TBER measurements on the same side.

Impact of orthopedic prosthesis

BIA manuals advise to exclude patients with orthopedic
prosthesis at the measuring side to prevent metal artifacts. To our
knowledge, there is little evidence to support this advice. We found
only one study. The impact of Total Hip Prosthesis (THP) on TBER
was investigated in 203 patients, 3 months after surgery [34]. In
contrast to expectations, THP did not significantly affect TBER
measurements, with a mean TBER of 553 + 98 ) at the Prosthesis
(P) side and 550 + 92 Q at Non-Prosthesis (NP) side (P=0.40). To
examine this unexpected finding we repeated the THP study, and
added a study about the impact of Total Knee Prosthesis (TKP).
Measurements were performed in the outpatient clinic, at least 6
months after surgery to avoid errors induced by postoperative edema.

The impact of THP on TBER as well as that of TKP was studied
in 100 orthopedic patients (50 men and 50 women). In patients with
a THP (25 men and 25 women), TBER tended to be slightly lower at
the P-side, by -5.2 + 18.1 Q or -1.2 + 4.1% in 25 men (P=0.16) and
by -6.3 +20.1 Q or -1.0 £ 3.9% in 25 women (P=0.13), but statistical

significance was not reached (Table 1). In contrast, TKP significantly
lowered TBER, with a mean P-NP difference of -10.4 + 14.8 Q or -2.3
+ 3.4% in 25 men (P<0.05) and -14.5 + 16.2 Q or -2.7 + 3.0 in 25
women (P <0.001). The impact of THP and TKP on TBER did not
significantly differ between men and women (P=0.85 and P=0.35,
respectively).

Although mean P-NP difference was not significant for THP,
individual differences may be large, ranging from -32.8 to 41.4 Q
(-8.7 to 9.1%) in men and from -47.0 to 33.4 Q (-8.9 to 8.4%) in
women. In 14 of 25 men (56%) and in 11 of 25 women (44%), P-NP
difference exceeded the critical difference (Figure 4). Individual P-NP
differences in patients with TKP ranged from -48.2 to 13.2 Q (-11.0
to 3.0%) in men and from -51.8 to 22.1 Q (-8.7 to 4.5%) in women.
P-NP differences exceeded the critical difference in 11 of 25 men
(44%) and 13 of 25 women (52%). 10 of 25 men (40%) and 12 of
25 women (48%) showed a significant decrease in TBER at P-side.
The small impact of the THP can be explained by its location in the
electrical field of the trunk with its low contribution to TBER because
of its large cross-sectional area [31]. Metallic prosthesis located in the
limbs, such as TKP, will increase limb conduction and thus decrease
TBER. Data on the impact of metallic prosthesis in the arm and
shoulder are currently not available.

The P-NP data were compared to the observed left-right differences
in healthy controls. At group level, mean P-NP differences in TBER
exceeded mean left-right differences observed in healthy controls, i.e.
P=0.06 in men and P=0.03 in women with THP and P<0.001 for men
and women with TKP. Figure 4 shows individual P-NP differences
in relation to total range of normally existing left-right differences in
healthy controls. THP as well as TKP induced a decrease in TBER at
P-side with a magnitude that exceeded that of left-right differences in
controls, i.e. in 4% of men and 32% of women with THP and in 12%
of men and 48% of women with TKP. This indicates that both types
of prosthesis have a disturbing effect on TBER.

In conclusion: Our study confirmed that THP did not
significantly affect TBER at group level. However, its impact in
individual patients can be large and may exceed the normally existing
left-right differences in healthy subjects. TKP systematically lowered
TBER at the prosthesis side, at group level as well as in individuals.
We therefore recommend excluding measurements performed at the
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Impact of electronic cardiac devices

Safety of performing TBER measurements in patients with
Cardiac Implantable Electronic Devices (CIED) is subject of debate.
Electrical interference induced by the BIA device might result in
under-or oversensing of the lead, inappropriate shocks, inhibition of
pacing or other malfunction of the CIED [35]. Theoretically, it is not
likely thata 50kHz electrical current will induce electrical interference,
as this frequency is far away from cardiac frequencies and because
these high frequency currents are attenuated by band-pass filters.
However, current evidence demonstrating lack of interference is still
limited. Three studies examined the safety of TBER measurements at
frequencies of 5 to 500 kHz in a group of respectively 20, 63 and 43
patients with implanted defibrillators [35-37]. In these studies, shock
therapy was temporarily disabled to prevent inappropriate shocks.
They all reported that TBER can be safely measured in patients
without cardiac monitoring, as interference with the CIED was not
observed in any of the patients. Safety was also established by the
studies of Pinto et al. and Chabin et al., in which TBER was measured
at frequencies between 5 and 100 kHz in 62 and 200 patients with
implanted pacemakers or defibrillators, and with on-set of therapy
[38,39]. We extended current evidence by measurement of TBER
to a 50kHz current during a regular CIED check in 55 patients with
pacemakers or defibrillators with on-set of therapy. Interference or
malfunction of the CIED due to BIA was not observed. Of note, BIA
devices performing measurements at lower frequencies require a
similar validation procedure to assess instrument specific safety.

In conclusion: Despite the manufacturers’ recommendation to
avoid BIA in patients with CIED, there is no evidence of interference
when measurements are performed at frequencies ranging between 5
and 500 kHz.

Impact of blood pressure measurement

Blood Pressure (BP) measurements are performed every 30
minutes during HD to monitor hemodynamic stability. In theory,
brief cuff inflations may drive extracellular water from the arm
segment and thereby induce an increase TBER. As studies on this
phenomenon were lacking, we investigated the magnitude and
duration of the BP effect on TBER in 14 healthy subjects (6 men, 8
women). The BP cuff was attached to the right upper arm. The cuff

pressure was rapidly raised to 200mmHg and then gradually deflated
in 30 seconds. TBER measurements were performed before the BP
measurement and then every 5 seconds from the start of cuff deflation
until the TBER value had returned to its baseline. BP measurements
induced a significant increase in TBER with a maximum value of
4.8 + 0.6 Q or 0.8 + 0.1 % (P<0.001). Individual maximum values
range from 1.9 to 8.4 Q (0.4 - 1.6 %) and all were below the critical
difference. The duration of the impact of BP measurement on TBER
was 39.4 + 4.6 seconds, ranging from 8 to 60 seconds.

In conclusion: The impact of brief cuff inflations for BP
measurements is small. Moreover, it can be easily avoided by
performing all TBER measurements before, or at least one minute
after BP measurement.

Impact of HD related changes in body temperature

Fever with a body core temperature >38.5°C is associated with a
9% decrease of TBER [19]. It is therefore recommended to exclude
patients with large changes in body core temperature from TBER
measurement. It has also been shown that changes in ambient
temperature can affect TBER by its effect on skin temperature and skin
blood flow [40-42]. Liang et al. found that TBER increased by 1.43%
for every °C decrease in skin temperature; whereas an increase in skin
temperature induced by a rise in ambient temperature was associated
with a 0.88%/°C decrease in TBER [41]. Kushner et al. reported an
increase in TBER of 1.7%/°C decrease in skin temperature and a
decrease in TBER of 1%/°C increase in skin temperature, induced by
cooling and heating blankets [17].

HD treatment may be associated with changes in body core and
skin temperature when cool dialysates with a temperature of 35-36°C
are used to prevent body heating during HD [43-45]. In addition,
high Ultrafiltration (UF) volumes that lead to hypovolemia may
induce a decrease in skin temperature as result of compensatory
vasoconstriction. Van der Sande et al. found that an UF volume of
3.1 £+ 1.0 L was associated with a decrease in arm skin temperature of
0.9 0.9 °C [46].

As the impact of HD related changes in body temperature on
TBER has never been investigated we performed such a study in 30
patients on HD (19 men and 11 women). Dialysate temperature was
35.3 £ 0.3 °C. Measurements of TBER, core temperature, and skin
temperature of the hand and foot were performed every 30 minutes

Submit your Manuseript | www.austinpublishinggroup.com

Int J Nutr Sci 6(2): id1052 (2021) - Page - 06



Schotman JM

Austin Publishing Group

Legs straight forward
[+ 10% 5% [ 179

Y
1

N
5

)
0

0

o

Change in TBER (%)
e
o
o]
= %@
&

:
0
o]

Supine Sitting Supine

[l
=2}
L

o 1 5 6 10

Time (min)

Figure 6: The impact of a change in body position from semi-supine position to sitting position with the legs straight forward and sitting position with the legs down
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during a single HD session. Skin temperature measurements were
performed close to the position of the detection electrodes. Core
temperature was measured by the tympanic method (Genius 2,
Medtronic, Minneapolis, USA) and skin temperature of the hand and
foot by an infrared device (Fora IR10, ForaCare Suisse AG, Gallen,
Switzerland). The results of Liang et al. and Kushner et al. indicate
that a 2°C decrease in skin temperature may induce an increase in
TBER exceeding the critical difference of 2.7% [17,41]. This change
in skin temperature was therefore used as a cutoff to compare groups.

As presented in Figure 5, core temperature remained stable
during HD with a baseline temperature of 36.4 + 0.5 °C (P=0.32).
Hand skin temperature decreased from 35.3 + 0.4 °C to 34.8 £ 0.8 °C
(P <0.05) and foot skin temperature from 34.8 + 1.5 °C to 33.2 + 3.2
°C (P <0.05). Changes in core temperature ranged from -0.9 to 0.8
°C. One of 30 patients (3%) had a clinically relevant decrease in hand
skin temperature of -2.1°C and 7 of 30 patients (23%) had a decrease
in foot skin temperature >2°C, ranging from -2.4 to -8.3°C. Decreases
in skin temperature occurred mainly during the second half of HD.
To evaluate whether the observed decrease in skin temperature was
associated with a significant rise in TBER we examined the TBER-UF
volume relationship during HD for temperature effects. The mean
UF volume of 2.2 + 0.7 L induced an increase in TBER of 63.9 +
19.6 Q or 12.1 + 3.5%. Individual changes in TBER during HD were
tightly related to corresponding UF volumes, with R* ranging from
0.85 to 0.99. We hypothesized that TBER rises associated with skin
temperature drops would be detectable as a steeper TBER-UF volume
slope during the course of HD. To verify this, TBER/volume slopes
(expressed in ohm per liter UF) were determined for the first part
(0 to 120 min) and second part of HD (120 to 240 min). Then, the
change in slope (Aslope) during HD of patients with foot temperature
changes >2°C was compared to the Aslope of patients without
clinically relevant changes in skin temperature. As shown in Figure
5, Aslope values were not significantly different between both groups
(P=0.69), indicating that HD related changes in skin temperature
did not affect TBER measured during HD. This may be explained by
the fact that changes in skin temperature were limited to the distal
extremities, which are largely outside the TBER measuring area that
extends from the wrist to the ankle joint.

In conclusion: Changes in core or skin temperature can inversely
affect TBER. Uncomplicated HD does not affect core temperature, but

can be associated with a significant decline in foot skin temperature.
However, this had no detectable effect on TBER. We recommend
that in case of fever or hypothermia TBER measurements should be
postponed until normalization of core temperature has occurred.

Body position during TBER measurement

Brief changes in body position are common during a HD session,
for example to reach for a book or to get something to eat. Some
studies reported that these short-term changes in body position affect
TBER [47,48]. In 69 healthy controls, Allinson et al. demonstrated that
transition from supine to semi-supine and sitting position induces
a decrease in TBER of -1.4% and -8.6% respectively, which may be
related to a reduced length of conduction path between the electrodes
[47]. Fenech et al. investigated the transition from supine to sitting
position in 8 patients on HD and found that TBER decreased by 2.3%,
which was completely reversible within a few minutes when patients
returned to their initial position [48].

To extend these data, we performed additional studies on brief
position changes in 20 patients on HD (13 men and 7 women). TBER
was measured before HD in semi-recumbent baseline position and
then in sitting position, with the legs permanently straight forward
in the first experiment and with legs permanently down in the
second experiment (Figure 6). Transition from semi-supine to sitting
position with the legs straight forward induced a decrease in TBER
of -8.1 £3.8 Q or -1.7 £ 0.8 % (P <0.001). Individual changes ranged
from -0.8 to -18.8 Q (-0.1 to -3.9%). The change in TBER exceeded
the critical difference in 2 of 20 patients (10%) after 1 minute and in
1 of 20 patients (5%) after 5 minutes in sitting position (Figure 6).
The impact of transition from baseline to sitting position with the
legs down was somewhat higher. TBER decreased by -9.5 + 4.2 Q or
-2.0 0.9 % (P <0.001). Individual results ranged from -0.6 to -15.5 Q)
(-0.1 to -3.6%), and the impact exceeded the critical difference in 5 of
20 patients (25%) after 1 as well as after 5 minutes in sitting position.
When the subjects returned to semi-supine position, the effect was
completely reversible within one minute, which is in line with the
results of Fenech et al.

In conclusion: As TBER normal ranges have been assessed in
supine position, it is advised to measure all subjects accordingly.
Standardization of body position is important. TBER measurements
have to be postponed for at least one minute after brief position
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Posture dependent fluid redistribution

TBER measurements are generally performed in supine position,
after an equilibration period of 5 to 15 minutes. Such an equilibration
period is commonly recommended because a prolonged change
from standing to supine position is known to be associated with an
increase in TBER due to fluid redistribution from the legs to the trunk
[17,49,50]. The change from upright to supine position reduces the
effect of gravity, lowers leg intravascular pressure and promotes the
reabsorption of interstitial fluid from the leg into the circulation.
Information about the time course and impact of this reabsorption
process is limited and has only been studied in small groups of healthy
adults [17,50-52]. Roos et al. demonstrated a 3.3% increase in TBER
after 60 minutes of recumbency in 10 healthy subjects [51]. Kushner
et al. measured TBER during a 4-hour period in 9 healthy controls
and demonstrated a 3% rise in TBER after 1 hour, which increased to
5% after 2 hours and to 6% after 4 hours [17]. These results suggest
that an equilibration time of 5 to 15 minutes is too short to create a
steady state situation in healthy controls.

As TBER responses to prolonged posture changes may be
quantitatively different in dialysis patients, in particular those with
fluid excess, we studied the individual responses in 23 patients on HD
(19 men and 4 women) [53]. On the day after HD, and also after an
equilibration time of 15 minutes in semi-recumbent position, TBER
was measured every 30 minutes for 2 hours while maintaining the
semi-recumbent position. Baseline TBER increased by 11.6 + 8.3 Q
or 2.4 + 1.7 % after 60 minutes (P <0.001) and by a total of 18.9 + 11.2
Q or 3.8 + 2.3 % after 120 minutes (P<0.001). As shown in Figure 7,
variation at individual level was large, with ATBER ranging from -10.6
t036.4 Q2 (-2.0 to 6.8%) after 120 minutes. At that moment, the change
in TBER exceeded its critical difference in 17 of 23 patients (74%). The
exponential fit in Figure 7 or Equation 1 indicates that a steady state
is still not reached after 120 minutes in semi-supine position. The
time constant of 72 minutes indicates that the redistribution effect
continues for at least 240 minutes before reaching steady state. After
two hours 70% of the plateau level was reached, and this increased
to 91% after four hours. At that moment, the extrapolated total
posture dependent rise in TBER was 4.9%, which is in line with the
observations of Kushner et al.

ATBER after posture change (%) = 5.4 ¢ (1-e00Time)  (Eq. 1)

Since BIA equations to calculate body fluid volumes are validated
on TBER measurements performed after a brief equilibration period,
the TBER increase induced by posture dependent fluid redistribution
will continue and will be incorrectly translated as a decrease in body
fluid volume when measurements are performed after a longer period
in supine position, such as in patients measured at the end of a 3 to 4
hour HD session. In these cases, Equation 1 may be used to estimate
the mean impact of posture dependent fluid redistribution on TBER.
However, due to the large variation between subjects and conditions,
it cannot be used to correct data at individual level.

In conclusion: Posture dependent redistribution induces an
increase in TBER that mainly occurs in the first 2 hours, but may
continue to up to 4 hours. This phenomenon will introduce errors in
the hydration assessment when TBER measurements are performed
after a longer period in supine position.

Impact of electrolyte abnormalities

Algorithms translating TBER into body water volumes assume
a constant value for the specific electrical resistance of body
water (resistivity, p). The value for p is empirically determined
in bioimpedance spectroscopy, or indirectly incorporated in the
regression equations used in single-frequency BIA [54]. However,
resistivity is not a constant in patients on HD or in other patients
with electrolyte abnormalities. In vitro studies demonstrated that
plasma electrolyte levels are major determinants of p in ECW (p__ ),
in particular sodium and chloride levels [55,56]. This implies that
clinical conditions with electrolyte abnormalities will be associated
with abnormal values for p_, such as may occur in patients on HD.
As these changes in p__ are not related to changes in body water, they
may disturb the relation between TBER and body water volumes
[57,58]. Scharfetter et al. demonstrated that changes in p,during
conventional HD induced by electrolyte abnormalities caused ECW
volume estimation errors of up to 15% [58]. The relative impact
of electrolyte shifts on TBER has been investigated in only a few
studies. Roos et al. demonstrated that the change in plasma sodium
is inversely related to the change in TBER measured at 50kHz
(TBER50) in 10 healthy subjects, with R* = 0.90 (P <0.001). Based
on their results, it can be calculated that TBER50 will change by 1%
for each 3.3mmol/L change in plasma sodium [51]. We investigated
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Table 2: Summary of methodological factors and conditions affecting TBER.

Artifact Impact on TBER

Advice

Alcohol cleaning No impact

To achieve good signal quality, the skin can be cleaned with alcohol
if necessary

Shielding of the cables No impact with BIA101 device

Examine the quality of shielding for other devices

Detection electrode position  Changes in TBER ranging from 1.0 to 2.6 %/cm

Standardize detection electrode position

Electrode interference that may exceed the CD

Inter-electrode distance < 2cm induces an increase in TBER

An inter-electrode distance of at least 2cm

Left-right differences 6.5 t0 8.5%

Side-switching introduced differences in TBER ranging from

Perform all repeated TBER measurements on the same body side

Orthopedic prosthesis P-side in individual patients

THP and TKP may induce a significant decrease in TBER at

Perform TBER measurements at NP-side and exclude
measurements performed at P-side

Electronic cardiac devices

Safe for TBER measurements at frequencies of 5 to 500kHz

Investigate safety when measuring TBER at other frequencies

Blood pressure measurements ) ; ;
rapidly disappearing

Minor impact of BP measurement simultaneously with TBER,

Perform all TBER measurements before or > one minute after BP
measurement

HD induced changes in body

Changes in hand and foot skin temperature did not affect

As core temperature may affect TBER we advise to monitor body

temperature TBER; Changes in core temperature were not observed temperature in case of suspected fever or hypothermia
Short-term changes in body | TBER changes of up to 3.9%, but the effect was completely . .

. ) S ; Perform repeated measurements always in the same body position
position reversible within one minute

Posture dependent fluid
redistribution

Long-term changes in body position induce a significant
increase in TBER that continues for more than 4 hours

Correct the TBER for the impact of fluid redistribution when
measurements are performed after a longer period in supine position

Electrolyte abnormalities

change in TBER

Major electrolyte abnormalities may induce a significant

TBER measurements at the time ECW composition is as close as
possible to that of healthy controls (at the end of HD)

Abbreviations: TBER: Total Body Electrical Resistance; CD: Critical Difference; THP: Total Hip Prosthesis; TKP: Total Knee Prosthesis; P-side: Prosthesis-side; NP-
side: Non-Prosthesis side; BP: Blood Pressure; HD: Hemodialysis; ECW: Extracellular Water.

the impact of electrolyte shifts during HD on extracellular TBER
(TBERe) in 23 patients on HD, with near normal electrolyte levels at
start of HD and with only small plasma-dialysate gradients. We found
that 8% of the increase in TBERe during a conventional 4-hour HD
is explained by electrolyte diffusion in well-controlled HD patients
[53]. The results of these studies indicate that the impact of electrolyte
abnormalities on TBER should not be underestimated. It may exceed
the critical difference in patients with major electrolyte abnormalities.
We therefore recommend performing TBER measurements at the
time when ECW composition is likely to be as close as possible to
that of healthy controls. In patients on HD, this occurs at the end of
HD [53,59].

In conclusion: Major electrolyte abnormalities may induce a
non-volume related change in TBER which is incorrectly translated
as a change in body water. We advise to measure TBER at the end of
HD, when electrolyte levels will have normalized and TBER will be
most closely related to ECW.

Discussion

This study provides an overview of methodological artifacts that
may occur when TBER measurements are performed in human
subjects. It is a summary of the findings that have been uncovered
in the past 30 years by researchers active in this field. The additional
experiments we performed to extend current knowledge confirmed or
strengthened most of the findings previously reported in the literature.
Awareness of these confounding factors and the importance of highly
standardized measurements can’t be overemphasized. Although the
mean impact may seem small for most of these factors, the large SD’s
suggested large errors in individual subjects. If not accounted for,
these artifacts will be incorrectly translated into body water volumes,
and thus lead to either over- or underestimation of a subject’s actual
hydration status.

A summary of methodological factors and conditions affecting
TBER is provided in Table 2. Measurements should be performed

under highly standardized conditions to minimize errors in the
body volume prediction. The concept of critical difference was used
as a cutoff to define the significance of changes in TBER induced by
each of the confounding factors. It should be noticed that the critical
difference represents the total error budget for a single measurement.
This implies that the sum of the impact of all disturbing factors
should not exceed 2.7%. The disturbing effect of each confounding
factors should therefore be reduced to a minimum. To achieve that,
we advise to:

. Standardize electrode positioning, by an anatomically fixed
position of the detection and injection electrodes.

. Perform repeated measurements always at the same body
side and in the same body position.

o Not measure TBER at the prosthesis side.
. Exclude patients with abnormal core temperature.

. Consider TBER correction for posture dependent
redistribution of fluid when measurements are performed after a
longer period in supine position. Correction can be performed based
on Equation 1. However, this equation can only estimate mean
impact of fluid redistribution and does not account for large inter-
individual variability.

. Perform measurements at the time when ECW composition
is likely to be as close as possible to that of healthy subjects. Generally,
TBER measurements are performed at the start of HD. However,
at the end of HD, electrolyte levels are most comparable to normal.
Interpretation errors may therefore be reduced by a switch to end-of-
HD measurements.

A limitation of this review is that most of the literature results and
all additional experiments were mainly based on TBER obtained at a
current frequency of 50kHz (TBER50). At this frequency electrical
currents will mainly flow through the ECW space but also partially
though the intracellular compartment [8,14,60,61]. The BIS-derived
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extracellular resistance (TBERe), obtained by a mathematical
extrapolation of the frequency dependent resistance-reactance
plane, is generally considered as the most accurate reflection of
true extracellular resistance and ECW volume [61]. The size of the
compartment that is being measured by TBERe is smaller than that
by TBER50, and therefore changes in ECW compartment will have
a larger impact on TBERe than on TBERS50 [14]. This implies that
disturbing factors are likely to have a larger impact on TBERe than
on TBER50.

Conclusion

TBER measurements should be performed under highly
standardized conditions to avoid or minimize interpretation errors
induced by non-volume related changes in TBER.
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