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- Cha, Bichul, Glenn M, Chertow, Jorge Gonzalez, J.
Michael Lazarus, and Douglas W. Wilmore., Multifre-
guency bicelectrical impedance estimates the distribution of
body water. J. Appl. Physiol T9(4); 1316—-1819, 1895.—Mul-
tifrequency bioelectrical impedance analysis was used fo esti-
mate the ratio of extracellular water (ECW) to total body
water in subjecis with end-stage remal disease. The body’s
resistance wag measured at frequencies ranging from 1 kHz

to 1 MHz, The impedance index‘(heightalresistance) deter-

mined at Jow frequency (8 kHz) correlated most closely with
ECW {r = 0.886) using sodium bromide dilution as the stan-
dard of comparison. In contrast, the ratio of height squared to
resistance determined at high frequency (500 kHz) correlated
‘most closely with total body water (r = 0.974) using deute-
rium oxide dilution as the standard of comparison. The ratio
of resistance at 500 kHz to resistance at § kHz was directly
correlated (r = (.787)with the ratio of ECW to totzl body
" water. Mulifrequency bioelectrical impedance analysis may
assist in the evaluation of body water distribution in end-
stage renal disease and other clinical disorders of finid vol-
ume and/or distribution.

sodium bromide; deuterium oxide; end-stage renel disease;
correlation . - .

BIOELECTRICAL IMPEDANCE ANALYSIS (BIA) is a widely
studied and valid method of body composition analysis
{11-13, 15, 16). BIA is based on the bioelectricsl princi-
ple of impedance, the vector sum of resistance and re-
zctance. Resistance (R) is the opposition to electrical
curvent related to the length and diameter of a cylinder.
The human body resembles a set of serially connected
eylinders (e.g., arms, legs, and trunk}) with known
height and relatively constani diameter. I{ length and
diameter are known, B reflects the voluime of the cylin-

ders and the composition of their fluids that carry an -

electrical charge. Reactance reflects the component of
impedance due to the presence of capacitive elements,
such as cell membranes.

To utilize this techuique, electrocardiograph (EC(G)-
like suwrface electrodes are placed on the gkin, through
which electrical connections are created between the
body and an impedance meter, The meter determines
the bedy's B to an imperceptible alternating current
passed through the body by measuring the voltage drop
between the wrist and ankle. At a given frequency (typ-
ically 50 kHz), the measured R is & function of the
length and cress-sectional area of conductive mass
within the body. The volume of conduetive mass can
be predicted as a function of the impedance index (ht¥
Ry (1113, 15, 16).

Multifrequency BIA (MFBIA) operates on the princi-
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ple that the body's B is dependent on the frequency of
the alternating current applied. Total body water
{TBW) is distributed between the intracellnlar ICW)
and extracellular water (ECW} spaces and is separated
by cell membranes. Cell membranes separating these
compartinents act as capacitors that insulate the ICW
at Jow frequencies so that predominantly ECW is mea-
sured. At higher frequencies, however, the membranes
are permeable to the current so that ICW and ECW
{TBW) are measured.

Estimates of body water distribution by MFBIA have
been shown to correlate with fluid compartments in
normal animals (8) and in healthy human adults {19).
MFBIA has not been previously employed in body com-
position analyses in humans with acute or chronic ill-
ness or in mdividuals with potentially variable hydra-
tion status. We therefore performed MFBIA in 28
chronic hemodialysis patients, a group in whom abnor-
mal states of body water distribution and tissue hydra-
tion are common and of paramount clinical importance.

" METHODOLOGY

Principles. Assuming the body is a cylindrieal conductor
with a uniform cross-sectionsl area, the B of the body is a
function of the resistivity (p), the length (L), and the cross-
sectional area of the conduetor (A}

R = p x (L/iA)
Multiplying the nomerator and densminator by L yislds
R=px({LxXLVWAXL)

A ¥ L is the voluxne of the conductor (V). Rearranging the
equation yields

Vo= g x (LY

When R at low frequency {By.. ) is included in the above equa-
tion, V approximates ECW; when R at high frequency (Rygn)
is included, V approdmates TBW. Because the specifie re-
sistivity is different between ECW and TBW (p, and ps, re-
spectively), as expressed

ECW = p; X (L% Hion)
TEBW = g X (szngh)

The ratio ECW/TBW can be expressed as the ratie of tweo
eguations above

ECW/TBW = p; X (LRl ey % (L Rppn)
= {p; X BygMpz % i)
Assuming that p; and py are constant
ECW/TRW = Rya/Hiow
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Therefore, the water compartment ratio can be expressed as
a function of the ratic of Ry to Ryu only, excluding the
length of the conductor,

Study subjects. Twenty-eight patients with end-stage renal
disesse (ESRD) on chronic hemodialysis were studied; these
individuals were part of a farger study examining the role of

single frequency BIA in nutritional assessment (8). Individu-

als aged helow 35 or sbove 75 yr, amputees, and individuals
hospitalized within 60 days for a nonvascular access comphi-
cation were ineligible. Efforts were mede to sample a broad

eross-section withregard to age, sex, primary renal diagnosis,

dizbetic status, and body habitus. Each participant was eval-
uated on a nondialysis Thursday or Friday at the outpatient
Clinical Research Center (CRC) at the Brigham and Women’s
Hospital. The study protocol was approved by the Human
Research Committee, and each participant gave written in-
formed consent.

.0 and NoBr dilution. The D0 was pyrogen free 99.9%

-pore (Cambridge Isotope Laboratory, Woburn, MA). A 3%
solution of NaBr was prepared the day before the CRC gvalu-
ation by & research pharmaeist using NaBr powder (89.6%
pure WaBr, Spectrum, Gardena, CA} and standard cold steril-
ization techniques (Millex-G3 0.22-mm filter, Millipore, Bed-
ford, MA). Venous bloed samples were obtained to determing
background concentrations of Dy and NaBr. D,0 (8 ml) and
NaBr (50 mi} were then injected through an intravenous line.
Four hours after the injection, venous blood samples were
drawn from distinct sites to determine the concentrations of
D0 and NaBr et equilibrium. The participanis were in-
structed to refrain from oral intake during the egquilibrium
period.

Whale blood samples were centrifupged at 3,080 rpm for 13
min, and the plasma was stored.in sealed plastic tubes at
—20°0 until analysis. Concentrations of D0 were deter-
mined by using mass spectroscopy (mode! 3-80, Nudlide,
Bellefonte, PA) (20). The coefficient of variation for the analy-
sis of DO by this method is <2% and typically is <0.75%
{(Metabolic Solutions, Merrimack, NH). NaBr concentration
was determined by using high-performance liquid chrama-
tography (model 338, Beckman Instruments, Ramon, CA) us-
ing a modification of a tethed previcusly descmbed (14).

The 1.0 space was calenlated from the administered dose
of the tracer and the concentration at eguilibrium, corrected

. for the background corrcentration (17} The TBW was derived
from the ;0 space by using a correction factor of 1.04 te
account for nonaqueous hydrogen exchange (9, 18): The ECW
was calenlated in a similar manner from NaBr dilution and
was corrected for nonextracellular bromide distribution and
the Donnan equilibrium (2, 5). The TBW and ECW volumes
were converted tomass by multiplying by the density of water
at 87°C (0.994 g/m).

- MFBIA. Bubjects were positioned stpine. Four prepatk-
aged ECG electrodes (Medironics, Haverhill, MA) were ap-
plied to the skin as previonsly described (12}, The impedance
electrodes were secured on the side contralateral to the arte-
rinvenous hemedialysis fistula or graft. Alternating current
was applied with an amplitude of 100 mA at 26 frequencies
distributed from 1 kHz to 1 MHz. Whole body R was mea-
sured by the voliage drop detected at the wrist and ankle.

Standing height was measured to the nearest 5 mm. Body

weiiht was measured on a calibrated scale to the nearest

0.1 ke

Statisticel cnalyses, The impedance index (ht¥R) was de-
termined at each frequency and compared with standards for

ECW and TBW. The Pearson correlation coefficients {r} and

standard errors of estimation were determined, All P values
are two tailed. Statistical analyses and graphical representa-
tion were performed with.-SPS5+/PC (SP38S, Chicago, IL).
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TaBLE 1. Subject characteristics

Men (7 = 13) Women {r = 153
Age, yT 4092109 E7.9+104
Height, cm 175.3+8.4 159.1+7.2
Weight, kg 84.92:16.6 B2.1E10.3
Body mass index, kg/m® 27.8:+4.42 24.6x+4.1
TRW, liters 499450 83,1441
ECW, liters (165x29 . 12.0x17
ECQW/TBW 0.32:0.03 0.36x0.04
Riwy:, §1 572.7%60.5 717.0%72.8-
Rsowtz 50L8x561.0 6503711
Rsoo s, Q 439.7+59.0 BB4.3T08

Values are means * SD; n, no. of subjects, TAW, total body water;
ECW, extracellular water; Bsuys, Ssosu=, and Ryowus, resistance at
g, 50, and 500 kHz, respeciively.

RESULTS

Suhject characteristics are outlined in Table 1. Mean
body weight was 72.4 kg (range 44.6-117.5 kg). TBW
accounted for an average of 60.3% of body weight; BCW
was 34.1% of TBW (range 26.7—41.8%). Table 2 shows
the correlation coefficients hetween ht*/R determined
at varying frequencies along with body water compart-
ments by the aforementioned standard methods. The
correlation between ht¥R and ECW decreased gradu-
ally (r = 0.886~0.828) as the frequency of the alternat-
ing current applied was increased from 1 kHz to 1 MHz.
In contrast, the correlation between hit¥/R and TBW
increased only slightly {r = 0.8964-0.974 at 500 kilz,
= 0.965 at 1 MHz) with increasing alternative cur-
rent. To determine whether results from MFBILA could
be used to approximate the distribution of body water, -
the ratio of R at 500 kIiz to R at 5 kHz (Rguo 1e2d%s wia)
by MFBIA was compared with the ECW/TBW esti-
mated by D0 and NaBr dilution. There was a signifi-
cant correlation between these two variables (R =
0.767, P < 0.001) as shown in Fig. 1. Alinecar regression
eguation describing this relationship was developed

ECW/TBW = 0.757 X (Rgoo kHz/%; kHz) — 0.2068

DISCUSSION

MFBIA was conceived as 2 method to quantify fluid
compartments based on the principle that the body’s

TABLE 2, Correlation coefficients between impedance
index and TBW and ECW at frequencies ranging
from 1 kHz to 1 MHz.

ht¥R stz
TBW ECW
1 kHz 0.984 0.885
5 ¥Hz 0.966 0.886
10 kHz 0.568 0.884
15 kHz 0.G70 (.881
30 kHz 0.973 0.874
50 kHz 0.974 0.868
100 kHz 0.974 0.859
150 kHz 0.9%4 0.895
800 kHz 0.974 0.849
500 kHz 0.974 0.843
1 Miiz 0.965 0.828

ht¥E, impedance index.
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FIG. 1. Scatter plot of ratio of extracellular water to total body
water (ECW/TBW) determined by NaBy/D:Q vs. ratio of resistance
at high and low frequency (Rpy/Ryow ) determined by multifrequency
bioslectical impedance analysis.

Byan reflects TBW (ie., the sum of ECW and ICW),
whereas R, reflects ECW. Ideally, high-frequency al-
ternating currents shounld penetrate cell membranes
completely while low currents should be fully excluded.
Practically, there are technical diffienlties in the deliv-
ery of extreme freguencies because of safety, electrode
polarization impedance, and stray capacitance (1). The
results in Table 2 might reflect some of these difficul-
ties, showing a marginzally reduced correlation of
MFBIA with standards of comparison at the high ex-
ireme {1 MHz) for TBW and the low extreme {1 kHz)

for ECW. It has been suggested thai the impedance

at true extreme frequencies (zero and infinite) can be
predicted from resistive and reactive componenis mea-
sured within a limited frequency range hy employing
the Cole-Cole function (7, 10). We have previcusly ob-
served that the reactive components are measured less
reliably than the resistive compenent, adversely affect-
ing the prediction of B (0 Hz) and £ {=11z).

Figure 1 shows a strong correlation between ECW/
TBW and Fogowud Bs e (7 = 0.767). Although the corre-
lation between ECW/TBW and the resistance ratio was
lower than that between ht*/R and TBW, it should be
noted thai the distribution was more narrow for ECW/
TBW (0.34 = 0.04) than for TBW (40.6 % 10.5 liters).
This reduction in variability attenuaies the magnitude
of the correlation coefficient and highlights some of the
difficulties in vsing the correlation coefficient alone to
compare the strepgth of association of two methods of
clinical measurement (3).

Although this method offers potential for body water
distribution analysis, further improvements in tech-
nique may be required. It appears as if the predictive
power of MFBIA is attenuated by its estimation of
ECW rather than TBW. This may be related in part
to previous findings that MFBIA fails to compartmen-
talize ECW in the trunk segment. In the limbs, muscle
and fat planes are uniformly oriented so that low-fre-
quency alternating current passes through most of the
ECW space. In contrast, the trunk contains nonuni-
formly oriented visceral organs and loops of bowel so
that a considerable proportion of the low frequency
conduction pathway is detoured. In arecent study from
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this laboratory, ~50% of peritoneal fluid (ECW) was
undetected vsing a low-frequency current applied by
MFBIA (4).

Regardless, the ability to detect change on repeated
examinations may prove to be a more clinically meun-
ingfud feature of MFBIA than its capacity to precisely
estimate the actual ECW/TBW. Although we did not
have the opportunity to evaluate our subjects longitudi-
nally, experimentdl results performed in this labbie
tory suggest that MFBIA is highly reproducible (coeffi-
cient of variation < 1.8) so that a biclogically importand
change in the BOW/TBW ratio, as oceurs in many acute
and clhironie illnssses, could be detected with this tech-
nique at the bedside (H. Suzuki, J. D. Rounds, and
D. W. Wilmore, unpublished data). ,

In sSummary, the Rhigh/Rlow {Rﬁpo kHzf’R‘r_, X152} estimated
by MEFBIA was shown to be strongly correlated with the
ECW/TBW as-determined by NaBr and DyO dilution
methods in 28 persons with ESRD of diverse age, sex,
race, baseline renal disease, and body size, and compo-
sition. Serial tests to assess sensitivity to change, and
association of Byia/Ry,. with relevant clinical outcomes,
such as pulmonary funetion, and nutritional and func-
tional status, will be required to better define the rele
of this technology.
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