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Abstract: Hypoxic-ischemic encephalopathy (HIE)
affects severely and frequently on newborns and yet
not an efficient detection method has been
implemented to assist the early initiation of a saving
therapy. Invasive measurements of electrical
bioimpedance can be used to detect the changes in
the electrical properties of brain tissue as a
consequence of the hypoxic cellular edema. In the
case of non-invasive measurement the skull and the
scalp will modified the measurements in a certain
way. In this work, using numerical calculations on a
four-concentric spheres model, we study the
contribution of the scalp and the skull bone to the
total equivalent impedivity, complex resistivity, of
the neonatal head and its effect on the non-invasive
detection of brain cellular edema. The results
confirm the importance of the reactive part of the
impedivity on the electrical bioimpedance
monitoring of hypoxic brain damage.

Introduction

Perinatal asphyxia, with a high morbidity up to 1.0 -
1.5 % [1] and a extremely high death rate up to 20%
mortality in the affected neonates, remains among the
most common causes of brain damage and consequent
neurological disease in newborns [2] and yet not an
efficient monitoring method has been implemented yet.

Founded on the fact that cell swelling, an intrinsic
phenomenon to the hypoxic/ischemic injury mechanism,
modifies the electrical properties of brain tissue during
hypoxia/ischemia, changes on the electrical impedance
of tissue have been proposed as a possible indicator of
cellular edema. The bases of the potential use of
electrical bioimpedance monitoring for early detection
of brain damage or even threatening damage in the
newborn has been studied since a long time [3,4],
especially in the last decades [4-8]. The studies
performed to date have reported encouraging results
indicating that the alterations in the electrical properties
of the brain caused by the hypoxic/ischemic cellular
edema can be measured and detected by means of
electrical bioimpedance spectroscopy.

All of those successful studies that have performed
non-invasive measurements [4,7,9] have reported a
highly detrimental impact in the detection of changes in

the brain impedance due to the scalp and the skull bone.
The observed changes in the non-invasive case were
down to 10 times smaller than in the invasive case.
These studies reported data only at one single frequency
and the studies were limited also to the dynamics of the
resistance, thus ignoring the reactance.

The few works specifically studying the effect of the
skull bone and the scalp in the measurements of
electrical bioimpedance have been limited again to a
single frequency [4,10] once again ignoring the
reactance. Therefore there is a lack of available
information regarding frequency and as well as
reactance.

The high resistivity of the skull bone and the low
resistivity of the scalp will affect the distribution of the
electrical current flowing through the head differently
for different frequencies, thus modifying the
measurement scenario as a function of the frequency.

In order to properly evaluate the potential use of
electrical ~ bioimpedance spectroscopy for the
development of a method for early detection of
hypoxic/ischemic brain damage, it is necessary to
perform a complete investigation, studying the effect of
the scalp and the skull bone in non-invasive
measurements of transcephalic electrical impedance.

In this work we investigate the contribution of the
scalp and skull bone conductivity to the total impedivity
(specific impedance) of the head in the neonate and its
implication to detection of changes in the encephalic
impedance. The study considers both resistive and
reactive components of the impedivity in a broad
frequency range.

Methods

Based on a concentric spheres model of the neonatal
head following the same approach used by Murray et al
and Gibson et al [4,10], we have performed numerical
calculations on two models.

We used a four-layers model (scalp, skull bone, CSF
and brain) for the non-invasive case and a two-layers
model (CSF and brain) for the invasive case. The
concentric spheres building up the models were
considered solid, except the innermost. The innermost
sphere, brain tissue, was modelled as a suspension of
non-deformable spherical cells [11].
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Table 1: Resistivity and radius values used in the numerical calculations.

Source Resistivity (2m) Tissue Element Radius (cm) Source
————— Variable, see Table 2 Brain 4.70 (Murray, 1981)
(Geddes and Baker, 1967) 0.56 CSF. 4.80 (Murray, 1981)
(Murray, 1981) 5 Skull 4.93 (Murray, 1981)
(Malmivuo, 1995) 20 Scalp 505 (Murray, 1981)

Using Mathematica® software package, the total
specific impedance was calculated following the article
313 in Maxwell’s treatise of Electricity & Magnetism
[12] For each of the models the impedivity was
calculated for increasing values of the radius of the
suspended cells, simulating the effect of brain cell
swelling The maximum volume factor obtained
increasing the radius was 0.7404 = n/\/lg, maximum
packing of non-deformable spheres according to the
Kepler conjecture and hales proof [13].

Figure 1: 4-concentric sphere model used in the
numerical calculations

The radius value used for each of the concentric
sphere is the same as in Murray’s model [4], except for
the innermost sphere modelling the cerebral ventricles,
not applicable in this study. The spheres modelling the
scalp, skull and the CSF layer were considered isotropic
and the resistivity values used in the calculations have
been selected from different literature sources [4,14,15],
according to Table 1. The resistivity values used for the
suspension of cells are 1.1 and 3.3 Qm for intra- and
extracellular fluid respectively, both values from [15].
See Table 2.

Table 2: Resistivity and radius values used in the brain
model as a suspension of cells.

. . Resistivity Resistivity
Brain Element  Radius (um) (Qm) Source
Intracellular fluid 10— 10.7265 1.1 (Malmivuo, 1995)
Suspension fluid 47 x 1()3 33 (Malmivuo, 1995)

The obtained impedivity is a complex number
composed by the specific resistance, real part, and the
specific reactance, imaginary part. It is also
denominated complex resistivity and it is denoted by p.
See equation (1).

p=p"-Jgp" (D
Results

In figure 2, the resulting specific impedance, from
both cases, is plotted in the complex plane for two
different radii of the suspended spherical cells. In the
obtained Wessel plot it is easy to observe the effect of
the scalp and skull bone in measurement scenario.

For a normal cell radius, no cell swelling present, we
observe a significant clear difference in both real and
imaginary parts of the impedivity between the invasive
and the non-invasive case. The effects are easier to
notice at low frequencies and the reactive part changes
in a different way that the resistive part. In the non-
invasive case, the reactive part is smaller at any
frequency, while the resistivity is smaller at lower and
larger at higher frequencies. Also the frequency
dependency of the specific impedance changes; the
characteristic frequency, frequency at the maximum
reactive part, increases from 260 kHz in the invasive
case to 380kHz in the non-invasive case.

In Figure 2 it is also possible to notice a certain
influence of the scalp and the skull bone in the changes
of impedivity as a consequence of swelling of the cells
in suspension inside the innermost sphere. We can
appreciate that those changes are affected, both in
absolute and relative terms.
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Figure 2: Wessel plot in the complex plane of the
impedivity of the equivalent spheres for both cases.

The mentioned influence can be more accurately
examined in Figures 3 and 4, where the impedivity,
obtained from each of the cases, is decomposed in its
resistive and reactive parts. The calculated variation in
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each component is independently plotted for both cases
and compared in terms of variation over the baseline
versus frequency. The specific resistance is plotted in
Figure 3 and the data regarding the reactive component
is plotted in Figure 4.
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Figure 3: Variation of the specific resistance during cell
swelling for both, invasive and non-invasive cases.

In Figure 3 we can observed that the changes in the
specific resistance during cell swelling are attenuated by
the influence of the scalp and skull at almost any
frequency, with the exception of a frequency window
around the characteristic frequency of the invasive case,
200 kHz. The highest attenuation is produce at low
frequencies but even though the larger increment is
produce in the same frequency range. An interesting
result that can be seen in this plot is that the zero-
crossing point, i.e. when the increment becomes a
decrement, occurs at the characteristic frequency in both
cases.

In the case of the specific reactance we can observe
in Figure 4 a high attenuation in the calculated
increment at low frequencies and a slight growth at high
frequencies. We can also notice that the turning point
from attenuation to growth occurs at the characteristic
frequency of the normal invasive case, no swelling.
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Figure 4: Variation of the specific reactance during
cell swelling for both, invasive and non-invasive cases.

Discussion

As expected, due to the skull bone and the scalp the
measurement scenario between the invasive case and
the non-invasive case does differ affecting both the
resistive and the reactive part of the total specific
impedance. The observed effect affects the specific
resistance and reactance in different manners, exhibiting
certain frequency dependency.

In this respect, the resistivity is affected the most at
low and high frequencies while at medium frequencies
the changes are small, approaching the characteristic
frequency, or none at the characteristic frequency. So
the resistivity changes the most, precisely when the
resistive character is the predominant in specific
impedance of tissue, i.e. small phase angle. In the case
of the specific reactance, it is notably affected at any
frequency especially at low frequencies.

In the case of resistivity the larger changes occur,
both proportionally and absolutely, at low frequencies
while in the case of the specific reactance,
proportionally, it changes the most a low frequencies
but in magnitude the largest change is exhibited at
medium frequencies, when the reactive character is
predominates over the resistive.

In terms of variation of the total impedivity as a
consequence on internal cell swelling, the scalp and
skull bone affect both real and the imaginary parts and
again an expected frequency dependency is exhibited.

In the case of the real part, the changes are
attenuated at low frequencies, in concordance with
previous reported studies [5,16], as well as at high
frequencies. However there is a frequency window
where the changes are enlarged instead of weakened at
medium  frequencies, around the characteristic
frequency.

In the case of the reactive part, the resulting
attenuation occurs only below the characteristic
frequency in the manner that the lower the frequency
the higher the attenuation. At higher frequencies the
changes were affected in minor manner, exhibiting an
enlargement instead of attenuation

Conclusion

It is encouraging to observe that in the detection of
changes in the electrical properties of tissue as a
consequence of cells swelling, the effect of the skull
bone and the scalp on the total specific impedance is not
negative at all frequencies, and when negative at least
not destructive.

The calculated skull and scalp effect on the specific
reactance enlarging the changes due to internal cell
swelling strengths the importance of the reactance for
the monitoring of changes in the brain electrical
impedance as a consequence of hypoxia/ischemia.
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