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ABSTRACT

Diarrhoeal disease is a major cause of infant mortality in this and other developing
countries.The assessment of the degree of dehydration in these children'is often
based on subjective findings alone. These have been shown to be inaccurate as an
assessmént of the degree of dehydration. |

Whole-body impedance (WBI) is a method of measuring total body water which is
used to assess body composition. This WBI technology, which operates at a single
frequency, has been applied to thé assessment of dehydration in children with
diarrhoeal disease.

The normal range of WBI was determined on a group of normaily hydrated children
and was found to have a mean of 746 Q, a standard deviation of 85 Q and 95 %
confidence interval for thé mean from 720 Q to 772 Q. WBI did not depend on age,
mass, height or sex. The WBI of a group of children dehydrated from infantile gastro-
enteritis was measured both before and after rehydration. The dehydrated group had
a mean WBI on admission of 1089 Q and’a standard deviation of 149 Q with a 95 %
confidence interval for the mean from 950 Q to 1109 Q. This value was signiﬁcantly
greater than that of the normal group. The WBI of the dehydrated group after rehydra-
tion was not significantly different from the normal group.

In addition a variable frequency bioimpedance analyser was designed and tested. It
was found to have an error of less than 1% over the frequency range 1 to 100 kHz.
The device was evaluated on 11 normal and dehydrated children. Four dehydrated
children were tested before and after rehydration and this data was compared to a
standard electrical model for WBI. It was found that the model could represent the
measured data over this frequency range. The extracellular resistive element of the
model was mainly responsible for the changes seen during rehydration, suggesting

that dehydration in gastroenteritis is mainly due to fluid loss from the ECF compart-
ment.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1 INTRODUCTION

Diarrhoeal disease is a major cause of infant mortality and morbidity in South Africa
and in all developing countries. UNICEF and WHO estimate that one child dies of
diarrhoea every 6 seconds **. Yach el al (1984)”, on examining the death register
compiled by the South African Céntrai Statistical Services, found that 8984 children
under 5 years of age died of diarrhoeal disease in 1984 in South Africa. This repre-
sented 27,7% of all registered deaths in that age group. Assuming a case/fatality ratio
of 0,6% they estimated that 1,5 million cases of diarrhoeal disease occurred in
children under 5 years of agé in the RSA in 1984. The Red Cross War Memorial
Childrens' Ho'spitai had more than 10 000 admissions for gastroenteritis in 1991°.

An estimated 60 to 70 % of deaths from diarrhoea are caused by dehydration %,
however a major difficulty arising in the managément of diarrhoeal disease is the
assessment of the degree of dehydration “’. The fluid loss in diarrhoeal disease can
only be determined accurately if the mass of the child just prior to the onset of the
diarrhoea is known *'. As this value is very seldom known the assessment of the
degree of dehydration must be based on clinical signs of dehydration such as loss of
skin turgor, sunken fontanelle, sunken eyes and dry mucous membranens 7 However
the clinical assessment of the degree of dehydration in children with diarrhoeal disease
requires considerable experience and has been shown to be inaccurate /. A non-
invasive, accurate and simple bed-side method of quantifying the degree of
dehydration in children with diarrhoeal disease would be most useful. Such a system

would also be of use in the assessment of the response to rehydration therapy




2
bed-side method of quantifying the degree of dehydration in children with diarrhoeal
disease would be most useful. Such a system would also be of use in the assessment

of the response to rehydration therapy particularly in outlying rehydratlon centers
where clinical expertise may be lacking.

Bioelectrical Impedance (henceforth abbreviated to 'bioimpedance) is the impedance
of biological tissue to the flow of electricity. A form of bioimpedance analysis, namely -
whole-body impedance (WBI), is conventionally obtained by passing an alternating
' electncal current (usually 50 kHz) through the whole body, from the right hand to the
right foot and then measuring the voltage drop between these two sntes at the wrist
and ankle. WBI has been shown to correlate well with total body water (TBW), first by
Thomasset in 1962  using the bipolar (two electrode) method and further expanded
upon by Hoffer et al in 1969 * using the now standard tetrapolar (four electrode)
method.

TBW is separated into intracellular fiuid (ICF)‘ and extracellular fluid (ECF)
compartments by cell membranes. The cellmembranes act electrically as capacitors,
allowing high frequency currents to pass through the celis while blocking low frequency
currents. Thus by passing low frequency ( < 5 kHz ) currents through the body one
~ should theoretically be able to measure the impedance of preddminately the ECF and
by passing high frequency ( > 50 kHz ) currents one should be measuring both
compartments. This accounts for the good correlation between TBW and WBI at 50
kHz as reported in the literature. The possibility of using a variable frequency
technique for accurate measurement of body water cdmpanments has far reaching

applications in both paediatric hydrational disorders and clinical medicine in general.

It is further postulated that bioimpedance analysis could be a useful method for
quantifying dehydration in children with diarrhoeal disease. The method is non-.
invasive, safe and is simple to perform. Such a method would be most useful in
outlying rehydration centers to monitor the response to rehydration therapy as well as
to assess when to refer children to tertiary institutions for more advanced therapy.




1.2 OBJECTIVES OF THESIS

1. To review the literature on whole-body impedance (WBI) with regard to the
underlying physical and physiological principles as well as to discuss clinical

studies and applications of WBI technology with an emphasis on body water
determinations.

2. To apply the WBI techniqde of measuring total body water (TBW) to the assess-
ment of dehydration and rehydration in children with diarrhoeal disease using
existing single frequency equipment operating at 50 kHz. The specific

objectives of this part of the thesis are given in chapter 3.2.

3. To develop and test a variable frequency bioimpedance analyser able to measure
WBI (and skin impedance) over a wide range of frequencies. This system will
be tested on subjects and the data compared to a standard electrical equivalent
model of WBI. This will be done in order to determine the accuracy of the
model with regard to 'extracting useful intra- and extracellular body water
parameters. The feasibility of this approach will be discussed in the light of the
findings of this and related studies in the literature. |




- CHAPTER 2
WHOLE-BODY IMPEDANCE ANALYSIS: THEORY AND LITERATURE REVIEW

2.1 INTRODUCTION

This review presents the underlying physics and physiology relating to bioimpedance
measurement. The measurement of WBI, and clinical applications are discussed. The
electrical model of body fluid distribution isp'resented with regard to the assessment
of body fluid compartments.

2.2 THEORETICAL AND PHYSIOLOGICAI_. CONSIDERATIONS
2.2.1 Ohms Law and the Resistance of a Conductor

All substances offer resistance to the flow of electrical curfent. Ohm's law states that
the voltage drop across a conductor (V) is equal to the amount of current flowing
through it (1) multiplied by its resistance (R), that is:

V=IR | (2.1)

The resistance of an electrical conductor is dependent on its physical dimensions, its
configuration and its specific electrical resistivity. The resistance (R) of a cylindrical
electrical conductor of length (L) in centimeters, cross sectional area (A) in square

centimeters and resistivity (rho) in ohm.centimeters is given by the following formula:




R=p (2.2)

L
A

Thus the resistance of a conductor is proportional to the length of the conductor and
inversely proportional to its cross sectional area. Resistivity (p) expresses the difficulty
an electron has in moving through the material due to collisions it experiences with the
atoms. Resistivity varies for different materials. A good conductor such as silver has
a low resistivity (~ 10° 0. cm) and a poor conductor, or insulator, such as glass has
a high resistivity (= 10" Q.cm). The resistivity of blologlcal tissues and fluids depends
on their ionic concentration. This varies from 63 Q.cm for plasma, a good biological
conductor, to 2500 Q.cm for fat, a poor conductor . '

2.2.2 Impedance, resistance and reactance

For ah alternating current the voltege d.rop across the conductor divided by the current
flowing through it yields impedanee Impedance is composed of resistance and a
frequency dependent component called reactance which is due to the capacitive
and/or inductive elements in the conductor. In alternating current theory impedance
(Z) is expressed as a complex number with the real and imaginary components

representing resistance (R) and reactance (X) respectively (equation 2.3).

Z=R+jX : (2.3)
where:
jé Ve ' . (2.4)

The magnitude of the impedance is equal to the square root of the sum of the squares
of resistance and reactance.




[Z] =y R? + X2 | (2.5)

The human body has no significant inductive elements and its reactance i Is' predomi-
nantly capacitive, due to the bilipid Iayer of the cell membranes which behaves as the
dielectric of a capacitor. This aliows only high frequency currents to pass through the
cells. Most measurements of WBI are performed at 50 kHz. At this frequency the
reactance of the cell membranes is minimal, allowing electrical currents to pass
through the cells. Some bioimpedance measuring equipment measure only impedance
while others measure lmpedance resistance and reactance. In practice whole body
impedance is less than 0.5% greater than whole body resistance at 50 kHz 24 . This

implies that the reactive elements of the body are of far less magnitude than the

resistive elements at this frequency and can be effectively neglected.
2.2.3 Volume from impedance

The volume (V) of an electrical conductor can be calculated from the product of the
resistivity (p) of the conductor and its length (L) squared divided by its impedance (2)
(see appendix A for derivation). That is: ’

2
V=l (2.6)

It follows from equation 2.6 that the change in volume (AV) of a conductor can be
~ determined from the change in its impedance (AZ). If the length of. a cylindrical
~ conductor is constant and its volume is increased by an increase in its cross sectional
area then the change in its volume can be calculated from the change in its
impedance by the following equation *°




AV = pLy AL 2.7
72 (2.7)

Where AZ = Z, - 7, and Z, and Z, are the initial and final impedances respectively.
(see appendix B for the derivation)

2.2.4 Resistivity of Body Fluids

Body fluids consist of electrolytes in solution and are thus able to conduct electricity.

Resistivity (p) is considered inversely proportional to the number of free electrolytic
ions (N,). That is:

p =k (2.8)
'

Where k is the constant of proportionality and V is the volume of the solution. The
inverse of resistivity is called conductivity, which is therefore directly proportional to the
electrolyte concentration. This equation has been shown to be accurate in both in vivo
and in vitro experiments?",

2.2.5 Distribution of body water

Total body water (TBW) is distributed into two main compartments namely the
intracellular fluid (ICF) and extracellular fluid (ECF) compartments. The ECF is further
divided into interstitial fluid and plasma.-

At birth TBW constitutes about 80% of body mass but drops to the adult level of 60%
by 1 year of age. The ECF is larger than the ICF in the foetus but this ratio falls to the
“adult level by 9 months of postnatal life ™. The relative percentage of each compart-
- ment for an average adult is given in the table 2.1. '




TABLE 2.1 Distribution of total body water

Compartment Percent of TBW
Extracellular fluid: 33%
- Plasma | - 8%
- Interstitial fluid - 25%
Intracellulaf fluid - 67%

The volume of the body fluid compartments is currently measured indirectly using the
indicator dilution principle. A known amount of an indicator substance is introduced
into one of the compartments. Once the indicator has distributed evenly throughout the
.compartment its concentration is measured. As the amount of indicator introduced is

known, the volume of the compartment can be calculated from its final concentration.

The method of choice for the measurement of TBW is °H,0, an unstable isotope of
water . The ECF volume is measured by saccharides such as inulin, sucrose,
raffinose and mannitol,vions'sﬁch as thiosulfate, thiocyanate and the radionucleotides
of sulphate, chloride, bromide and sodium ®. Plasma volume can be measured by
using substances that are confined to the vascular system and do not enter red cells,
such as Evans blue dye (T-1824), radioiodinated human serum albumin (RISA) and
radioiodinated gamma globulih and fibrinogen. Plasma volume can also be measured

by tagging red cells with radioisotopes of phosphorous, iron or chromium.

No substance is distributed only in the ICF so this compartment is measured by
subtracting the ECF from the TBW * % Likewise no substance is distributed only in
the interstitial fluid so this compartment must be determined by subtracting the plasma
volume from the ECF. |

2.2.6 Impedance of living tissue: An electrical model

Tissues contain numerous cells bonded together. The cell cytoplasm contains electro-




lytes in solution and acts eIectricéiiy as a conductor, the conductivity being proportion-

al to the electrolyte concentration, as discussed above. The cell membrane contains
a lipid bllayer which acts electrically as the dielectric of a capacitor. At low frequencnes
its reactance is high, preventing current from flowing through the cell while at high |
frequencies its reactance is low, allowing current to flow through the cell. Therefore
direct current or low frequency alternating current will not travel through the intracellu-
lar fluid (ICF), due to the high'impedance of the cell membranes, but will pass through
the extracellular fluid (ECF) only. High frequency current will pass through both the
extracellular and intracellular fluids, due to the low lmpedance of the cell membranes

at hlgh frequenc:es

Living tissue has been modelled by a standard electrical circuit (see figure 2.1)
consisfing of a capacitor and two resistors ®. The ECF is modelled as the resistor (R,),
representing the resistance to current through the plasma and the interstitial fluid.
There are no reactive elements in this c_orhpartment. The ICF is modelled electrically
as the resistor (R) in series with the capacitor (C). The resistor represents the
resistance to current through the cytoplasm of the cells. The capacitor represents the
reactance of the cell membranes. These two fluid compartments are connected in
parallel.

Re

R . ¢

FIGURE 2.1 Electrical Model of Biological Tissue

Using this model the impedance of the human body can then be expressed in complex

form as follows (see appendix C for derivation) :
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.RI'Re'(RI*'Rs)*' o 2
Z = (0g? _ J R,
: : 1
(RI+R9)2 + (w0)2 wo(Rl+Re)2+w—c (2.9)

(Where « = 2.

Reactance (the imaginary part of the above equation) has been shown to contribute
negligibly to WBI at 50 kHz*

, S0 the WBI (at 50 kHz) can be modelled by the real part
of the equation as:

' R
ARy (A+A)+—2

7. (00? (2.10)
AR + ] |
( i e) ((00)2




2.3 MEASUREMENT OF WHOLE-BODY IMPEDANCE

Bioimpedance has been used since the 1940's to measure many different biological

11

parameters. Nyboer (1959) > pioneered the use of bioimpedance in the study of

dynam|c changes in the volume of many organs including arterial pulse waveforms
lung volumes and cardiac output.

Whole body impedance is a bioimpedance measurement conventionally measured by
passing a current through the whole-body from the right hand to the right foot and by
measuring the impedance to that current. There are many techniques for measuring
WBI. Thomasset (1962) ® was the first to show that WBI correlates well with total
body water (TBW). In these early experiments the bipolar method, in which the tissue
under investigation is placed between two electrodes, was used. An alternating
current, of constant peak amplitude and of fixed frequency, is passed between these
electrodes and the voltage drop across them measured. From Ohms law (equation

2.1) the impedance of a conductor is equal to the voltage drop across the conductor

divided by the current passing through it. As the current has a constant known '

amplitude, the voltage drop is then directly proportional to the impedance.

The impedance established in this way originates in part frorﬁ impedances produced
at the junction of the electrode and the tissue being examined. In WBI measurements
itis important not to include skin impedénce in the measurement. The skin has a very
high impedance, particularly at low frequencies and can be modelled by the same
electrical circuit>® shown in figure 2.1. The early measurements of WBI by Thomasset
in 1962 * employed the bipolar technique using needles inserted subcutaneously in
order to overcome skin impedance (see figure 2.2). This measurement is invasive and
uncomfortable for the patient. In addition it is known that the electric field produced by
needle electrodes is far from homogeneous in the vicinity of the electrodes, which
gives an additional error in the resuiting impedance®.

For these reasons the tetrapolar method, first described by Hoffer el al (1969) 2 is
now the preferred method of measuring whole-body impedance. In this technique four
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[Signal generator |

| Subcutaneous elsctrodes |

Skin

Subcutaneous
Tissue

FIGURE 2.2 Bipolar measurement of the impedance of biologi-
cal tissue S

[Signal generator |

V

Surface electrodes

Skin

Subcutaneous
Tissue

FIGURE 2.3 Tetrapolar measurement of the impedance of
biological tissue
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surface electrodes are placed on the skin using conductive gel (see figure 2.3). Two
electrodes are used for injecting the constant current. By convention one of these
electrodes is placed proximal to the second metacarpophalangeal joint of the right
wrist and the other is placed proximal to the second metatarsophalangeal Jomt of the
nght foot. The second pair of electrodes are placed between this current path and are
used to measure the voltage drop. One electrode is placed between the radual and
ulnar styloid processes on the dorsal surface of the right wrist and the other is placed

on the dorsal surface of the right ankle between the lateral and medial malleoli.

The Voltage sensing equipment has a very high impedance (= 10"°QY), many orders of
magnitude greater than the skin impedance, so only a negligible amount of current
flows through the skin. Hence the voltage drop from the electrodes to the subcuta-
“neous tissue, through the skin, is negllglble compared with the voltage drop across the
body (see appendix D for a more detailed explanation). Thus the tetrapolar method
is able to overcome the problem of skin lmpedance The distance between proximal
and distal electrodes must be more than 4 cm B4 for a homogeneous current distri-
bution to be obtained.




2.4 CLINICAL APPLICATIONS OF WHOLE-BODY IMPEDANCE MEASUREMENTS

2.4.1 Body composiﬁon

The major clinical appliéation of whole-body impedance measurement to date has
been in the assessment of ‘body composition. Body fat is a poor conductor of
electricity ** and nearly all the current in WBI measurements is conducted by the fat-
free mass (FFM) or lean body mass (LBM). Numerous studies have shown WBI to be

an accurate and reproducible method of assessing body composition® - 10 12.18,24.33,34,
38, 40, 44, 45, 56, 59, 60, 67

| Densitometry or 'underwater weighing' is the technique which employs Archimedes
principle to determine body density and thereby derives FFM from assumptions based
on the densities of fat and lean mass. Lukaski et al (1985) * and Segal et al (1985)
* were the first to show that height squared / WBI and FFM (determined
densitometrically) are highly correlated.

Segal et al (1988)  in a four-site cross-validation study involving 1567 aduits found
the correlation between height squared / WBI and FFM determined by densitometry
to be very good, with r = 0.91. This has been further validated by numerous studies
424.98.45 The bipolar method of measuring WBI is also able to predict FFM ¢ though
is less accurate than the tetrapolar method and is less tolerated, as discussed.above.

WBI has many advantages over other methdds of determining body composition.
Laboratory methods such as densitometry, computed tomography, total body electrical

conductivity, isotope dilution, whole- -body countlng of potassium- 40 and neutron
| activation analysis for total body calcium and N, are expensive and not suited for field

studies. Other techniques developed for epidemiological surveys, such as anthropome--

try, skinfold thickness and infrared interactance have been shown to be less reliable

indicators of body composition
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2.4.2 Total body water

Impedance measurements had been applied to the measurement of many biological
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parameters, such as arterial waveforms and pulsatile flow in many organs  before

a relationship between total bbdy water (TBW) and electrical impedance was first
reported by Thomasset (1962) * using the bipolar technique. This was further
improved upon by Hoffer et al (1969) * using the tetrapolar technique.

In the initial studies Hoffer et al 3% showed that the regressioh of TBW, measured
by tritiated water, on height squared / WBI, measured between electrodes on the hand
and foot, in 20 subjects with normal hydrational status was 0.92. In 34 patients with
abnormal hydrational status, due to either renal failure or congestive heart failure, the
regression coefficient was 0.93. This has been validated by other studies comparing
TBW, measured either by tritiated water * or deuterium *° , With whole-body imped-
ance in people with normal and abnormal fluid status. |

Height squared / WBI and TBW, determined by isotope dilution, have been found to
be highly correlated in all age groups. In preterm infants Mayfield et al (1991) * found
a régression coefficient of 0.90 for the above correlation. Davies et al (1988)'" found
a correlation of 0.97 in children and adolescents and this has been confirmed in the
same age group by others *»**“_|n elderly subjects a regression coefficient of 0.98
has been found"”. '

2.4.3 Extracellular water

At low frequencies (~1 kHz) the reactance of cell membranes is high, so electrical
current does not flow through the ICF. Thus WBI at 1 kHz has been used as a
measure of ECF. A good corrélation has been found between height squared / WBI
and ECF, measured by a radioactive bromide isotope ** and a radioaétive sulphate

isotope ®'-62 - ' | |




2.4.4 Haemodialysis and transceiluiar fluid shifts

Hypotension is a frequent complication seen in haemodialysis *°. The decrease in
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intravascular volume caused by ultrafiltration plays an important role in its pathogene- A

sis. A transceliular fluid shift from the extracellular to the intracellular compartment
may aggravate this depletlon Continuous recording of whole-body impedance at high
and low frequencies during dialysis has been studied with a view to developing an on-
line blood volume indicator 22275084 A 604 correlation between whole-body
impedance and changes in blood volume during haemodialysis has been shown 250,
Changes in the ratio of whole-body impedance at high frequencies to whole- -body
impedance at low frequencies has also been used to predict the .change in blood
volume during dialysis with good results .

2.5 SAFETY CONSIDERATIONS

Any procedure that passes electrical current through the body must be examined for
possible hazards to the subject. The biological effect of electrical current depends on
its freqUency and strength. Altérnatihg cufrents atmains power-line frequency (50 Hz)
stimulate muscle and nerve cells with a threshold for sensation of a few milliamperes.
Much higher currents elicit pain and involuntary muscle contractions. The threshold for
perception of current increases with increasing frequency. For example, the perception
of current using hand-held electrodes 'ihcreases from 100 pA at 10 Hz to 2 mA at 1
kHz, to over 10 mA at 10 kHz -2,

The usual mechanism for lethal shock is ventricular fibrillation although, at much
higher and sustained current levels, respirato'ry paralysis and burns can resuit from 50
Hz currents %, the power-line frequency in this country. At this frequ'ency', a current of
less than 100 pA passed directly into myocardial fibers can induce fibrillation >, When
the frequency is raised to 200 Hz the threshold for fibriliation increases; to over 1 mA
and is much higher at frequencies above 1 kHz. Much larger currents are required to
produce cardiac fibrillation when applied through external electrodes because only a

small fraction of the total current paSses through the heart. Cardiac fibrillation thresh-




olds in the dog, using external electrodes at 1 kHz are about 1 Ampere #°. Thus the
low current levels used in bioimpedance studies (~ 300 uA) at the frequencies used
(above 1 kHz) present no hazard to the patient, provided that the patient does not

have a cardiac pacemaker or any other conductive leads in contact with the

myocardium and that the instrumentation is well isolated from the 50 Hz mains supply.
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CHAPTER 3
WHOLE-BODY IMPEDANCE IN THE ASSESSMENT OF DEHYDRATION IN
CHILDREN WITH DIARRHOEAL DISEASE

3.1 INTRODUCTION: ACUTE INFECTIVE DIARRHOEA IN CHILDREN

Diarrhoea is an imprecise symptom manifested by the "too frequent passage of a too
liquid stool" é. It can be defined numerically as faecal water loss exceeding 200 ml/m?
body surface/day *°. In developing countries it is the major cause of mortality and
morbidity and is related more to socio-economic conditions than climate, to poverty
more than place ' %,

3.1.1 Pathophysiology

Diarrhoea is the result of a disturbance of the normal physiol_ogvy of the gastro-intesti-
nal tract, usually involving the small bowel and sometimes the colon. Large volumes
of fluid enter the proximal bowel through diet and endogenous secretlons of the upper
digestive tract. Water and electrolytes are secreted and Teabsorbed |nto and out of the
intestinal lumen with an overall net inward movement of water and electrolytes.
Electrolytes are transported actively across the lumen and the osmotic gradient thus
created is responsuble for the passive transport of water. Diarrhoea occurs when the
normal balance between absorption and secretion is disrupted. Diarrhoea is often

divided into two broad groups, secretory and osmotic.

In secretory diarrhoea the balance between secretion and absorption is disrupted such
that there is a net flux of water and electrolytes into the intestinal lumen. This may be
due to damage to the enterocyte by the pathogen itself or a toxin released by the
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pathogen. In osmotic diarrhoea the increased fluid flux is due to osmotically active
particles in the intestinal lumen, such as lactose.
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3.1.2 Body Fluid Compartments and Dehydration in Acute Diarrhoea in Children |

The loss of fluid in children with acute diarrhoea is from the ECF with little or no
change in the ICF "% This loss affects both the interstitial fluid and the intravas-
cular fluid compartments of the ECF. Rapidly occuring dehydration may lead to shock
from a precipitous fall in the circulating intravascular volume. Sodium is the major
extracellular cation and is largely responsiblevfor the osmotic pressure of this compart-
ment. In cases of hypernatraemic dehydration (serum sodium 2150 mmol/l) the
osmolality of the ECF becomes greater than that of the ICF so there is a shift of fluid
from the ICF to the ECF. Thus in cases of hypernatreamic dehydration the fluid loss
is from both the ECF and the ICF %, This relative sparing of the ECF may mask the
signs of dehydration in these children. A récent study of 3889 children with diarrhoea
admitted to the drip room of the Red Cross Hospital over a twelve month period found
that 3.8% were hypernatraemic *. In these children the degree of dehydration is often
underestimated *'. These children have a higher incidence of coma and convulsions
than the normonatreamic dehydrated children. The mortallty rate is higher in
~ hypernatraemic dehydration *

3.1.3 Aetiology

An enteropathogen may be identified in about 50% to 70% of faecal specimens of
cases of infantile gastroenteritis ''. The aetilogical agent responsible may be bacterial,

(such as Esherichia coli, Campylobacter Jejuni, Salmonella or Shigella)vviral (mostly

rotavirus) or parasitic (such as Giardia Lamblia). In both developing and developed
countries viruses are the major aetiological agent. In developing countries bacterial
pathogens play a relatively larger aetiological role.
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~ 3.1.4 Clinical Features and Asseséir'lent of the degree of Dehydration

The clinical features of infantile gastroenteritis include diarrhoea and vomiting, signs
of dehydration, s'igns of shock, signs of acidosis and signs of parenteral disease such
as otitis media, respiratory or urinary tract infection. The signs of dehydfation only
appear after there has been significant water loss. These are: dry mucous mem-
branes, decreased skin turQOr, sunken eyes and fontanelle, decréased perfusion,
acidotic breathing, oliguria, Iethafgy and absent tears ™*’. The child is regarded as 5%
~ dehydrated if these signs are present and 10% dehydrated if these signs .are marked
b fhis,assessment'can be extremely subjective and has been shown to be unreliable.

Mackenzie et al ¥’

, In a study of 102 children requiring admission for gastroenteritis,
has shown that the degree of dehydration did not correlate with the presence of
sunken eyes, dry mouth, sunken fontanelle or oliguria or the absencé of tears .They
found that dehydration was overestimated by a mean of 3.2% and that many of the
children admitted because they we're-thought. to be more than 5% dehydrated were

found to be less than 4% dehydrated.

There is at present no simple, quantitative bed-side test-able to display the level of
dehydration. The degree of dehydration can only be determined accurately if the mass
immediately prior to the onset of the gastroenteritis is known. This former value is very

seldom available.

There are many problems with the use of tracer dilution techniques in the measure-
| ment of body fluid compartments in children with diarrhoeal disease. These measure-
ments are expensive and time cohsuming %2 They require several hours for equilibra-
tion of the tracer before blood or urine samples are collected and analyzed for the
tracer substance. Many require repeated blood or urine collectioné over several hours.
Some of these tracer techniques expose the subject to radioactivity and most require

expensive equipment to measure concentrations of the tracer substance.
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Furthermore in children with dlarrhoeal disease the volume of the fluid compartment
being measured is constantly changing due to fluid losses from the GIT and due to.
fluid replacement either orally or parenterally. The fluid compartment volume is
therefore not constant throughout the measuring period, which may be many hours,
In addition collection of blood and urine samples from small children is difﬁcult and

seldom well tolerated.
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3.1.5 Management

In most cases the diarrhoeal disease is self-limiting and lasts only a few days. The
prevention and correction of fluid and electrolyte losses remains the mainstay of
treatment. Shock, if present, is treated with a plasma volume expander (Haemaccel).
A volume of 20 milligrams per kilogram body weight is infused rapidly and the

response assessed. A further bolus of half that volume is infused rapidly if the capillary
perfusion remained poor.

The fluid deficit is calculated as 50 mi/kg for children assessed as 5% dehydrated and
100 mi/kg for children assessed as 10% dehydrated. Maintenance fluids requirements
are calculated as 120 mi/kg for children younger than one year and 100 mi/kg for
children from one to two years of age. The fluid deficit and maintenance requirements
are combined and given over 24 hours *'.

Half-strength Darrow's solution in 5% dextrose water is used. Severe metabolic
acidosis (pH < 7.25) is corrected with 8% sodium bicarbonate. The amount calculated

to correct half the base deficit is given intravenously over 5 minutes.

At the Red Cross War Memorial Childrens Hospital the fluid is given by naso-gastric
tube unless the child is vomiting or severely dehydrated. Antibiotics are only used if
the child is very malnourished, very young (<1 month), has an identified pathogen
known to responsive to specific therapy (such as Shigella, amoebae or Giardia) or has
an intercurrent bacterial infection, in which case an appropriate agent is given. Anti-
diarrhoeal agents are not used as these slow intestinal transit time which may

encourage bacterial overgrowth.




3.2 OBJECTIVES OF STUDY

The objeot of this study was to apply the WBI technique of measuring TBW to the
- assessment of dehydration in children with diarrhoeal disease using eX|st|ng single
frequency equipment operating at 50 kHz (throughout this chapter WBI is the whole-
body impedance at 50 kHz only) It is postulated that whole- -body impedance could

offer an objective method of assessing the degree of dehydration m children with
diarrhoeal disease.

The specific objectives were:

1. To derive normal values of WBI for infants and to evaluate the effect of the interfer-
ing variables of age, height, sex and mass on whole- -body |mpedanoe at 50 kHz
in this population.

2. To determine if there is a significant difference between the WBI of dehydrated
children and normally hydrated children and to see how the WBI after rehydra-

tion compares with that of the normal group.

3. To determine whether correcting for changes in electrolyte concentrations can
improve the accuracy of WBI as a measure of degree of dehydration.

4. To examine the correlation of height squared / WBI on mass in normal and
dehydrated children.

5. To examine the correlation of measured change in body mass of dehydrated
children before and after rehydration on the change in body mass calculated
from the change in WBI.
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3.3 METHODS OF STUDY

3.3.1 Clinical Material

The investigation was undertaken on 43 children with normal fluid status and 16
infants with acute dehydrating diarrhoeal disease. The normals were children seen
at the medical outpatient départment of the Red Cross War Memorial Children's
Hospital, Cape Town. They were children who had minor medical complaints or who
were being followed up for previous ililness. None had gastrointestinal or resplratory
signs or. symptoms. The dehydrated children were all patients requiring admission to
the Drip room, ward A9, of the same hospital.

3.3.2 Selection Criteria for the Dehydrated Children
The following general selection criteria were applied:

1. A history of recent onset of diarrhoea with or without vomiting.

2. Clinical evidence of dehydrafion requiring admission to hospital for rehydration with
intravenous fluids. .

3. The absence of associated systemic infections such as pneumonia.

4. Absence of clinical or biochemical evid‘ence of kwashiorkor or p'erein losing enter-
opathy. _

5. Body mass more than 60% of expected for age, so that marasmic children were
excluded. |

3.3.3 Study design

WBI, mass, electrolyte status and acid- base. status were measured on each child-

~initially and then every 8 hours on each child during rehydration. Age, sex and height
were also recorded for each child with the initial measurement. Clinical assessment
of dehydration was recorded at each reading. The treatment regime used by the staff

of ward A9 has been described previously (see 3.1.5) and this was in no way altered.
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Informed parental consent was obtained in order to perform the WBI measurements

on each child. Percentage dehydration was calculated from the initial and final weights
(Wi and W) using the formula: 100 (WF - Wi) / WA,

3.3.4 Measurement of whole-body impedance

Determination of WBI was Amade using a four terminal bioimpedance analyser
(Bodystat 500) which generates a current of 300 MA RMS. Itis powered by two oV
battenes and is unable to produce an unsafe current or voltage output. The tetrapolar
method was used to overcome skin impedance (see appendix D) . EEG contact
electrodes were used with Elefix EEG Paste (Nihon Kohden, Japan) which has
adhesive properties. The distal electrode pair (current inducing electrodes) were
positioned with one electrode in the middle of the dorsal surface of the right hand just
proximal to the metacarpophalangeal joint and the other electrode in the middle of the
dorsal surface of the right foot just proximal to the metatarsophalangeal joint. The
proximal pair of electrodes (the voltage sensing electrodes) were positioned with one
electrode on the dorsal surface of the right wert between the distal prominences of the
radius and the ulna and the other electrode on the dorsal surface of the right foot
between the medial and lateral malleoli. Care was taken to ensure that the children
were held motionless in the prone position with their arms and legs held away from
the trunk. Insulating gloves were used to ensure that the current did not flow through
the assistant resulting in a false WBI reeding. All readings were taken by the same
operator. These guidelines are summarized in appendix E.

Testing of the Bodystat 500 showed that it could deliver a constant current of 300 HA
at 50 kHz into a load impedance < 5 kQ at < 1 % error. The testing procedure to
determine the maximum impedance that the Bodystat 500 could accdrately determine
WBI is given in appendix I.




3.3.5 Data Analysis
(a) Normally Hydrated Subjects

The méan, standard deviation and range for WBI, age, mass and height of the
normally hydréted group were obtained. Linear regression analysis was used to
determine the correlation of WBI on height, age and mass. A p-value of 0.05 or less
was regarded as significant and a p-value of 0.01 or less was regarded as very
significant. The WBI of the male and female subjects were compared using the t-test
and the same p-values were used to assess significance. Thé WBI of the children
older and younger than 3 months were compared as the percentage TBW of body
mass and the ratio of ECF to ICF are known to change from foetal levels to adult

levels during the first year of life, as discussed earlier (see section 2.2.5).

At birth TBW constitutes about 80% of body mass but drops to the adult level of 60%
by 1 year of age. The ECF is larger than the ICF in the foetus but this ratio falls to the
adult level by 9 months of postnatal life *’. The relative percentage of each compart-
ment for an average adult is give.n in the table 2.1.

(b) Dehydrated Subjects

The mean, standard deviation and range for WBI, age, mass and height of the
dehydrated subjects were obtained before and after rehydration. The 95 % confidence
intervals for the population mean were obtained for thé WBI before and after rehydra-
tion and compared with those of the ndrmally hydrated children using the t-test.

(c) Height squared / WBI and Mass

Height squéred / WBI is known to correlated well with TBW and this hmas been used
in the assessment of FFM and body composition. Linear regression analysis was used
to examine the correlation between height squared / WBI and mass in the normal
children and in the dehydrated children before and after rehydration.
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(d) Correction for electrolyte abnommalities

Electricalicurren't is conducted through body fluids due to the electrolyte content of
biological tissue. As discussed (section 2.2.4) the resistivity of the body fluids is |
inversely proportional to the electrolyte concentratlon In children the normal serum
sodium concentration is from 136 - 143 mmol/l and the normal serum potassium
concentration is from 3.8 - 5. 0 mmol/l °. The WBI was corrected for serum sodium by
multiplying by the sodium concentration and dividing by the m|d -point between the
upper and lower limits of the above normal values (139.5 mmol/l). Similarly WB| was
corrected for serum potassium concentrahon by multiplying by the potassium
concentration and dividing by the mid-point between the upper and lower limits of the
above normal values (4.4 mmol/l). The correlation between height squared divided by
the WBI corrected for sodium concentration on mass was examined. The same was
| performed for height squared divided by the WBI ~corrected for potassium

concentration.
(e) Ethical approval

Approval was obtained from the Ethics Committee of the faculty of Medicine,

University of Cape Town. |
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3.4 RESULTS

3.4.1 Whole-body impedance in the normally hydrated children

Forty-three normally hydrated children were measured. Twenty were fémale and
twenty-three male. The range, mean and standard deviation for whole-body imped-
ance, age, mass and height are given in table 3.1 below. The results for the individual

normal children are given in appendix F.

TABLE 3.1 Whole-body impedance, age, mass and height of 43 normally hydrated children

Variable WBI Age ‘ Mass Height
1 (inQ) (in months ) (inkg) (incm)
Mean 746 8.8 | 824 69.1
Standard deviation 85 5.6 | 2.37 9.1
Minimum | 5 14 | 386 54.0
Maximum 903 23.1 14.50 876

(a) Cormrelation between mass and height squared / WBI in the nommally hydrated
children

Figure 3.1 shows the scatter plot of mass on height squared / WBI for the normal
~group. Linear regression analysis shows a significant correlation ( correlation coeffi-
- cient = 0.93, Intercept = 0.25, Slope = 0.77).
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FIGURE 3.1 Scatter plot of height squared / WBI versus mass in the normally hydrated
children

(b) Whole-body impedance and sex

The statistics for the WBI of the normally hydrated children by sex are given in table
3.2 and compared in figure 3.2. The difference between the WBI of normally hydrated
male and female children was not significaht at the p < 0.05 level ( p value = 0.20, t
value = 1.33 at 41 d.f) . '
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TABvLE 3.2 Whole-body impedance of normalily hydrated children by sex

Variable All normals Males Females
Sample size 43 23 20
Mean WBI (Q) 746 730 764
Standard deviation 85 84 85
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FIGURE 3.2 Mean and standard deviation of Whole-Body Impedance by Sex
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(c) Whole-body impedance énd age

A scatter plot of WBI on age is given in figure 3.3. Linear regression analysis shows
no significant correlation betWeen age and WBI ( correlation coefficient = 0,03 R- |
squared = 0.09 %, SEE = 86.3). The d'ifference between the WBI of children younger
and older than 3 months was not significant at the p < 0.05 % level ( p value = 0.87,

t value = 0.16, d.f. = 41). The statistics of these two groups are given in table 3.3 and
compared in figure 3.4. -
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FIGURE 3.3 Plot of Whole-body Impedance (in Q) versus age (in months) for the normal
group




TABLE 3.3 Whole-body impedance of the normal children above and below 3 months

Variable All normals Age < 3 months Age>3
" months

Sample size 43 7 36
Mean WBI (Q) 746 741 747
Standard Deviation (Q) 85 85 86
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FIGURE 3.4 Mean and standard deviation of Whole-Body Impedance for children older

and younger than 3 months
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(d) Whole-body impedance and height

A scatter plot of WBI on height is given in figure 3.5. Linear regression analysis shows
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no significant correlation between height and WBI (correlation coefficient = 0,016 R- |

squared = 0.026 %).
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FIGURE 3.5 Plot of Whole-body Impedance (in Q) versus height (in ¢m) for the normal group




(e) Whole-body impedance and mass _

A scatter plot of WBI on mass is given in figure 3.6. Linear regression analysis shows

no significant correlation between mass and WBI (correlation coefficient =-0,26 R-
squared = 6.76 %).
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- 3.4.2 Whole-body impedance in dehydrated children and comparisoﬁ with the
normals '

Sixteen dehydrated children were measured comprising of seven males and nine |
females. The mean, range and standard deviation for age, rehydrated mass, height
and percentage dehydration are given in table 3.4. The results for the individual

dehydrated children are given in appendix G.

TABLE 3.4 Physical characteristics, age and percentage dehydration for the dehydrated

subjects
Variable Age Height Mass Percentage
(months) (cm) (kg) Dehydration
Mean | 9.0 - 67.2 7.0 . 8.9
Standard Deviation ' 6.1 : 10.3 24 3.4
Minimum 2.1 49.9 32 | 43
Maximum 19.1 835 10.8 16.3

_(a) Correlation between the age, mass and height of the normal and dehydrated

children

The difference between the age of the normal and the dehydrated children was not
significant at the p < 0.05 level ( p value = 0.87, t value = 0.16, d.f. = 57 ).

The difference between the mass of the normal and the dehydrated children wés not
significant at the p < 0.05 level ( p value = 0.08, t value = 1.77, d.f. = 57 ).

The difference between the height of the normal and the dehydrated children was not
- significant at the p < 0.05 level ( p value = 0.50, t value = 0.67, d.f. = 67 ).




The statistics for the initial WBI of the dehydrated children and their final WBI once
rehydrated are shown in table 3.5 together with the statistics for the WBI of the
normally hydrated children, added for comparison.

TABLE 3.5 Whole-body impedance of the dehydrated children before and after

rehydration and normal children

Variable Dehydrated Rehydrated Normal WBI
WBI (in Q) WBI (in Q) (in Q)

Mean 1029 728 746

Standard Devia- 149 62 85

tion

Minimum 847 595 575

Maximum 1296 807 903

Paired one-sample hypothesis tesﬁng using the t-test showed that the difference
between the WBI of the dehydrated children and the rehydrated children was signifi-
cant at the p < 0.001 level ( t value = 46.9, d.f. = 13).

Two-sample hypothesis testing using the t-test showed that the difference between the
WBI of the dehydrated children and the normally hydrated children was also significant
at the p < 0.001 level ( t value = 9.16, d.f. = §7).

The difference between the WBI of the rehydrated children and the normally hydrated
children was not significant at the p < 0.05 level using the same test ( p value = 0.43,
t value = 0.79, d.f. = 57).The 95% conﬁdence intervals for the population mean of
these groups are given in table 3.6 and shown in figure 3.7.
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TABLE 3.6 Confidence intervals for the whole-body impedance of the dehydrated,
rehydrated and normally hydrated children

Group 95% Confidence Intervals for the population
mean
lower limit (Q) upper limit (QQ)
Dehydrated 950 1109
Rehydrated - 695 - 761
Normal 720 772
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FIGURE 3.7 Graph of the 95% confidence limits for the population mean for the dehydrated,
rehydrated and normal children




(b) Prediction of percentage dehydration from Whole-Body Impedance

A scatter plot of the initial whole-body impedance of the dehydrated children on
admission versus their percentage dehydration on admission is given in figure 3.8.

Linear regression analysis shows a correlat|on coefficient of 0.61 (r = 37.18 % SEE
= 2.75).

3

Whole-body Impedance {in ohms)

Percentage Dehydration

Figure 3.8 A scatter plot of the initial (dehydrated) whole-body impedance (in Q) versus
the initial percentage dehydration
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(c) Correlation between mass and héight squared / WBI in the dehydrated children

The scatter'plot of mass on height squared / WBI for the dehydrated group before and
after rehydration is given in figure 3.9. Linear regression analysis shows a significant
correlation between height squared / WBI and mass for the dehydrated group (correla-
tion coefﬁcient = 0.91, Intercept = 0.69, Slope = 0.62) and for the same group after
rehydration (correlation coefficient = 0.94, Intercept = 1.26, Slope = 0.73).

Height squared / WBI
»

0 2 4 6 8 10 12

-

Mass (in kg)

FIGURE 3.9 Scatter plot of height squared / WBI (in cm?/(Q) versus mass (in kg) in the
dehydrated children () and in the same cliildren after rehydration (a)
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(d) Whole-body impedance in dehydrated children and the effect of electrolytes

The sodium concentrations of the dehydrated children on admission were found to
range from 121 to 153 mmol/l ( mean = 135. 6, s.d. =8.5). Nine children had initial
sodium concentrations below the normal range ( 136 - 143 mmol/t ® ) and two were
hypernatraemic (both with an initial sodium concentration of 153 mmolf).

The potassium concentrations of the dehydrated children on admission were found to
range from 1.6 to 5.2 mmol/l ( mean = 3.1, s.d. = 0.88 ). Eleven children were

hypokalaemlc and none were hyperkalaemic ( the normal range is 3,8 to 5.0 ° ).

Sodium concentration and WBI were poorly correlated ( correlation coefficient = - 0.43,
r’ = 18.1 % ) as were potassium concentration and WBI ( correlation coefficient = -
031, =97 %).

The scatter plot of height squared / WBI corrected for serum sodium concentration (
section 3.5.5 of data analysis methods ) on mass is given in figure 3.10 and the

scatter plot of height squared / WBI corrected for serum potassium concentration on
mass is given in figure 3.11.

Linear regression analysis shows that the correlation of height squared / WBI
corrected for serum sodium concentration on mass is good ( correlation coefficient =
0.93 ) but this is exactly the same as the uncorrected correlation.

Linear regression analysis shows that the correlation of height squared / WBI
corrected for serum potassium concentration is worse ( correlation coefﬂcuent =0.71
) than the uncorrected correlation.
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Height squared / WBI corrected for sodium

Mass (in kg)

FIGURE 3.10 Scatter plot ofrheight squared / WBI corrected for serum sodium (in cm?Q) versus
mass (in kg) in the dehydrated children
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FIGURE 3.11 Scatter plot of height squared / WBI corrected for serum potassium (in cm%Q)

versus mass (in kg) in the dehydrated children
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(e) Prediction of changé’in mass frdm change in impedance

A scatter plot of the change in mass calculated from change in impedance (see
appendix B and section 2.2.3 earlier) on the measured change in mass between the
initial (dehydrated) measurements and the final (rehydrated) measurements is given

in figure 3.12. Linear regression analysis shows a correlation coefficient of 0.74 ( r* =
54.94 % SEE = 0.50).

Calculated change in mass

| |
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FIGURE 3.12 A scatter plot of the change in mass calculate from change in height
squared / WBI (in cm? Q) versus the measured change in mass (in kg)




3.5 DISCUSSION -

3.5.1 Whole-body impedance in normally hydrated and dehydrated children

Forty-three normally hydrated and sixteen dehydrated children were meaéured. The
dehydrated children ranged from 2 to 19 months of age with a mean of 9.0 months.
The normal group was aged' from 1 to 23 months with a mean of 8.8 months. A study
of 2095 patients admitted to a hospital in this country with acute gastroenteritis shows
that 94% were 24 months or less of age with the highest distrivbution in the 6 fo 12

month.age group . Thus this study has included the major age group of interest in
this condition in this country.

The mean WBI of the normals was 746 Q) .with a standard deviation of 85 Q and the
95 % confidence interval for the mean was from 720 Q to 772 Q. There was no
difference between the WBI of the normal males and females (p > 0.05). There was
no cofrelation between the WBI of the normal group and their age, mass or height (p
> 0.05 for all three). In addition the WBI of the children older than 3 months of age
~ was no different from that of .t,he younger children (p > 0.05).

There was no difference between the age, mass and height of the normal group and
the dehydrated children (p > 0.05 for all three). The dehydrated children were 4.3 %
to 16.3 % dehydrated. The mean WBI of the these children on admission was 1029
Q with a standard deviation of 149 Q and the 95 % confidence interval for the mean
was from 950 Q to 1109 Q. This was very significantly greater than' the WBI of the
normal group (p < 0.001).

Once rehydrated these children had a mean WBI of 728 Q with a Standérd deviation
of 62 Q. The 95 % confidence intervals for the mean WBI once rehydrated was from
695 Q to 761 Q which was no different from that of the normal group (p>0.05). Thus
WBI was significantly greater in the dehydrated children than the normai group, who
were of similar age, mass and height and was not different from the normai group after
rehydration.




The correlation between percentage dehydration and WBI ( r = 0.61 ) suggests that
the problem of the degree of dehydration in children with diarrhoeal disease can be
determined from the WBI alone although it is suggested that this correlation be exam-
ined in a larger series of dehydrated children. However it appears that WBI is able to
clearly distinguish between dehydrated children needing intervention and normally
hydrated children even though the degree of dehydration may not be accurately
quantifiable using this technique.

3.5.2 Correlation between mass and height squared / WBI in normal and
dehydrated patients

Numerous studies have validated the use of the height squared / WBI as a measure
of total body water and of fat- free mass in. both adults and children. It is this good
correlation that has lead to the use of this technique in the clinical assessment of body
composition. In this study the height squafed / WBI index was highly correlated with
mass in the normals ( r = 0.93 ), the dehydrated children ( r = 0.94 ) and the same
children after rehydration (r=0.93). Itis of note that mass is highly correlated with

WBI even during severe dehydratiOn and even after rehydration.
3.5.3 Effect of electrolytes

The conduction of electrical current in biological tissues is due to the presence of ions
in solution #. In this study WBI was found to be poorly correlated with the serum
concentrations of sodium and potassium. Potassium did not improve the correlation
of height squared / WBI on mass but the same correlation (r=0.93)was unchanged
when corrected for sodium. Sodium is the major ECF cation and potassium is the
major ICF cation *' . Only 2% of the total body potassium is present in the ECF *' and
the ECF concentration of potassium does not correlate with its ICF concentration '
WBI measurements at 50 kHz measure both the ECF and the ICF as eurrent at this
frequency is able to flow through cell membranes. Thus the poor correlation of WBI
measurements of TBW corrected for ECF potassium is to be expected.
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3.5.4 Change in Whole Body Impedance during dehydration

The impedance of a conductor is proportional to its length and resistfvity end inversely
proportional to its cross sectional area (see section 2.2.1 and appendix A). In this
study the whole-body impedance of sixteen dehydrafed children, measured between
the right hand and right foot, was higher than the whole-body impedance of the same
children, measured between the same points after rehydration (figure 3.7). The
conductor length and geometrical configuration were the same before and after
rehydratlon so the change in WBI could either have been due to either a change in
cross sectional area or to a change in resistivity or both.

The regression of height’ / WBI on mass for the dehydrated and rehydrated grou'p's
is given in figure 3.9. The slope of this regression line is inversely proportional to
resistivity (appendix A, equation A5). The slope of the dehydrated group is slightly less
than that of the rehydrated group (0.62 versus 0.73) suggesting that the resistivity of
the dehydrated group is greater than the rehydrated group. The increase in WBI during
dehydration may thus be due to an increase in resistivity. GIT fluids are known to be ‘
hypotonic in relation to the ECF and ICF. The loss of more water than electrolyte in
the stool may result in greater concentration of electrolytes in the ICF and ECF.
Resistivity is inversely proportional to electrolyte concentratien ( section 2.3.1 ) so it
follows that an increase in electrolyte concentration in dehydratnon should result in a

decrease in resistivity (increase in the slope of the above regression line), however
this was not seen.

If the length of the conductor remains constant the change in volume must be due to
a change in the cross sectional area. Impedance is inversely proportional to cross-
sectional area so it is possible that the increase in WBI during dehydration is due to

an increase in resistivity together with a decease in cross-sectional area.




3.5.5 Prediction of change in mass from change in impedance

Whole-body impedance measurements have been used in haemodialysis patients to
measure changes in body fluid volumes from the WB] 1922155 gnq the theory is de- |
scribed in appendix B. In this study the change in mass calculated with this method
( from the change in WBI ) was well correlated with the measured change in mass (
r=20.74 ). This suggests that WBI measurements may be useful as an alternative
method for the assessment of progress during rehydration.

A very .interesting observation has been made in this regard. In all of the cases
examined the rehydrated impedance was lower than the initial impedance on admis-
sion and each impedance reading during rehydration was lower thah the preceding
one. In this series some of the children showed a transient decrease in mass during
rehydration even though clinically they appeared to be improving and their WBI was
decreasing. This transient decrease in maés during rehydration is a phenomenon often
seen during rehydration. These children appear to be improving clinically yet this is not
reflected in the early mass measurements. Th'e WBI measurements however are seen
to fall steadily with each successive measurement during rehydration which is
consistent with the clinical impression.

One possible explanation is as follows: During rehydration the child is receiving
parenteral infusions, or oral solutions that are easily absorbed, so that the body fluid
compartments are being rehydrated. Losses in the stool are continuing however and
in the early cburse of treatment the loss from the stool may exceed oral and parenteral
gain even though the gain into the body fluid compartments may still be greater than
the loss from the body fluid compartments into the stool, particularly in the case of
parenteral fluids. Thus the child will have an improved fluid status ( due to the rehydra-
tion solution entering the body fluid compartments ) even though the child's mass may
decrease, owing to an even greater loss from the stool.

The trunk has a very large diameter relative to the diameter of the arms and legs.
Impedance is inversely proportional to cross-sectional area ( see appendix A ) and




thus the trunk contributes only about 10% to the WBI reading 2*. Fluids in the trunk
such as the gastro-intestinal fluids and bladder fluids therefore contribute very little to

the WBI measurements %. For this reason WBI measurements may reflect more
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accurately the true hydrational status than mass, which includes gastro-intestinal and .

bladder fluids. WBI may also be a reasonable substltute to weighing in those dehy-
drated chlldren who are too moribund to disturb or who may be requiring oxygen
therapy or intensive monitoring.
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CHAPTER 4
DEVELOPMENT OF A VARIABLE FREQUENCY TETRAPOLAR BIOIMPEDANCE
’ ANALYSER

4.1 INTRODUCTION AND OBJECTIVES

The distribufion of fluid between the ECF and ICF is known to be abnormal in renal,
cardiac and gastrointestinal conditions. In addition malnourished children may also
have abnormalities of fluid distribution. This is particularly the case in children with
kwashiorkor who develop oedema. The measurement of the distribution of fluid in
these conditions would be of clinical impbrtance but the present method involves using
isotope dilufion (see section 2.6.1) which is' expensive, complicated, invasive and
cannot be used to monitor rapid changes of fluid distribution ®'.

The strong correlation between WBI and fat-free mass (determined using densitome-
| try) or total body water (measured by isotope dilution) has been discussed in earlier
chapters. In most studies the measurement of WBI has been performed at the single
frequency of 50 kHz. It is known that at this frequency current travels through both
the extracellular and intracellulaf fluid compartments (see section 2.3. for a more
detailed description of the electrical model of biological tissue). In our study of WBI in
dehydrated children the WBI at 50 kHz was found to be significantly increased during
dehydration and to return to normal after rehydration. |

Early studies by Jenin et al (1975)* suggested that ECF volume (measured using
isotopes of bromide and sulphate) might bé strongly correlated with WBI measured at
low frequencies (1 kHz), in keeping with the electrical model for biological tissue. This
finding has been confirmed by other studies %2, In these studies the frequency used




for the measurement of ECF is either 1 kHz or 5 kHz and that used to measure TBW
is either 50 kHz or 100 kHz. It has been suggested that the ratio between WBI, ,,,, and
WBI 100 i i @ relatively fixed value in normally hydrated subjects but may vary
markedly in subjects with abnormal fluid distribution 3.

The objectives of this part of the study were to design, build and test an instrument
capable of measuring WBI at all frequencies throughout the range 1 kHz to 100 kHz,
safely and accurately in order to evaluate the electrical model described in section
2.2.6. Such a model would allow electronic measurement of ECF and ICF compart-

ments which may lead to many useful clinical applications.

50




4.2 DESIGN CONSIDERATIONS
4.2.1 Frequency range

WBI measured at 50 kHz and at 100 kHz has been used to measure TBW and WBI
measured at 1 kHz and at 5 khz has been used to measure ECF *. In order to
evaluate the electrical modei a variable frequency bioimpedance analyser capable of
measuring WBI at all frequencies from 1 kHz to 100 kHz is required.

4.2.2 Output Current

The safety considerations for electrical equipment passing current thrbugh the human
body were given earlier (see section 2.5). It was decided that the patient be isolated
from all equipment using mains voltages and that the equipment in direct contact with
the patient be battery operated only. An output current of 300 pA RMS, well below the
safety limits at these frequencies was regarded.as safe. The equipment must be able

to produce this current across the large skin impedance found in dehydrated children.

4.2.3 Skin electrodes

The tetrapolar method of measuring WBI requires that four surface electrodes be

applied. It is necessary that these electrodes be plaéed not less than 4 cm apart

As children tend not to be as COmpliaht as adults it important for these electrodes to
be small, lightweight, easy to apply so that they will be well tolerated even by small
and frightened-children.
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4.3 HARDWARE COMPONENTS

The following hardware components are used :

1. An IBM compatible 80286 AT computer with a 40 megabyte hard disk drive and 1
megabyte of RAM.

2. A PC-30D analogue to-digital convertor card from Eagle Electric. This card has
sixteen analogue to digital convertor channels, which can be configured as
Unipolar or bipolar inputs. Each channel has 12-bit resolution and 200 kHz
throughput rate with less than + 0.75 least significant bit non-linearity. The card
has four digital to analogue convertor channels each with a 130 kHz throughput
rate. Two channels have 12-bit resolution and two have 8-bit resolution each with

less than 0.01% full scale range non-linearity.

3. A function generator : Escort EGC-2230 used in the 1 kHz to 100 kHz range at less
than 0.1% distortion.

4. A custom built 'Bicimpedance Analyser' containing the isolation transformers, a
constant current source and a precision full wave rectifier and averaging filter.

4.4 CIRCUIT DESCRIPTION

A simplified circuit diagram of the variable frequency bi'oimpedance analyser is given
in figure 4.1 and the full circuit diagram of the interface between the computer and the
patient is given in appendix H.

The Escort functlon generator can be configured as a VCO and an external voltage -
of 0 to -2V can be used to provide a frequency range of 1 kHz to 100 kHz. This

voltage was provided by microprocessor via an analog-to-digital convertor (ADC).

This alternating current is then passed through an isolation transformer to protect the
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FIGURE 4.1 Simplified circuit diagram of the Variable Frequency Bicimpedance Analyser
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patient from any mains currents passing th’fough the computer or VCO..

A constant current source is then used to produce an alternating current of constant
RMS amplitude (300 uA RMS) which is then passed through the patient, through leads
placed distally on the right hand and foot. These are the current injecting electrodes.

‘The proximal leads are conhected to the patient proximal to the current injecting
electrodes (see figure 4.1).' A high impedance differential amplifier is used to measure
the qiffer_ential voltage between these leads. This current is then passed through an
isolation transformer for patient protection. A full wave rectifier and averaging filter is
used to obtain a direct current output voltage equal in amplitude to the peak current
of the constant current source multiplied by the WBI. An analog-to-digital (ADC)
converter converts this rectified voltage to a digitél code which is then read by the

microproéessor. The electrical components on the patient side of the isolation.

transformers are all powered by a 9V battery.

54




4.5 SOFTWARE DESCRIPTION

The program was developed using Borland Turbo Pascal version 5.5 as the PC 30

ADC card came supplied with Pascal drivers and the language is easy to learn and
implement. '

The software program was developed to perform the following tasks:
1. To control the Escort Function generator via a digital-to-analog' converter in order
to generafe frequencies from 1 kHz to 100 kHz using |

2. To measure and display the whole-body impedance at each frequency using an
analog-to-digital converter. ' |

3. To store and retrieve data on each patient tested.

4. To allow the user to enter values for the intracellular and extracellular resistances
and the cell wall capacitance and to compute the expected response using the

model developed earlier (see appendix C).
4.5.1 Main Program
The flow chart of the main program is given in figure 4.2. After initialising and testing
- the hardware and initialising the variables a user friendly environment is displayed
offering four main procedures: sample, retrieve, calibrate and model. If the hardware
diagnostic test fails then the program is halted.

4.5.2 Sample Procedure

The sample procedure (see figure 4. 3) controls the VCO through the DAC channel 0
and reads the rectified voltage through the ADC channel 0. The VCO is setto 1 kHz
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and allowed 20 msec to settle. The rectified voltage is then measured and displayed -

on the screen. The process is then repeated in 1 kHz increments until the WBI at 100
kHz is measured. These 100 readings take 2 seconds to perform. The frequency is
then incremented by 1 kHz and This data is then displayed on a graphics screen in
the form of a plot of WBI against frequency. Two sample ranges are provided. The
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FIGURE 4.2 Flow diagram of the main software procedure
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high range measures impedance from 0 to 20 kQ which is necessary for measuring
skin impedance. The low range measures impedance from 0 to 2 kQ which is
necessary for the measurement of WBI. The user then has the option of saving the

data for further analysis. Data is saved in ASCI! format so that it may easily |mportedA

into word processor and spreadsheet computer programs. If a further sample is not
required the user is returned to the main menu.

4.5.3 Retrieve Procedure

The retrieve procé,dure (figure 4.4) allows the user to view the results of previous
samples. This procedure first finds all files with the extension 'bia’ in the default
directory and displays these file names on the screen. The user is then prompted for
the name of a file to retrieve. Error checking warns if the desired file is not found or
if any other disk operating system error occurs. If found the file is displayed on the
screen. The Qser may then either retrieve another file or return to the main menu
screen.

4.5.4 Calibration Proceduré

The calibration procedure (see figure 4.5) is used to calibrate the Escort function
generator and to create a look-up table to correct the measured WBI for impedance
losses due to the inductance of the isolation transformiers and to the capacitance in
thé leads connecting the equipment to the patient. The VCO is set to 1 kHz and is
then calibrated manually (the'Escort function generator hés a built-in frequency
counter. A precision 1500 Q resistor is then placed between the current injecting
electrodes. The current sensing electrodes are attached to either end of the resistor
and the impedance is measured from 1 kHz to 100 kHz using the 'ADC‘ channel 0 as
in the sample procedure. The inverse of each impedance measurement muitiplied by

1500 thus becomes the calibration factor for each frequency.
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4.5.5 Model Procedure

The model procedure allows the user to enter values for the intracellular and
extracellular resistances (Ri and Re respectively) and the cell membrane capacitance |
(C). A plot of the expected impedance for each frequency is then produced l.ising the
following equation for the electrical model of biological tissue:

' R
RrRy(R+AG)+—

wal - _ (0gf
R+R)? + 1
( / a) (0.) 0)2

(4.1)

(where o = 2:-f)

See appendix C for the full derivation. A flow chart of this procedure is given in figure
4.6.
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FIGURE 4.4 Flow diagram of the Retrieve procedure

60




Display graphics
on screen

Ato D card
OK?

Set VCO to 100 kHz

.via DAC channel 0

and calibrate VCO
manually

Frequency = 1 kHz

Set VCO
to frequency via -t
DAC channel 0

Read calibration

resistor (1500 ohm) Increment frequency
via ADC channel 0

Frequency = '
100 kHz ? No

Yes

1

Write to file

Display user -
menu /[

j
END
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4.6 IMPLEMENTATION OF THE VARIABLE FREQUENCY BIOIMPEDANCE
ANALYSER

4.6.1 INTRODUCTION

Implementing the variable frequency whole-body impedance analyser required the
. following :

1. Determining the impedance range over which the Variable Frequency WBI Analyser
could operate with less than 1 % error.

2. Measuring the impedance seen by the current source in a small sample of
dehydrated and normally hydrated children.

3. Measuring the WBI from 1 to 100 kHz of a small sample of dehydrated children
before and after rehydration.

4. Using the computer model for W8I based on the electrical model of biological tissue
(equation 4.1) to simulate the change in WBI seen in dehydrated children during
rehydration.

4.6.2 METHODS

(a) Accuracy of Variable Frequ'ency Whole Body Impedance Analyser

The equipment was tested firstly by measuring the impedance of préscisibn resistors

and capacitors of known value. The method used is described in appendix |. These

tests showed the range of impedances that could be measured accurately at each fre-
quency.
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(b) Total impedance load seen by the constant current source in a sample of
normally hydrated and dehydrated children

A random sample of eleven children was selected from ward A of the Red Cross War
Memorial Childrens' Hospital. Six had acute gastroenteritis and were dehydrated and
five were normally hydrated children seen in the outpatient department of the same
hospital. WBI was measured using.the guidelines described earlier and given in
appendix G with the current injecting electrodes placed distally.' The voitage sensing
electrodes were then connected to the current injecting electrodes. so that the total
voltage drop between the current injecting electrodes was measured. The current
passes from one electrode through the skin, through the body fluids and thrdugh the
skin égain to the second electrode (see appendix D). Thus the voltage drop across the
current injecting electrodes is equal to WBI plus twice the skin impedance and is the
actual impedance seen by the constant current source. Macmed ECG electrodes
(Macmed Cape Town, # P810) were used. These were cut into strips of 1 cm by 3 cm
and these dimensions were kept constant for all measurements as skin impedance is
a function of the electrode size. |

(c) Whole Body Impedance of Dehydrated Children at variable frequericies
during rehydration

The WBI of four dehydrated children selected at random from ward A9 of the same
hospital was measured. The measurement protocol and electrodes placement
described in appendix G was used. WBI was measured from 1 to 100 kHz before and
after rehydration. Figures 4.7 and 4.8 shown the equipment used-and a measurement
being taken.
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(d) Comparison of Measured values of Whole-Body Impedance at variable
frequencies with the Electrical Model

The electrical model of the body (equation 4.1) was used to simulate the change in
WBI seen with rehydration and to examine the effect of varying each of the

components of the equation (intracellular resistance, extracellular resistance and celi
membrane capacitance). '




4.6.3 RESULTS

(a) Variable Frequency Whole Body Impedance Analyser Acduracy

The shaded area of figure 4.9 shows the region in which the instrument is able to
measure impedance with < 1% error. The equipment is able to measure impedance
with less than 1 % error from 200 Q to 11 kQ at 1kHz and from 200 Qto 5 k Q at 100
kHz.

—_
o

(o]

Whole Body Impedance (in k ohms)
m

) Frequency (in kHz)

FIGURE 4.9 Accuracy of Variable Frequency WBI Analyzer, shaded area shows <1 % Error
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(b) Total impedance load seen by the constant current source in a sample of
normally hydrated and dehydrated children

Figure 4.10 shows the range of impedances seen by the current source, measured

between the current injecting electrodes. The upper limit of the 1 % error range is

shown again for comparlson Eleven children were sampled. Six were dehydrated and

five were normally hydrated. Five were male and six female. The minimum mass was

2.84 kg and the maximum 12 kg. The minimum height was 50 cm and the maximum

875cm
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FIGURE 4.10 Upper and lower limits of impedances between the current sensing electrodes.
Markers ( ll) show the upper limit of the equipment for accurate readings
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(c) Whole Body Impedance of Dehydrated Children at variable freq'uencie's
during rehydration -

Figures 4.11 to 4.14 show the WBI at each frequency between 1 kHz and 100 kHz of
dehydrated children before and after rehydration for four different children: Age, sex,
mass,.vheight and percentage dehydration are given in table 4.1 below.

TABLE 4.1 Age, sex, mass, height and % dehydration of the group measured for variable
frequency WBI

Name Age Sex | Height Rehydrated Mass | % Dehydration
{in months) (in cm) (in kg)

PM 1.1 M 733 | 8.82 43

cs 4.9 F 54.5 3.88 6.2

KN | 9.8 ' F 68.7 8.32 | 1.3

cJ 6.4 M 653 |62 11.9
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(d) Comparison of Measured change in Whole Body Impedance at variable
‘frequencies versus that predicted from the model

Figures 4.15 to 4.17 show the changes in WBI resulting from changing one of the
values of the intracellular resistance (Ri), the extracellular resistance (Re) or the cell

membrane capacitance (C) using the model given in equation 4.1 and keeping the
other variables constant.
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4.6.4 DISCUSSION

(a) Variable Frequency Whole Body Impedance Analyser Accuracy

Whole-body impedance is measured by passing a small alternating current through
the body and measuring the potential difference developed across the body by this
current. Two techniques have been described: the bipolar and the tetrapolar
techniques. The bipolar method is invasive, requiring the placement of subcutaneous
electrodes and in addition results in a non-homogenous electrical field in the vicinity
of the electrodes which gives rise to additional errors in the measurement of
bioimpedance . For these reasons the tetrapolar method was used. A detailed
description of the tetrapolar method is given in appendix D.

The constant current source must operate into an impedance load which is equal to
the WBI and twice the skin impedance. Thus it was important to derive the range of
load impedances over which the constant current source could operate accurately. A
constant current of 300 pA was used which is Well within the limits for electrical safety
(see section 2.5). Figure 4.9 shows the impedance range at which the constant current
source could operate to within 1% accuracy when tested as shown in appendix D.
Load impedances down to 200 Q at all frequencies could be measured accurately.
The voltage drop across a load at 200 Qis 1% of the resolution of the digital to analog
convertor hence impedance loads lower than this cannot be measured accurately.

The upper range of load impedances for accurate measurement varied with frequency
(Figure 4.9). At the low frequency limit (1 kHz) this was found to be 11 kQ. A current
of 300 pA RMS passing through an impedance load of 11 kQ produces a voltage drop
of 3.3 V RMS, or £ 4.67 V peak to peak. This instrument is battery operated so this
voltage is enough to result in clipping by the operational amplifiers with resulting
deterioration of accuracy. At the high frequency limit (100 kHz) the upper range for
accurate measurement of load impedance was 5 k<.




(b) Total impedance load in a sample of normally hydrated and dehydrated
children

The total impedance load seen by the current source was measured on 11 children,
6 were dehydrated and 5 normally hydrated. Figure 4.10 shows the upper and lower
limits of impedances measured, together with the limits at which the instrument is
accurate to 1%. As described above this is the sum of WBI and twice the skin
impedance. As can be seen the range of impedances measured was from 5.8 kQ to
6.2 kQ at 1 kHz decreasing to 1 kQ to 2.5 kQ at 100 kHz.

Skin impedance is wide-ranging varying from a few hundred tb a few thousand ohms
per square centimeter of electrode area depending on the measurement frequency,
skin wetness and the integrity of the stratum corneum . In this study electrodes
measuring 1 cm by 3 cm (3 cm?) were used. It has been claimed that electrodes with
less than 5 cm? should not be used for measuring frequencies less than 10 kHz .
More importantly, however, electrodes should not be less than 4 cm apart *. In
children with small hands it may not be possibie to satisfy both of these pre-requisites
and for this reason small electrodes were used and as can be seen from figure 4.10
they were found to be accurate. As the sample tested was small it is accepted that
there may be children whose skin impedance is greater than 11 kQ at 1 kHz. Hence
the recommendation is that wherever possible electrodes of at least 6 cm? (2 cm by
3 cm) be used for the current injecting electrodes (the distal pair) but that in children
with smaller hands the 3 cm? electrodes may be necessary to maintain an adequate
distance between the proximal and distal electrodes. The proximal electrodes (voltage
sensing electrodes) are the inputs to the high impedance differential amplifier and

have minimal current passing through them (a few PA) hence their size is far less
critical.
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(c) Measurement of Whole Body Impedance at variable frequencies during
rehydration

Figures 4.11 to 4.14 show the change in WBI from 1 kHz to 100 kHz for four
dehydrated children before and after rehydration. Three important observations are
made. Firstly, the WBI of all the children, whether dehydrated or not, is greater at
lower frequencies than at higher frequencies. Secondly, as with the WBI measure-
‘ments done at 50 kHz, the WBI decreases dﬁring rehydration and this is seen over
the entire frequency range. Thirdly, méasurement of WBI at all frequencies from 1 kHz
to 100 kHz is probably unnecessary and measurement of WBI at three frequencies
namely: 1 kHz, 560 kHz and 100 kHz would probably be adequate. The decrease in
impedance seen during rehydration is due to an increase in fluid in the body fluid
compartments with a resultant decrease in the body compartment resistance.

(d) The electrical model for the impedance of biological tissue

The effect of varying individual components of'the electrical model for the impedance
of biological tissue is shown in figures 4.15 to 4.17. Varying the value of the cell
membrane capacitance while the resistance of the extermal and internal fluid
compartments remain constant (figure 4.15) seems to alter the impedance at higher
frequencies more than at lower frequencies. Reactance is inversely proportional to

éapacitance so the larger the capacitor the smaller its reactance at a given frequency.

Decreasing the resistance of the extracellular fluid compartment (ﬁgUre 4.16)
decreases the impedance over the entire frequency range, while decreasing the value
of the intracellular fluid compartment resistance decreases the impedance only at
higher frequencies. This would be expected as the current only passes through this
compartment at higher frequencies due to the reactance of the cell membrane.

The striking feature of the impedance curves measured before and after rehydration
(figures 4.11 to 4.14) is the decrease in impedance over the entire frequency range.
This is similar to that seen in the mode! when only the value of the resistance of the




extracellular compartment is decreased (figure 4.16). By substituting values for the
other components the impedance change from dehydrated to rehydratedv can be
simulated (figure 4.18). The impression is that the change in impedance during

rehydration occurs predominantly in thé extracellular compartment. This is in |
agreement with previous studies %'

From the model one would expect that the whole body impedance would increase
significantly at lower frequencies. It is of note that this occurs when skin impedance
is measured (figure 4.10). It is possible that this marked increase in WBI would be
seen if measured at even lower frequencies. Measuring of WB! at lower frequencies
may be dangerous because of the larger voltages required and the frequency of the
constant source may be within the physiological range.




CHAPTER §
CONCLUSION AND RECOMMENDATIONS

5.1 Single Frequency Studies at 50 kHz

Whole body impedance, measured at 50 kHz, in children aged 1 month to 2 yéars,
was shown to be significantly greaterin a group of dehydrated children than in a group
of normally hydrated children of similar age, height and mass. After rehydration the
WBI of the rehydrated group was no different from that of the normally hydrated group.
- The good correlation between height squared / WBI and mass is well established and
this was found to be so for the three groups. There was no significant correlation
between WBI and mass, height or age. The difference between the WB| of males and
females in childreh of this age. group was not significant.

It is hoped that this may form the basis for the electronlc assessment of degree of
dehydratlon In children with diarrhoeal disease and in children with other abnormalities
of fiuid balance. In addition the insensitivity of this method to GIT fluids makes this
method ideal for assessing response to therapy in these children . |

8.2 Variable frequency studies

A variable frequéncy whole body impedance analyzer able to measure WBI from 1kHz
to 100 kHz was designed and tested. It was able to accurately measure impedance

loads from 200 Q to 11 kQ at the lowest freqUency (1 kHz) and from 200 Q to 5 kQ

at the highest frequency (100 kQ). The impedance load of the body seen by' the
constant current generator is equal to the sum of WBI and twice the skin impedance.
This was measured on a small sample of dehydrated and normally-hydrated children
using 3 cm? electrodes ahd was found to be well with these accuracy limits. In order
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to avoid inaccurate readings it is recommended that electrodes of 6 cm? be used

particularly if lower frequencies are to be measured.

The electrical model for the impedance of biological tissues was compared to the
measurements recorded on a small sample of dehydrated children. It was found that
the change in impedance during rehydration most closely resembled the change seen
when the resistance of the extracellutar compartment was decreased. The implication

is that the fluid gain during rehydration is predominantly into this compartment.

5.3 Future Studies .

Whole-body impedance offers an objective method of assessing the degree of
dehydration in children with diarrhoeal disease and in children with other abnormalities
of fluid balance. Due to its low cost, ease of use and non-invasive nature it is ideally
suited to use in the primary health care centers of the third world where many of these
illnesses are seen. In this setting it may be of use as an adjunct to clinical skills in the
assessment of degree of dehydration, responsé to oral rehydration therapy and as an
indication for referral to more advanced treatment centers. It is recommended that
further studies be carried out with this equipment in the primary health care setting.

The ratio of WB| measured at 1 kHz to WBI measured at 100 kHz has been proposed
as a method of assessing the distribution of fluid between the ECF (WBI at 1 kHz) and
TBW (WBI at 100 kHz) *. Such a ratio may be independent of age, mass, height, sex
and other interfering variables and hence it is proposed that this ratio be measured in
gastroenteritis and in other conditions of abnormal fluid balance.

Children with nutritional disorders such as protein losing enteropathy, kwashiorkor and
marasmus are known to have abnormal distribution of body fluid. In particular, children
with kwashiorkor (protein energy malnutrition) are often oedematous due to increased
extracellular fluid. This fluid is known to shift into the intracellular compartment during
treatment. Measurement of WBI at both high and low frequencies may be a useful
method of assessing the severity of kwashiorkor and response to therapy.
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APPENDIX A

Determination of the volume of a conductor from its impedance

94

The resistancé of an electrical conductor is dependent on its physical dimensions, its |

configuration and its resistivity. The resistance of a cylindrical electrical conductor of
length (L) in centimeters, cross sectional area (A) in square centimeters and specific
resistivity (rho) in ohm centimeters is given by the following formula:

AR=p (A1)

L
A

Since the product of length and area is volume (V) multiplyiing both numerator and
.denominator by length (L) gives:

L2 |
R=p— (A2)
v |
Rearranging equation A2 gives:
L2
V=p— (A3)
p ) |

For alternating currents impedance (2) is USed instead of resistance (R) and equation
A3 can be written as: |

2 | |
v-pL (A4)
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Thus the volume of an electrical conductor can be calculated from the product of the

specific resistivity of the conductor and its length squared divided by its impedance.

Density is equal to mass per unit volume. Hence mass can calculated using the
following equation:

m= opk’ (AS5)
P Z . ‘ .

Where m = mass and ¢ = density ( o is used here because p, the usual symbol for

density, is also the symbol for resistivity ). The slope of a plot of mass on L*Z is thus

the product of density and resistivity.




| APPENDIX B
Determination of the change in volume of a conductor from the change in its

impedance

The change in volume of a conductor can be determined from the change in its
impedance and this principle will be used to calculate percentage dehydration. If the
length of a cylindrical conductor is constant and its volume increased by an increase
in its cross sectional area then the change in its impedance (delta Z) is proportional
to the change in volume (deita V):

AV-V, -V,

L2 12
P - P

z *z

pLAZ LY

AZ ) (B1)

[
h
N
—
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APPENDIX C
Electrical model of the body

Biological tissue consists of numerous cells bonded together. The body fluids are
distributed into intracellular (ICF) and extraceliular compartments (ECF). These fluids
have a high electrolyte content and are able to conduct electricity. The cell mem-
branes contain a lipid bilayer which acts electrically as a dielectric and behaves in the
same way as the dielectric of a capacitor does, it is able to block currents of low
frequency and to allow only frequencies of high current to pass thi‘ough thé cell. Thus
at low frequencies the current passes mostly through the ECF and at high frequencies
the current passes through both fluid compartments. The electrical components of the
body may be modelled thus:

The impedance of the ECF (Z,) is :

I
hyj

The impedance of the ICF (Z) is :
zl= R, + Xc
= R/ + ;
Joc

The total impedance is related to these by the following formula:

1i_1 .1
z 7, 7
Thus:
z _ za ’ ‘ZI
Z,+ 2
Therefore:

Multiplying both sides by the conjugate, the ‘impedance of biological tissue can be

expressed in complex number notation :




o8

Multiplying both sides by the complex conjugate, the impedance of biological tissue
can be expressed in complex number notation :

R 1
R:R -j—2 R+R —
7 _ ! °'Icoc . (I+°)+'Icoc

. 1 . 1
R/’“Ro‘!-az (R+Ry + !‘m—C

R
R/R_(R+R L
= I O( I+ e)+(wc)2 - j- Roa
' 1 1
R+R )2 + we(R+R.)°+——
AR s (ArAY+L

The resistive component of the impedance of biological tissue is thus given by the real |
part of the above equation |

: R
RyRg(Ap+Ag)+—=
R = (00

AR + —
GALN (o7

The reactive component of the impedance of biological tissue is thus given by the

imaginary part of the above equation :

wo(R,+Ra)2+—15
w



The magnitude of a complex number is the square root of the sum of the squares of

the real and imaginary components. However for biological tissue the square of the
real component is far greater than the square of the imaginary Component. Reactance
contributes negligibly to WBI which is why whole-body impedance and whole-body
resistance differ by only 0.5% (Fuiler). The WBI can thus be-simplified by omitting the

imaginary component and becomes :

RiRg(R+A)+ Raa
WBI = — (@9 |
(AR + (;c)z (C1)
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Appendix D
Tetrapolar Measurement of Whole-Body Impedance

The tetrapolar method of measurement of WBI is used to overcome the problem of |
skin impedance. Current flowing between two electrodes placed on the surface of the
skin passes from one electrode through the impedance of the skin, through the
impedance of the body fiuids and then through the impedance if the skin again to the
second electrode (see fig D.1). |

Each of these impedances can be represented by the electrical model for biological
tissue presented in appendix C. A circuit diagram of the impedance seen by two

electrodes on the surface of the skin is given in figure D.2.

Skin

FIGURE D.1 Impedance load of the constant current source



FIGURE D.2 Elecrical model of the impedance load of the constant current
source

The tetrapolar method of measuring WBI involves passing an alternating current of
constant peak amplitude through two electrodes placed on the surface of the skin. One
electrode is placed on the hand and the other on the foot. A high impedance differen-
tial amplifier measures the voltage drop between these two points, using another pair
of electrodes placed on the hand and foot proximal to the current injecting electrodes.

The right side is used by convention. This circuit is shown in figure D.3.




Constant
Current
Source

High
Impedance
Differentiai
ampfifier

FIGURE D.3 Circuit used to test the Variable Fréquency WBI Analyzer

The current flowing through the current injecting electrodes (l,) is produced by the

constant current generator and is set at a constant 300 yA RMS. The current flowing

through the voltage sensing electrodes (1,) flows through a high impedance differentiall
amplifier and is only a few pA. The voltage measured is thus the sum of the voltage
drop across the skin, the voltage drop aérOss the body fluids and the voltage drop
across the skin which is given as:

V= LZ, + (l-L)WBI + L,Z,

But:

Therefore:
V= 1-wBl

Thus the skin impedance does not influence the measurement.
Rearranging in terms of WBI:

wsi - Y
l

Which can be calculated if V is measured as I, is constant ( the output of a constant
current source ).
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APPENDIX E

Guidelines for the measurement of whole-body impedance in children

1. Insulating gloves must be worn so that the current does not travel through the body
of the person holding the child which would result in a false reading.

2. Two pairs of electrodes are used. One pair is used on the right foot and the other

on the right hand. Each pair consisting of a current electrode and a sensing
electrode. | |

3. Right hand: the current electrode is placed just proximal to the second metacarpo-
phalangeal joint and the sensing electrode is placed between the radial and ulnar
styloid processes on the dorsal surface of the wrist. Care must be taken to ensure

that sufficient electrode gel is used to make good contact.

4. Right foot: the current electrode is placed just proximal to the second metatarsopha-
langeal joint and the sensing electrode is placed between the lateral and medial
malleoli on the dorsal surface of the ankle.

5. The child is placed on his/her back in the prone position.

6. The child's right arm and leg are held out to the side at 45 degrees. -

7. The right arm and right leg must be held out to full length and the child must be
motionless. |

8. When holding the child care must be taken not to disturb the electrddes. The gloved
hands holding the child should be distal to the current electrodes ie: holding the
fingers and toes respectively.




APPENDIX F

Individual normal patients

Number Name Sex impedance Age Mass Height
{(inQ) | (in months) (in kg ) {incm)
1 S.F.M. M 765 26 6.10 58.7
2 S.M. M 725 1.1 5.38 56.9
3 D.W. M 742 113 7.74 714
4 S.G.. M 590 226 14.50 87.6
5 AM. M 643 4.5 8.56 62.0
6 V.N. M 575 6.5 10.40 69.1
7 TV. M 708 11.7 9.84 73.5
8 M.M. M 798 53 7.96 62.0
9 J.N. M 782 14.3 10.00 76.0
10 E.L. M 813 11.4 9.64 740
11 OR. M 903 10.7 5.60 61.8
12 B.M. M 856 78 8.62 78.0
13 M.L. M 806 24 3.86 54.0
14 M.B. M 753 71 7.22 65.7
15 S.E. M 638 46 7.58 65.5
16 F.M. M 650 17 5.80 58.3
17 - S.M. M 605‘ 11.6 9.84 73.0
18 AT. M 788 6.1 8.40 66.7
19 1.C. M 755 7.2 748 70.0
20 R.J.N. M 706 55 6.82 64.3




21 R.D. 750 173 10.00 85.0
22 TR. 713 23.1 14.00 87.5
23 M.G. 729 16.1 9.50 75.5
24 H.A. 853 5.3 6.27 61.0
25 CW. 723 6.6 6.46 64.5
26 JV. 723 11.6 8.96 76.8
27 N.P. 675 7.8 9.73 '71.2
28 A.S. 884 2.9 4.74 56.1
29 N.N. 648 28 5.24 59.0
30 N.M. 728 6.5 6.20 63.3
31 . N.S. 893 7.7 7.68 67.0
32 S.S. 841 6.5 7.80 65.0
33 N.G. 710 18 4.90 58.0
34 _SM. 855 8.1 6.92 70.7
35 N.B. 722 7. 7.20 64.5
36 CH. 613 6.7 10.00 68.3
37 G.S. 758 6.8 7.22 64.6
38 ZH. 783 5.9 6.30 64.0
39 S.B. 634 5.1 9.70 68.5
40 F.N. 860 12.7 11.50 87.0
41 MaQ. 793 17.4 10.50 80.5
42 R.M 824 21.1 12,00 87.5
43 MM 768 14.1 10.50 78.0
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APPENDIX G
Individual Dehydrated Patients
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Name Age Height | Sex Initial Final Percentage Initial WBI Final WBI Initial fnitial
(months) | (cm) Mass Mass | Dehydration Q) (Q) Sodium | Potassium

(ka) (ka) (mmoll) | (mmoliL)
oS 91| 720| M 708| 7.86 98 | 1197 763 | 132 | 28
ZB 191 | 835| M 8.90 | 10.20 127 1207 784 129 1.8
cT 26| 562 F 387 | 4.30 10.0 1273 807 132 25
LB 191 825| M | 10.10| 10.80 6.5 904 770 | . 137 34
NN 22| 499 | M 268 | 3.20 16.3 1296 730 121 32
SN 29| 595| F 415 472 12.1 953 595 130 16
SS 146 | 802 F 8.86 | 952 6.9 873 710 132 3.2
SB 94| 701| F 752 802 6.2 874 720 136 29
SK 89| 698| M 8.00 | 8.50 5.9 948 800 | 141 41
ND 31| 595| F 546 | 585 6.7 847 638 138 38
| KN 29| 568| F 456 | 483 56 974 756 153 2.8
PN 185 | 741 | F 650 | 7.26 10.5 1085 756 153 35
PM 11| 733| M 844 | 882 43 1028 693 132 3
cs 49| 545| F 364| 388 6.2 1023 758 133 52
KNT 98| 687 F 738 | 832 1.3 1099 653 128 22
cJ 64| 653| M 546 | 6.20 119 890 680 142 35
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APPENDIX |
System used for Testing of the Hardware

The hardware was tested using the circuit shown below. Two precision variable
resistors were placed in series. These were 1433-T Decade Résistor boxes from
General Radio USA. One was used to simulate the skin impedance and the other to
simulate the WBI. The constant current source (red electrodes) was connected across
both resistors as the constant current source must be able to supply a constant current
through the skin impedance and the WBI. The high impedance differential émpliﬁer
was connected across one of the resistors. This resistor was used to simulate the
WBI.

Constant s Full Wave
Current ’ Rectifier and
Source Averaging filter
, 4 Digital
whi | High Voltmeter

Impedance -
Differentsal
Amplifuier,

FIGURE 1.1 Circuit used to test the Variable Frequency WBI Analyzer

Firstly the WBI resistor was set to 1 k.. The skin impedance resistor was then used
to find the range over which the constant current source could operate with < 1% error

reading on the voltmeter. This determined the maximum skin impedance at which the
constant Current source could operate accurately. Secondly the skin impedance
resistor was set to 1 kQ2 and the WBI resistor was changed incremental from 200 Q
to 2000 Q to determine the accuracy of the high impedance differential amplifier, full
wave rectifier and averaging filter and the digital voltmeter.

. - y





