
  
Abstract� Non-invasive multi-frequency measurements of 
transcephalic impedance, both reactance and resistance, can 
efficiently detect cell swelling of brain tissue and can be used 
for early detection of threatening brain damage. We have 
performed experiments on piglets to monitor transcephalic 
impedance during hypoxia. The obtained results have 
confirmed the hypothesis that changes in the size of cells 
modify the tissue impedance. During tissue inflammation after 
induced hypoxia, cerebral tissue exhibits changes in both 
reactance and resistance. Those changes are remarkably high, 
up to 71% over the baseline, and easy to measure especially at 
certain frequencies. A better understanding of the electrical 
behaviour of cerebral tissue during cell swelling would lead us 
to develop effective non-invasive clinical tools and methods for 
early diagnosis of cerebral edema and brain damage 
prevention. 

 
Keywords� Bio-impedance, Brain Damage, Cell 

Swelling, Cerebral Edema, Hypoxia, Ischemia, Tissue 
inflammation.  
 
 

I.  INTRODUCTION 
 
 Society�s costs for neuropsychiatric diseases are by far 
the largest compared to all disease groups. The total cost for 
medical care of brain science-related disorders in E.U, US 
and Japan is estimated to 400 BUSD [1]. Many nervous 
system related disorders are cause by hypoxic brain damage 
as a result of severe oxygen lack and/or cerebral blood 
circulation failure (hypoxia/ischemia) during intensive care, 
surgery or labour. For instance one of 500 newborns suffers 
severe perinatal asphyxia [2] and up to 48% of all patients 
suffer from cognitive dysfunction after cardiac surgery [3]. 
Currently there are no efficient non-invasive techniques to 
detect clinical situations of impending hypoxic brain 
damage. 
 Hypoxia/Ischemia, an important and common cause of 
cell injury, impinges on the aerobic oxidative respiration of 
the cell [4]. Lack of oxygen in the cell reduces the cellular 
energy production thus making the cell membrane lose some 
of its transport and regulation functions. Without these 
membrane functions the intracellular concentration of 
solute, ions and catabolites increases, an increase 
accompanied by an isosmotic increment of water and 
resulting in cell swelling, also denominated cellular edema 
[5].  
 Cellular edema implies a redistribution of intracellular 
and extracellular fluids followed by a change in the tissue 
structure. Biological tissue consists of an aggregation of 

cells in a conductive fluid [6], and the electrical impedance 
of tissue depends on the cellular structure and composition 
[7], see Fig. 1. Cell swelling causes structural changes in the 
tissue, resulting in changes in the electrical impedance of the 
tissue [8], see (1). 
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Where  Z= impedance of tissue 
  re = resistivity of extracellular fluid, Ωcm 
  ri = resistivity of cytoplasm, Ωcm 
  cm = surface membrane capacity, Farads/cm2 
  a = cell radius, cm 
  f = volume factor of cells concentration 
  ω = angular frequency, rad/s 
  j = the imaginary unit √-1 
 
 The potential application of electrical bio-impedance 
measurement for tissue identification and/or monitoring of 
structural changes have been extensively studied by many 
authors during the last 15 years [9-12], especially in the field 
of Electrical Impedance Tomography (EIT) [13-17]. * 
 The few studies that focus on hypoxic brain damage 
detection have confirmed the association between hypoxic 
episodes and changes of impedance in the brain [2,12,17]. 
The electrical impedance consists of two components: 
resistance and reactance, but most of the research to date has  
 

 
Fig. 1.  Diagram of biological tissue modelled as a suspension of spherical 

cells and its electric circuit equivalent. 
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been focused on resistance. In most of the previous studies, 
the impedance of the tissue has been measured at low 
frequencies, 50 kHz. However reactance and resistance of 
biological tissue exhibit a different behaviour regarding 
frequency [18 and 19]. Therefore at certain frequencies 
reactance monitoring may represent better changes in fluid 
distribution on the tissue structure. 
 In order to detect and prevent brain cellular edema and 
potential brain damage, there is a need for a methodology 
that allows the monitoring of signs of threatening conditions 
before irreversible changes have taken place. Currently, 
bioelectrical impedance measurement instrumentation is 
used at hospitals for different clinical purposes, e.g. cardiac-
respiratory measurements and water body contents. It is 
inexpensive, and does not represent risk or discomfort for 
the patient. It can be applied non-invasively, and as it is 
portable it can be use at bedside.  
 The aim of this study is to investigate the relation 
between resistance and reactance in transencephalic 
impedance at frequencies in the range 20 kHz to 750 kHz 
and the dynamics, time relation, during acutely induce 
hypoxia. 
 
 

II.  METHODOLOGY 
 
 An experiment was designed to invasively measure 
brain impedance on piglets before, during and after hypoxia. 
Continuous transcephalic impedance measurements are used as 
indicators of change in fluid volumes in brain tissue. The 
performed study was approved by the Ethics Committee for 
Animal Research of Göteborg University. 
 
A.  Animal Preparation and Induced Hypoxia 
 
 Newborn pigs, 1-4 days old, were anaesthetised with 
ketamine/chloralose and ventilated to maintain normal blood 
gases. EEG and transencephalic impedance were recorded 
together with arterial blood pressure and heart rate. After a 
one hour long control period, 45 min of severe hypoxia was 
institute by decreasing oxygen in the inhaled gas mixture to 
6 per cent. EEG responded by a rapid loss of activity and an 
isoelectric EEG was maintained for 45 min. then oxygen 
was added to the gas mixture and normal oxygenation was 
maintained for the following 16 hours. 
 The subjects were sacrificed immediately at the end of 
the experiments by a lethal overdose of ketamine/chloralose 
 
B.  Measurement of Transcephalic Impedance 
 
 Four burr holes were drilled trough the scalp in the 
positions P3, P4, C3 and C4. Silver rod electrodes of 2,5mm 
were screwed into the holes with the surface resting on the 
dura. Electrical bio-impedance was measured using a 
custom-made impedance meter [20], based on the 4�electrode 
method. A sine wave alternating current of 500 µA peak-to-

peak was applied for continuous electric stimulation through 
electrodes C3-C4. Resistance and reactance were measured 
from electrodes P3-P4 in the frequency range from 20 kHz 
to 750 kHz.  
 Data measurements were processed and stored with a 
customized SACS® application [21] for physiological 
monitoring instrumentation. 
 
 

III.  RESULTS 
 
 Performed measurements showed that the effective 
electrical impedance of the brain changes abruptly during 
and after hypoxia. In Fig.2 the evolution of the cerebral 
resistance at 50 kHz is shown. The magnitude of the 
resistance remained practically invariable before hypoxia 
was induced. Resistance began to increase upon induced 
hypoxia. In 45 minutes of hypoxia the resistance increased 
from 52 Ohms to 85 Ohms. After subject resuscitation, the 
resistance kept increasing, for a short period of time, 
reaching a maximum value of 89 Ohms; 71 % increment 
over the pre-hypoxic value. In some subjects after 
resuscitation, the resistance decreased towards baseline for 
the remainder of the experiment. In other subjects the 
resistance decreased approximately for one hour before it 
increased again. 
 It was observed that the augmentation ratio 
(proportional increment of magnitude regarding the initial 
value given in %) of the resistance and impedance exhibited 
certain frequency dependency, see Table I and Fig.3.  

 
Fig. 2. Evolution of Transencephalic resistance during induced hypoxia 
measured at 50 kHz. Resistance in Ohms in the left axis and difference 

respect baseline in the right axis.  

TABLE I 
   AUGMENTATION RATIO FOR REACTANCE AND RESISTANCE AT 

VARIOUS FREQUENCIES 

Reactance Resistance Frequency, 
in kHz (∆value)/Initial value) x 100 

20 23.9 % 24.3 % 
100 24.0 % 21.5 % 
200 30.9 % 22.8 % 
300 29.7 % 24.6 % 
500 36.6 % 11.1 % 
750 33.6 % -5.2 % 



Fig. 3. Cole-Cole plot for the cerebral impedance at various time intervals 
during hypoxia. Frequency range from 20 kHz to 750 kHz.  

 
A measured increment in resistance of 24.3% at 20 kHz, was 
22.1% at 200 kHz and 11.1% at 500 kHz, while at 750 kHz, 
the resistance decreased 5.2%. Reactance exhibited an 
augmentation ratio value centred approximately around 30% 
over the complete measured frequency range. 
 Fig. 3 shows the time evolution of cerebral impedance 
using  Cole-Cole plots. It contains three Cole-Cole plots 
measured at one hour before hypoxia was induced, one hour 
and 30 minutes, and two hours and 30 minutes after 
hypoxia. We observed that the radius and the centre of the 
Cole-Cole plot changed and shifted, respectively, during 
hypoxia. 
 
 

IV.  DISCUSSION 
 
 Our study confirms that deprivation of oxygen in 
newborn piglets produces changes in brain impedance. 
Changes in impedance are expected during hypoxia 
considering the structural changes that cellular edema 
introduces in tissue. This behaviour of the effective 
electrical bio-impedance can be deduced from Fig.1 and (1). 
 Immediately after induced hypoxia, the cerebral 
resistance increases abruptly at low frequencies. This 
behaviour is consistent with results reported by Holder in 
[17] and Lingwood in [2 and 12]. This increase of resistance 
is intrinsic to the formation of cellular edema; the cells 
swell, increasing the intracellular space and decreasing the 
extracellular space. The resistance increment is noticed 
especially at low frequencies because the electrical current 
flows essentially through the extracellular space at low 
frequencies [6]. 
 The augmentation ratio of the resistance showed a 
decreasing trend regarding frequency. This trend is related 
to the capacitive effect of the cellular membrane. This 
decreasing trend results in the augmentation ratio leading to 
negative values at high frequencies. It should be noted that it 
was an unexpected result and since there are no previous 
reported experiments about this specific phenomenon to 

support or disregard this finding, we think it must be subject 
to further study. 
 The measurements have been performed invasively, 
therefore most of the applied current was used in the 
measurements and the changes in impedance were measured 
and detected very clearly. Non-invasive impedance 
measurements have to deal with the effect of the skull and 
the scalp, thus we expect the changes in impedance will not 
be as large as measured here, but the changes will still easily 
perceptible as it has been reported by Lingwood in [12] and 
Holder in [17]. 
 The relation between frequency and impedance, both 
real and imaginary components, gives a clear indicator of 
suitable frequency ranges for detection of cell swelling in 
the brain. 
 
 

V.  CONCLUSION 
 
 The impedance signal displays a rapid response to 
hypoxia. The response appears to be graded: the degree of 
impedance change reflects the severity of the insult to the 
brain. Non-invasive multi-frequency measurement of brain 
electrical complex impedance may become a valuable 
method for early detection of brain cellular edema. 
 The frequency dependency of the resistive and reactive 
parts of the impedance confirms the electrical equivalent of 
the brain tissue and supports the hypothesis that cell 
swelling is the major mechanism behind the changes in 
impedance. 
 Measurements of resistance and reactance at various 
frequencies may be the foundation on which to develop new 
monitoring tools for early diagnosis of brain cellular edema. 
A clinical method of cerebral monitoring based on our 
results will require further studies of the behaviour of the 
impedance 
 There are some uncertainties about the behaviour of the 
effective complex impedance of the biological tissue during 
cell swelling. These uncertainties should be investigated in 
order to obtain a better understanding of electrical 
phenomena on biological tissue under structural changes. 
The feasibility to of using non-invasive electrodes must also 
be addressed. 
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