Use of multifrequency bioelectrical impedance
analysis for estimation of total body water
and extracellular and intracellular fluid volumes
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Objective—To evaluate the use of multifrequency
bioelectrical impedance analysis (MF-BIA) for estimating total body water (TBW), extracellular fluid
volume (ECFV), and intracellular fluid volume (ICFV)
in horses.
Animals—9 healthy mares.
Procedure—TBW and ECFV were measured by use
of deuterium oxide and sodium bromide dilution techniques, respectively. Intracellular fluid volume was
calculated as the difference between TBW and ECFV.
Concurrently, MF-BIA recordings were obtained by
use of 4 anatomic electrode positions and 3 measurements of length. Models for MF-BIA data were
created for all combinations of length and anatomic
electrode position. Models were evaluated to determine the position-length configuration that provided
the most consistent estimates of TBW, ECFV, and
ICFV, compared with values determined by use of the
dilution techniques.
Results—Positioning electrodes over the ipsilateral
carpus and tarsus and use of height at the tuber
sacrale for length provided the closest estimate
between values for TBW, ECFV, and ICFV predicted by
use of MF-BIA and measured values obtained by dilutional techniques. This model had the narrowest 95%
limits of agreement.
Conclusions and Clinical Relevance—MF-BIA
techniques have been used to predict changes in
TBW, ECFV, and ICFV in healthy and diseased
humans. Results reported in this study provide an
equine-specific model to serve as the basis for further evaluation of MF-BIA in horses with altered fluid
states. The MF-BIA techniques have a number of
potential applications for use in horses, including
evaluation of exercise physiology, pharmacologic
studies, and critical-care management. (Am J Vet
Res 2004;65:320–326)
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E

stimates of total body water (TBW), extracellular
fluid volume (ECFV), and intracellular fluid volume (ICFV) are relied on when formulating plans for
fluid replacement, determining drug doses, and monitoring patient responses to treatment. Although
radioactive tracers have been used to evaluate fluid
compartments in research settings, they have not
proven practical for use in clinical situations, which are
characterized by dynamic fluid balance.1-13 An accurate,
inexpensive, noninvasive, and portable technique that
allows for rapid detection of changes in body fluid
compartments would provide a valuable diagnostic and
therapeutic tool. Bioimpedance analysis has the potential to provide such a technique, with applications in
equine medicine and exercise physiology as well as
other research investigations.
Monitoring of body weight represents 1 means to
evaluate acute changes in TBW in horses.
Unfortunately, for longer periods and changing nutritional status, this measure of TBW flux may become
less accurate and more difficult to interpret. Total body
water has also been measured in horses by use of the
distribution spaces of deuterium,1,2 antipyrine,3 and tritium.4,5 Values for TBW in horses range from 0.610 to
0.710 L/kg.1-5 However, estimating changes in TBW by
use of volume markers is complex, requires attainment
of steady-state conditions, does not permit sequential
repetitive assessments, and may not be accurate for all
clinical conditions.
Extracellular fluid volume has also been measured
in horses by use of dilution techniques, including
those that involve sodium thiocyanate and sodium bromide.6 Estimates of ECFV range from 0.212 to 0.308
L/kg, depending on experimental circumstances and
the technique used.7-13 The long equilibration time
required for tracer studies makes these methods poorly suited for detection of acute changes in ECFV, such
as those caused by dehydration, hyperhidrosis, or diarrhea.
To the authors’ knowledge, direct measurements of
ICFV have not been performed in horses. This variable
has been estimated by use of dilution techniques to
determine ECFV and TBW and then the calculation of
ICFV as the difference between TBW and ECFV. Direct
knowledge of ICFV can be important when evaluating
nutritional status, dehydration, or response to fluid
therapy.
Although tracer studies are currently the criterionreferenced standard for measurement of TBW and
ECFV, bioelectrical impedance analysis (BIA) is an
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alternative technique that can be used to accurately
predict these volumes in humans and other animals.
Bioelectrical impedance analysis is based on the fact
that an electric current is conducted poorly by fat and
bone but conducted well by tissues containing primarily electrolytes and water. Bioelectrical impedance
analysis has been used in a number of species to evaluate TBW or body composition, including humans,14-16
cats,17,18 harbor seals,19 bears,20 dogs,21 pigs,22 and horses.2 It is gaining acceptance in humans for use in evaluating athletic potential,23 monitoring changes in body
composition during disease states,24,25 and estimating
ECFV for drug-dosing purposes.26
A dual-frequency bioelectrical impedance device
has been developed for use in predicting TBW, ECFV,
and ICFV in horses.2 This technique relies on BIA measurements performed at only 2 frequencies (ie, 5 and
200 kHz). When applied to a regression model, it accurately predicts fluid volumes in euhydrated horses.
However, dual-frequency techniques may be inadequate to detect changes in these compartments or in
critically ill patients in which ECFV and ICFV relationships are perturbed.27 On the basis of results from
research in human subjects, multifrequency (MF)-BIA
provides more accurate determination of absolute fluid
volumes and changes in these volumes, compared with
dual-frequency techniques.27-29 The MF-BIA uses 50
logarithmically spaced frequency measurements ranging from 5 to 1,000 kHz to compute the electrical resistance characteristics of complex, heterogeneous conducting fluids, such as animal tissues. The model
requires resistivity coefficients for male and female
subjects. These coefficients are unique for each species
and specific anatomic electrode configuration. To our
knowledge, these coefficients or the ideal anatomic
electrode configurations have not been determined in
horses.
The purpose of the study reported here was to create an MF-BIA model to evaluate TBW, ECFV, and
ICFV in horses. Specifically, the ideal anatomic electrode positions and specific tissue resistivity coefficients for horses were determined by comparing estimates of TBW, ECFV, and ICFV obtained by use of MFBIA to measurements of TBW, ECFV, and ICFV
obtained concurrently by use of dilutional techniques.
Materials and Methods
Animals—Nine clinically normal, euvolemic, adult
mares were used in the study. Horses ranged from 416 to
572 kg and represented several breeds. The study protocol
was approved by the University Animal Use and Care
Administrative Advisory Committee.
Procedure—Feed was withheld for 12 hours prior to the
study. Feed and water were withheld during the first 6 hours
of data collection.
Body weight was determined in all horses by use of a digital walk-on scale. Morphometric measurements for length
included height at the top of the shoulders (ie, withers),
height at the tuber sacrale, and distance from the tail to the
point of the shoulder. Sodium bromide (NaBr)a was diluted in
deuterium oxide (D2O)b to create a 7.9% solution of NaBr.
Bromide (25 mg/kg; approx 30 mg of NaBr /kg) and D2O (0.4
g/kg) were administered IV during a 3-minute period via a
catheter inserted in the right jugular vein.

Blood samples (5 mL) were collected into evacuated
serum tubes before and 1, 3, 5, and 6 hours after administration of NaBr and D2O. These samples were collected via a
catheter inserted in the left jugular vein. All tubes were centrifuged, and serum was separated and stored at –20oC until
analyzed for deuterium and bromide concentrations.
Calculation of TBW by use of D2O dilution—Dilution
techniques were used to estimate TBW by use of serum deuterium concentrations measured in samples obtained before
and 3 and 5 hours after administration. These time points
were chosen on the basis of the optimal window (2 to 7 hours
after administration) reported1 for TBW calculation by use of
deuterium. Serum samples were extracted, and concentrations of D2O in condensed water were determined in duplicate by use of Fourier transformation infrared spectroscopy,
as described elsewhere.17,18,30,31 Deuterium measurements were
determined as the mean result for the duplicate analyses.
Samples in which duplicate measurements differed by > 5%
were not used. Deuterium concentrations at 3 and 5 hours
were compared to confirm equilibration.
Values for TBW were calculated by use of the following
equation:
TBW = ([D • APE • 18.02]/[MW • 1,000 ∆]) X 0.96

where D is the dose (ie, number of grams) of D2O, APE is
the atom percentage excess D2O of the injected dose (ie,
0.999), MW is the molecular weight of D2O (ie, 20.03
g/mL), ∆ is the difference in D2O APE before and after
administration, and 0.96 represents the correction factor for
the binding of deuterium to acidic amino acids and other
nonexchangeable sites.2
Calculation of ECFV by use of NaBr dilution—
Bromide concentrations were determined in triplicate by use
of high-performance liquid chromatography, as described
elsewhere.6,17,18 Values for ECFV were estimated by use of
serum bromide concentrations in samples obtained before
and 5 and 6 hours after administration.6 Concentrations at 5
and 6 hours were compared to confirm equilibration.
The concentration in the sample obtained 5 hours after
administration was used to calculate ECFV by use of the following equation:
ECFV = (Br dose/[Br5h – Br0h]) X 0.9 X 0.95

where Br dose is the dose of bromide administered, Br5h is the
serum bromide concentration at 5 hours, Br0h is the bromide
concentration before administration, 0.9 is the correction
factor for uptake by erythrocytes, and 0.95 is the correction
factor for the Gibbs-Donnan effect.
Calculation of ICFV—Values for ICFV were calculated
as the difference between TBW and ECFV concentrations.
Thus, ICFV = TBW – ECFV.
Other hematologic and biochemical analyses—Blood
samples (2 mL) were collected before and 1 and 6 hours after
administration of NaBr into evacuated tubes containing potassium EDTA. Samples were refrigerated and analyzed to measure
PCV and plasma total protein (TP) concentration; these measurements were obtained within 12 hours after sample collection. The PCV was determined by the microhematocrit method
by use of samples obtained before and 1 and 6 hours after
administration. Plasma TP concentration was estimated by use
of refractometry on plasma harvested from the same samples.
Sodium, potassium, chloride, and total CO2 concentrations were measured in serum samples collected before and 1
and 6 hours after administration of NaBr. Values were determined by use of a commercial chemistry analyzer.c Serum
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used for determination of electrolyte concentrations was from
the aforementioned samples frozen at –20oC.
Measurement of MF-BIA—Following administration of
NaBr, measurements of bioelectrical impedance were obtained
for all horses. Each horse was restrained in a standing position
in a stock; all metal surfaces of the stock were covered with
plastic. Precisely determined anatomic areas in the region of the
carpus, elbow, stifle, and tarsus were clipped and prepared with
alcohol, and subdermal tetrapolar platinum electrodesd were
placed 2.5 cm apart within those areas. Electrodes were placed
parallel to the ground surface at each anatomic location.
The tetrapolar electrodes were placed subdermally in 4
configurations that represented the direction of current flow
through tissues. The first configuration (head-tail [H-T]) was
1 pair of electrodes positioned over the right side of the cranial border of the first cervical vertebrae and a second pair of
electrodes positioned over the caudal aspect of the region of
the right tuber ischii (Fig 1). The second configuration (ipsilateral elbow-stifle) was 1 pair of electrodes positioned at the
most proximal and caudal aspect of the right olecranon and
a second pair of electrodes positioned on the dorsal aspect of
the right tibia over the tibial tuberosity. The third configuration (contralateral elbow-stifle) was 1 pair of electrodes positioned at the most proximal and caudal aspect of the left olecranon and a second pair of electrodes positioned on the dorsal aspect of the right tibia over the tibial tuberosity. The
fourth configuration (ipsilateral carpus-tarsus [ICT]) was 1
pair of electrodes positioned on the palmar aspect of the right
accessory carpal bone and a second pair of electrodes positioned on the dorsal aspect of the right tarsus at the level of
the medial malleolus (Fig 2).
A bioimpedance analyzere was used to obtain measurements of resistance (R) and reactance (Xc) at each of 50
frequencies ranging from 5 to 1,000 kHz. Impedance (Z)
θ) were then computed from the meaand phase angle (θ
sured values for R and Xc. The MF-BIA measurements were
repeated for each of 4 configurations. Data were transmitted
from the analyzer to a personal computer and stored until
subsequent analysis.
The R of extracellular water (RE) and R of intracellular
water (RI) were computed from the generated Z and θ spectral data for each electrode configuration. The Z and θ data
were fitted to an enhanced version of the Cole-Cole model of
current conduction through heterogeneous biological tissues

Figure 1—Anatomic position of electrodes and length measurement for the head-tail configuration. Pairs of electrodes were
positioned over the right side of the cranial border of the first
cervical vertebrae and over the caudal aspect of the right tuber
ischii (A). Length measurement used for this configuration was
height at the highest point of the dorsal spinous processes of
the thoracic vertebrae (ie, withers; B).

by use of iterative nonlinear curve-fitting algorithmsf derived
for use with the bioimpedance analyzer. The enhanced modeling programf extended the original Cole-Cole model to
allow for frequency invariant time delays caused by the speed
at which electrical information was transferred through a
conductor.
Predicted extracellular and intracellular fluid volumes
were estimated for each electrode configuration from the
modeled RE and RI values; this was achieved through the
use of equations formulated from the Hanai mixture theory,
which describes the influence of nonconductive material on
the apparent resistivity of surrounding conductive fluid.32
Extracellular fluid volume was estimated by use of the following equation:
VECW = kECW • ([L2 • 冑W]/RE)

where VECW is the predicted total extracellular water volume;
kECW is a scaling factor that accounts for the geometry of
measurements between a defined electrode array, resistivity
of the extracellular fluid, and body density; L is the morphometric length (ie, height at highest point of the dorsal spinous processes of the thoracic vertebrae [ie, withers], height at
the tuber sacrale, or distance from the tail to the point of the
shoulder); W is body weight in kilograms; and RE is the resistance of the extracellular water from the model fit. Values for
kECW, a constant, were derived by regressing the ECFV predicted by use of the MF-BIA against the ECFV estimated by
use of the corrected dilution space for NaBr.
The volume of intracellular water was predicted from
further extrapolation of the Hanai theory by use of the following equation32:
(1 + [VICW /VECW)5/2 = ([RE + RI]/RI) • (1 + [{kD • VICW}/VECW])

where VICW is the volume of intracellular water, RE and RI are
the resistance for extracellular and intracellular water from
the model fit, respectively, and kD is the ratio of the apparent
resistivity of intracellular water to extracellular water. The
value for kD was derived by the iterative prediction of
VICW/VECW, and adjusting kD until a minimum mean error
between the predicted and measured values was obtained.
Predicted TBW was calculated as follows:
TBW = VECW + VICW

Figure 2—Anatomic position of electrodes and length measurement for the ipsilateral carpus-tarsus (ICT) configuration. Pairs of
electrodes were positioned on the palmar aspect of the right
accessory carpal bone and a second pair of electrodes positioned on the dorsal aspect of the right tarsus at the level of the
medial malleolus (A). Length measurement used for this configuration was height at the top of the tuber sacrale (B).
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Statistical analysis—All data were expressed as mean ±
SD unless otherwise indicated. Comparisons between hematologic and biochemical data were performed by use of a
paired Student t test. Predicted MF-BIA values for TBW,
VICW, and VECW were compared with values for TBW, ICFV,
and ECVF, respectively, which were obtained by use of dilutional methods for each combination of electrode locations
and morphometric length measurements. These comparisons
were made by use of linear regression, calculation of the
mean value of the error between the 2 measurements,
Student t tests, and the 95% limits of agreement.33 BlandAltman plots were used to illustrate differences between
mean values obtained by use of the 2 techniques.34

Results
Dilutional estimates of TBW, ECFV, and ICFV—
Comparison of deuterium concentrations in samples
obtained 3 and 5 hours after administration did not
reveal a significant (P = 0.407) difference in TBW. The
deuterium concentration at 3 hours was used for all
analyses, except when the duplicate measurements differed by > 5%. In those cases, the serum deuterium
concentration in the sample obtained at 5 hours was
used. Mean ± SD value for TBW for all horses was
345.8 ± 53.9 L (ie, 0.67 ± 0.06 L/kg).
Comparison of serum bromide concentrations in
samples obtained 5 and 6 hours after administration
did not reveal a significant (P = 0.698) difference in
ECFV between these 2 values. The sample obtained at
5 hours for 1 horse was destroyed during transport to
the laboratory; thus, the sample obtained at 6 hours for
that horse was used for dilutional measurement. Mean
ECFV for all horses was 109.6 ± 14.3 L (ie, 0.214 ±
0.01 L/kg). Mean calculated ICFV was 236.3 ± 30.5 L
(ie, 0.458 ± 0.06 L/kg).
Results for MF-BIA—Two horses would not tolerate placement of electrodes on the tarsus. Data for these
2 horses were excluded only from calculations for the
ICT configuration. Placement of electrodes for all other
configurations was tolerated well by the horses.
Results were determined for the 4 anatomic configurations and each of 3 morphometric length measurements (Table 1). Values for each of the fluid-compartment volumes were estimated by use of the dilutional and MF-BIA techniques (Table 2).
The model with the smallest error for ECFV was
determined by use of the ICT configuration with length
measured at the height of the tuber sacrale
(Fig 3). Mean ± SD predicted ECFV determined by use
of the MF-BIA for the 7 horses on which we obtained
data for this configuration was 112.5 ± 10.8 L, which was
in strong agreement with the estimate of 112.5 ± 14.4 L
obtained by use of the dilutional technique. Regression
analysis of ECFV measured by use of the MF-BIA versus
ECFV estimated by use of the dilutional technique yielded a high correlation (R2, 0.86; P = 0.003). Mean difference between the 2 techniques was 0.00 ± 5.7 L, and the
95% limits of agreement were –11.4 L to +11.4 L (Fig 4).
Additionally, regression analysis between the error of the
2 measurements and the mean of the 2 values (R2, 0.44;
P = 0.11) indicated that size of the error did not correlate
with the magnitude of ECFV.
The ICT electrode configuration with length measured at the height of the most dorsal point of the

tuber sacrale was also the configuration with the
smallest error for TBW (Fig 5). Mean TBW predicted
by use of the MF-BIA for the 7 horses on which we
obtained data with this configuration was 359.1 ±
36.9 L, which was close to the estimated value
obtained by use of dilutional techniques (359.1 ± 54.3
L). Regression analysis of TBW measured by use of the
MF-BIA versus TBW estimated by use of the dilutional technique yielded a high correlation (R2, 0.82;
P = 0.005). Mean difference between the 2 techniques
was –0.02 ± 26.2 L. The 95% limits of agreement were
Table 1—Mean ± SD of the error and mean absolute error for
extracellular fluid volume (ECFV) and total body water (TBW)
determined in healthy adult female horses by use of multifrequency bioelectrical impedance analysis (MF-BIA) for 4 electrode position configurations and 3 length measurements
Mean  SD error
Configuration*

Mean absolute error

ECFV (L)

TBW (L)

ECFV (L) TBW (L)

H-TBody
H-TScapula
H-TPelvis

0.00  11.8
0.00  9.6
0.00  10.4

–0.01  30.3
0.01  31.5
–0.01  31.3

8.9
6.4
7.9

23.4
24.0
25.6

IESBody
IESScapula
IESPelvis

0.00  11.8
0.00  9.5
0.00  10.0

0.01  71.1
–0.02  68.4
–0.01  64.1

9.1
6.4
6.8

59.6
52.2
50.2

CESBody
CESScapula
CESPelvis

0.00  15.4
0.00 12.8
0.00  13.6

0.00  87.0
0.00  82.9
0.01  79.1

11.9
9.3
9.9

71.6
68.5
64.0

ICTBody
ICTScapula
ICTPelvis

0.00  6.5
0.00  5.8
0.00  5.7

0.01  29.9
0.01  28.6
–0.02  26.2

4.6
4.2
3.8

25.1
23.3
20.0

*Electrode configurations involved positioning of electrodes at
various anatomic regions, including the carpus, elbow, stifle, and
tarsus and use of 3 morphometric length measurements.
H-T = Head-tail; electrodes positioned at cranial aspect of the
right side of the first cervical vertebrae and over the caudal
aspect of the right tuber ischii. IES = Ipsilateral elbow-stifle; electrodes positioned at the most proximal and caudal aspect of the
right olecranon and on the dorsal aspect of the right tibia over the
tibial tuberosity. CES = Contralateral elbow-stifle; electrodes positioned at the most proximal and caudal aspect of the left olecranon and on the dorsal aspect of the right tibia over the tibial
tuberosity.ICT = Ipsilateral carpus-tarsus; electrodes positioned
on the palmar aspect of the right accessory carpal bone and on
the dorsal aspect of the right tarsus at the level of the medial
malleolus. Body = Distance from the point of the shoulder to the
tuber ischii. Scapula = Distance from the ground to the highest
point of the dorsal spinous processes of the thoracic vertebrae
(ie, withers). Pelvis = Distance from the ground to the top of the
tuber sacrale.
Table 2—Estimated volume of various fluid compartments
determined by use of a dilution technique and predicted volume
of various fluid compartments determined by use of an MF-BIA
technique in each of 7 horses
TBW

ECFV

ICFV

Horse Dilution* MF-BIA Dilution† MF-BIA Dilution‡ MF-BIA‡
1
2
3
4
5
6
7

341.0
365.3
340.6
410.3
423.3
374.1
259.0

334
359.6
366.3
403.9
404.6
342.2
303.2

103.7
115.9
116.3
126.4
126.1
114.4
84.9

103.5
116.7
113.9
128.2
123.7
106.2
95.6

236.3
249.4
224.3
283.9
297.2
259.7
174.1

230.5
242.9
252.4
275.6
280.8
236.1
207.6

Values reported are number of liters.
*Dilution technique used deuterium oxide to estimate TBW.
†Dilution technique used sodium bromide to estimate ECFV. ‡Value
for ICFV calculated as the difference between TBW and ECFV values.
ICFV = Intracellular fluid volume.
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Figure 3—Comparison of extracellular fluid volume (ECFV) in
horses calculated by use of a dilution technique and ECFV predicted by use of multifrequency bioelectrical impedance analysis
(MF-BIA) for the ICT electrode configuration with length measured at the height at the tuber sacrale. The dashed line represents the line of equality.

Figure 4—Representative Bland-Altman plot illustrating the difference between ECFV estimated by use of MF-BIA for the ICT
electrode configuration with length measured at the height at
the tuber sacrale and ECFV estimated by use of a dilution technique plotted against the mean of the 2 methods. The solid line
is the mean difference (bias), and dashed lines are the limits of
agreement (mean difference ± [1.96•SD]).

–52.4 L to +52.4 L (Fig 6). Additionally, linear regression analysis between the error of the 2 measurements
and the mean (R2, 0.68; P = 0.10) indicated that the
size of the error did not correlate with the magnitude
of TBW.
The ICT electrode configuration with the length
measured at the height at the point of the tuber sacrale
revealed that the mean ICFV, predicted by use of MFBIA for the 7 horses on which we obtained data with
this configuration, was 246.6 ± 25.7 L. The mean ICFV
derived by use of the dilution techniques was 246.4 ±
40.8 L. Regression analysis of these 2 estimates of ICFV
yielded a high correlation (R2, 0.77; P = 0.009). Mean
difference between the 2 techniques was –0.16 ± 21.9
L. The 95% limits of agreement were –44.0 L to +43.6
L. Additionally, linear regression analysis between
error of the 2 measurements and the mean (R2, 0.50;
P = 0.07) indicated that there was not a significant relationship between the size of the error and the magnitude of ICFV.

Figure 5—Comparison of total body water (TBW) in horses calculated by use of a dilution technique and TBW predicted by use
of MF-BIA for the ICT electrode configuration with length measured at the height at the tuber sacrale. The dashed line represents the line of equality.

Figure 6—Representative Bland-Altman plot illustrating the difference between TBW estimated by use of MF-BIA for the ICT
electrode configuration with length measured at the height at
the tuber sacrale and TBW estimated by use of a dilution technique plotted against the mean of the 2 methods. The solid line
is the mean difference (bias), and dashed lines are the limits of
agreement (mean difference ± [1.96 • SD]).

Hematologic and biochemical results—Mean ± SD
PCV before administration of NaBr (40.6 ± 5.3%) was
significantly (P < 0.001) higher than the PCV in samples obtained 1 (29.9 ± 3.2%) and 6 (32.0 ± 2.8%)
hours after administration. This decrease in PCV after
bromide administration was similar to that reported in
another study6 that used 6 of the same mares. The TP
concentration before administration was not significantly different from the TP concentration in samples
obtained 1 or 6 hours after administration. Sodium,
potassium, and total CO2 concentrations did not differ
significantly between samples obtained before and 1 or
6 hours after bromide administration. There was a significant increase in the mean chloride concentration
from the sample obtained before administration (96.7 ±
1.4 mmol/L) to concentrations in the samples obtained
1 (97.8 ± 1.1 mmol/L; P = 0.012) and 6 (98.2 ± 1.1
mmol/L; P = 0.034) hours after administration. This
represented the expected increase in measured chloride
concentration attributable to the bromide anions. On
the basis of the manufacturer’s evaluation,g the ionselective electrode in the analyzer reportedly records
0.7 mmol of bromide/L for 1 mmol of chloride/L, which
is similar to the magnitude of the increase in the chloride concentration for the study reported here.
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Discussion
Analysis of results of the study reported here
revealed excellent agreement between MF-BIA and
conventional (dilution) methods for detection of
ECFV and TBW and calculation of ICFV. Therefore,
MF-BIA can be used to evaluate ECFV, ICFV, and TBW
in standing, awake, healthy horses.
The optimal anatomic electrode configuration
identified in the study (ICT) is similar to the optimal
configuration used in the dual-frequency BIA model
described for horses.2 However, this was not the ideal
configuration identified in cats by use of the same MFBIA model.18 Reasons for this difference are most likely
attributable to the standing position of horses as well
as other anatomic differences between species. The
ICT electrode configuration accommodates the extensive tissue mass of the proximal limb segments of horses. A head-to-tarsus or neck-to-shoulder configuration
may also prove to be accurate by incorporating the cervical musculature. The H-T (cervical region to tuber
ischii) configuration was not as accurate as the ICT
configuration, and this may have been a result of variability in length measurement attributable to head
movement.
The best length measurement identified for the
ICT configuration was height at the tuber sacrale.
Ideally, the length measurement should represent the
distance along the body between the 2 pairs of electrodes. However, obtaining these measurements in
standing horses is problematic because of varying limb
positions. We decided to evaluate the 3 morphometric
measurements described in this study because they
were easily repeatable and represented a constant relationship to the length between pairs of electrodes. A
combination of all 3 length measurements was also
evaluated, but this did not improve the accuracy of the
model.
The ICT configuration was the configuration least
tolerated by the horses in the study. Specifically, 2 horses reacted strongly to electrode placement over the tarsus and would not stand quietly while the MF-BIA
measurements were made. A less sensitive area proximal to the tarsus may be a reasonable alternative site
that would allow similar electrode positioning with
improved tolerance. The H-T configuration that used
height at the withers also had good accuracy and may
represent a more practical alternative to be used in
clinical settings (Fig 1). All horses tolerated electrode
placement for the H-T configuration well, and height
at the highest point of the dorsal spinous processes of
the thoracic vertebrae (ie, withers) is a common value
known by most horse owners.
Our regression model was created for healthy, nonpregnant, euvolemic mares. Studies15,16 with human
subjects suggest that different models may be needed
for males and females, and sex-specific equations are
often used. Differing ethnic populations and body
types may also require that adjustments be made to
standard models; this variability may also apply to differences in sexes and breeds of horses.35 Additionally,
increases in fat-free mass may contribute to errors in
measurements, particularly in terms of underestimation when predicting TBW.14 These factors require fur-

ther evaluation in horses. Evaluation of Bland-Altman
plots suggests that the model may become less accurate
at lower values of TBW and ECFV (Fig 4 and 6).
However, regression equations for these data did not
reveal a significant relationship between the mean
value and size of the error. It is possible that a larger
number of data points would change this finding. The
horse with the lowest body weight in the study consistently had the largest error in terms of difference
between values predicted by use of MF-BIA and values
estimated by use of dilution techniques for TBW and
ECFV. Analysis of the data with exclusion of values for
this horse improved the accuracy of the model but did
not change the results. It is unknown whether this
horse represented decreased predictability of the model
at smaller fluid volumes or whether it represented an
unrecognized error during data collection or analysis
or some unique finding particular to that horse. Testing
of the model with a wider range of body weights is
needed to investigate this observation.
A large number of potential applications exist for
the use of MF-BIA in horses. Responses to fluid therapy could be monitored frequently, allowing for rapid
alterations when necessary. For example, horses racing
in endurance competitions could be monitored before
the race and at subsequent checkpoints, thereby minimizing dehydration that is common during these
events. Drug doses could be based on a more accurate
estimate of volumes of distribution for various fluid
compartments, rather than simply relying on body
weight. Nutritional status could be monitored. Thus,
research and clinical uses of this technique potentially
have wide applications in equine medicine.
The model for anatomic electrode placement identified in the study reported here provides a starting
point for additional studies on the use of MF-BIA in
horses in research and clinical settings. The next step
is validation of the model created in this study on additional horses and for conditions of fluid fluxes, such as
dehydration and volume expansion. Once MF-BIA has
been validated for these experimental conditions, it
can be applied to clinical settings as a means of rapidly evaluating changes in fluid balance in critically ill or
exercising horses. The advantages of MF-BIA over
dual-frequency techniques include the fact that MF
systems use multiple data points, mathematical modeling that allows for partitioning of tissues into component parts, and mixture equations that establish a relationship between R and body fluid compartments. In
contrast, dual-frequency systems use multiple regression analyses to establish empirical relationships
between Z at 1 frequency and the ratio of TBW to
ECFV. For these reasons, MF-BIA is a more precise,
less- biased predictor of TBW and ECFV.35 These
advantages may become more important when applying bioimpedance to the altered physiologic state of
critically ill horses, where multiple frequencies will
allow for development of new models and equations in
these populations.
The ICT electrode configuration that used height
measured at the tuber sacrale represented the MF-BIA
model with the smallest error between predicted
(MF-BIA) and measured (dilution technique) values
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for TBW, ECFV, and ICFV in horses. On the basis of
analysis of results of this study, MF-BIA techniques can
be rapidly performed and results are comparable to
those of radioactive tracer studies for measuring TBW,
ECFV, and ICFV in horses. Thus, MF-BIA may be helpful in measuring acute changes in these fluid compartments in horses.
a

Sodium bromide, Fisher Scientific Co, Fairlawn, NJ.
Deuterium oxide, Cambridge Isotope Laboratories, Andover, Mass.
c
Hitachi 717 chemistry analyzer, Boehringer Mannheim, Indianapolis, Ind.
d
Grass platinum, tetrapolar, subdermal 30-gauge needle electrodes,
122 cm, Astro-Med Inc, West Warwick, RI.
e
Hydra ECF/ICF bioimpedance analyzer, model 4200, Xitron
Technologies, San Diego, Calif.
f
BIS 4200 utilities software, Xitron Technologies, San Diego, Calif.
g
Simmons M, Sugahara K, Watanabe M. Development of an improved
chloride electrode for the Boehringer Mannheim/Hitachi 700 series
analyzers, (poster presentation). Natl Meet Am Assoc Clin Chem
New Orleans, 1988.
b

References
1. Andrews FM, Nadeau JA, Saabye L, et al. Measurement of
total body water content in horses, using deuterium oxide dilution.
Am J Vet Res 1997;58:1060–1064.
2. Forro M, Cieslar S, Ecker GL, et al. Total body water and
ECFV measured using bioelectrical impedance analysis and indicator dilution in horses. J Appl Physiol 2000;89:663–671.
3. Spurlock GH, Landry SL, Soms R, et al. Effect of endotoxin
administration on body fluid compartments in the horse. Am J Vet
Res 1985;46:1117–1120.
4. Judson GJ, Frauenfelder HC, Mooney GJ. Plasma biochemical
changes in Thoroughbred racehorses following submaximal and maximal exercise. In: Snow DH, Persson SGB, Rose RJ, eds. Equine exercise
physiology. Cambridge, England: Granta Editions, 1983;408–415.
5. Julian LM, Lawrence JH, Berlin NI, et al. Blood volume,
body water and body fat of the horse. J Appl Physiol 1956;8:651–653.
6. Fielding CL, Magdesian KG, Elliott DA, et al.
Pharmacokinetics and clinical utility of sodium bromide (NaBr) as an
estimator of extracellular fluid volume in horses. J Vet Intern Med 2003;
17:213–217.
7. Crandall LA, Anderson MX. Estimation of the state of
hydration of the body by the amount of water available for the solution of sodium thiocyanate. Am J Dig Dis Nutr 1934;1:126–131.
8. Evans JW. Effect of fasting, gestation, lactation and exercise
on glucose turnover in horses. J Anim Sci 1971;33:1001–1004.
9. Kohn CW, Muir WW, Sams R. Plasma volume and extracellular fluid volume in horses at rest and following exercise. Am J Vet
Res 1978;59:871–874.
10. Muir WW, Kohn CW, Sam SR. Effects of furosemide on
plasma volume and extracellular fluid volumes in horses. Am J Vet
Res 1978;39:1688–1691.
11. Carlson GP, Harold D, Rumbaugh GE. Volume dilution of
sodium thiocyanate as a measure of extracellular fluid volume in the
horse. Am J Vet Res 1979;40:587–589.
12. Carlson GP, Rumbaugh GE, Harrold DR. Physiologic
alterations produced by food and water deprivation during periods of high environmental temperatures. Am J Vet Res 1979;
40:982–985.
13. Epstein V. Relationship between potassium administration,
hyperkalaemia, and the electrocardiogram: an experimental study.
Equine Vet J 1984;16:453–456.
14. Armstrong LE, Kenefick RW, Castellani JW, et al.
Bioimpedance spectroscopy technique: intra-, extracellular, and total
body water. Med Sci Sports Exerc 1997;29:1657–1663.

15. Siconolfi SF, Gretebeck RJ, Wong WW, et al. Assessing total
body and extracellular water from bioelectrical response spectroscopy. J Appl Physiol 1997;82:704–710.
16. Kushner RF, Schoeller DA. Estimation of total body water by
bioelectrical impedance analysis. Am J Clin Nutr 1986;44:417–424.
17. Elliott DA, Backus RC, Van Loan MD, et al. Extracellular water
and total body water estimated by multifrequency bioelectrical impedance analysis in healthy cats: a cross-validation study. J Nutr 2002;
132:1760S–1762S.
18. Elliott DA, Backus RC, Van Loan MD, et al. Evaluation of
multifrequency bioelectrical impedance analysis for the assessment
of extracellular and total body water in healthy cats. J Nutr 2002;
132:1757S–1759S.
19. Don Bowen W, Boness DJ, Iverson SJ. Estimation of total
body water in harbor seals: how useful is bioelectrical impedance
analysis? Marine Mammal Sci 1998;14:765–777.
20. Farley SD, Robbins CT. Development of two methods to
estimate body composition of bears. Can J Zool 1994;72:220–226.
21. Scheltinga MR, Helton WS, Rounds J, et al. Impedance electrodes positioned on proximal portions of limbs quantify fluid compartments in dogs. J Appl Physiol 1991;70:2039–2044.
22. Kraetzl WD, Thiele S, Tomczak J, et al. Bioelectrical-impedance analysis for estimating body-composition of sows in-vivo.
Zuchtungskunde 1995;67:132–146.
23. Segal KR. Use of bioelectrical impedance analysis measurements as an evaluation for participating in sports. Am J Clin Nutr 1996;
64(suppl):469S–471S.
24. Foley K, Keegan M, Campbell I, et al. Use of single-frequency bioimpedance at 50kHz to estimate total body water in patients
with multiple organ failure and fluid overload. Crit Care Med 1999;
27:1472–1477.
25. Song JH, Lee SW, Kim GA, et al. Measurement of fluid shift
in CAPD patients using segmental bioelectrical impedance analysis.
Perit Dial Int 1999;19:386–390.
26. Ward LC, Lingwood BE, Coghlan JP, et al. Is there advantage
in using multiple frequency bioelectrical impedance analysis to predict
gentamicin distribution volume in neonates? Ann N Y Acad Sci 2000;
904:196–198.
27. Gudivaka R, Schoeller DA, Kushner RF, et al. Single- and
multifrequency models for bioelectrical impedance analysis of body
water compartments. J Appl Physiol 1999;87:1087–1096.
28. O’Brien C, Baker-Fulco CJ, Young AJ, et al. Bioimpedance
assessment of hypohydration. Med Sci Sports Exerc 1999;31:1466–1471.
29. Patel RV, Matthie JR, Withers PO, et al. Estimation of total
body and extracellular water using single- and multiple-frequency
bioimpedance. Ann Pharmacother 1994;28:565–569.
30. Backus RC, Havel PJ, Gingerich RL, et al. Relationship
between serum leptin immunoreactivity and body fat mass as estimated by use of a novel gas-phase Fourier transform infrared spectroscopy deuterium dilution method in cats. Am J Vet Res 2000;
61:796–801.
31. Khaled MA, Krumdieck CL, Ong JL. Determination of doubly labeled water by gas-phase Fourier transform infrared spectroscopy. Metabolism 1995;44:1–3.
32. De Lorenzo A, Andreoli A, Matthie J, et al. Predicting body
cell mass with bioimpedance by using theoretical methods: a technological review. J Appl Physiol 1997;82:1542–1558.
33. Bland M. Comparing two methods of measurement. In:
Bland M, ed. An introduction to medical statistics. New York: Oxford
University Press, 1995;269–273.
34. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986;
1:307–310.
35. Deurenberg P, Wode-Gebriel Z, Schouten FJ. Validity of predicted total body water and extracellular water using multifrequency bioelectrical impedance in an Ethiopian population. Ann Nutr Metab 1995;
39:234–241.

Unauthenticated | Downloaded 10/06/22 01:33 AM UTC

326

AJVR, Vol 65, No. 3, March 2004

