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Abstract
Despite the long history of rheoencephalography (REG), some
important aspects of the method are still debatable. Bioimpedance
measurements offer great potential benefit for study of the human
brain, but the traditional four or six electrode method suffers from
potential misinterpretations and lack of accuracy. The objective of
this paper is to study the possible mechanism of REG formation by
means of numerical modelling using a realistic finite element model
of the human head. It is shown that the cardiac related variations
in electrical resistivity of the scalp contributes more than 60% to
the REG amplitude, whereas the brain and cerebrospinal fluid are
mutually compensated by each over.
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Introduction

Electrical rheoencephalography is a well known electrophys-
iological method, which is intended for estimating the cere-
bral blood flow (CBF) by means of noninvasive electrical
impedance measurements made through scalp electrodes.
Presumably, the origin of REG is a pulsed variation of the
brain conductivity during the cardiac cycle. Due to the fact
that REG is widely used in routine clinical studies and has
a long history of practical applications, the ability of REG
to assess the functional state of the human brain has been
well investigated. Despite this fact, the method is frequently
referred to as unreliable and controversial because the mea-
surements are ambiguous with a high risk of clinical misin-
terpretation [1].

The most controversial characteristic of REG is its abil-
ity to evaluate correctly the CBF from the surface electrodes
through the anatomical structures of the human head. The
argument is that a weak alternating electrical current, which
is used for the impedance measurements, is shunted by the
scalp with its low electrical conductivity, and can not reach
the brain [2]. Another delicate feature of REG is its de-
pendence on individual variations in the anatomy of the hu-
man head. Furthermore, small changes in the positions of
the electrodes lead to a significant deviation in the measured
impedance. One more disadvantage is a relatively compli-
cated procedure that includes the positioning of the elec-
trodes on the head, special patient treatment in advance, and,
as a consequence of high sensitivity to dislocations, reducing
movements of the head during the test. A straightforward
interpretation of the measured values is also debatable.

These are the reasons why REG is not the method of
choice in clinical studies of CBF. Moreover, having no vi-
sualization ability, REG can not compete with modern com-
puter tomography systems, functional magnetic resonance
imaging machines, Doppler effect based ultrasound equip-
ment and radioactive isotopic imaging. Nevertheless, REG
still remains attractive on account of its simplicity [3]. In
addition, new bioimpedance measurement techniques, such
as electrical impedance tomography of the brain, provide
enough sensitivity and accuracy to register small changes in
electrical conductivity of the head tissues during the cardiac
cycle, but the origin of these signals should be studied thor-
oughly to avoid uncertainty of interpretation.

Most comprehensive clinical, laboratory and theoretical
studies of REG were conducted between 1960-1980 [4].
Since that period, several models of REG formation have
been developed, but, to a certain extent, contradict the labo-
ratory and clinical observations. First of all, the common ap-
proach [3] uses a traditional physiological experimental tech-
nique with laboratory animals under the very specific condi-
tions of an acute surgical operation. Obviously, these con-
ditions differ significantly from the normal state and results
should be interpreted carefully. Taking into account the ethi-
cal issues, such experiments have serious limitations and cre-
ate a strong objection within society. The second argument,
frequently used against the acute experiments, concerns the
blood circulation under these particular circumstances. It
is absolutely necessary to provide an experimental animal
with appropriate anaesthesia and blood circulation during the
whole operation. It is absolutely necessary to provide an
experimental animal with appropriate anaesthesia. Unfortu-
nately, anesthetic agents noticeably interfere with cerebral
blood flow autoregulation [5] and bioimpedance measure-
ments, changing the concentration of ions in the blood and
physiological properties of vessels.

In order to avoid possible inaccuracy, we used an approach
based on a realistic mathematical model of the human head.
This paper presents the model which was developed to fit
the specific requirements of bioimpedance measurements,
the results of numerical experiments with the model, and
possible mechanism of REG formation.

Materials and methods

A realistic model of the human head was built using the fuzzy
models from the simulated brain dataset (the SBD, [6]). The
dataset was preprocessed in order to remove some artefacts,
and the image was blurred with a 3D Gaussian filter. After
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that a triangulated surface of the head was reconstructed by
means of a surface deformation technique. Several specific
conditions were applied to the surface reconstruction method
to guarantee smoothness, good quality of triangles, and ab-
sence of self-intersecting regions. The surface model con-
sists of 10242 nodes and 20480 surface elements (triangles).
A volume tetrahedral mesh was obtained with TetGen soft-
ware [7] using the surface mesh as a boundary description.
The final model was made of 57215 nodes and 261827 finite
tetrahedra elements. Next, all finite elements were assigned
to the electrical conductivity and permittivity values accord-
ing to the amount of the particular tissue inside the tetrahedra
(1).

σm( f ) = ∑12
i=1 wi ·σi( f ),

εm( f ) = ∑12
i=1 wi · εi( f ),

wi =
Ni

∑Ni
, i = 1..12

(1)

Here σm( f ) and εm( f ) are conductivity and permittivity of
the mth finite element at frequency f , wi is a contribution of
the particular tissue into the electrical values, ∑wi = 1, Ni is
the number of pixels with the same type of tissue inside the
finite element, i identifies the kind of the tissue. The original
SBD model involves twelve different types of tissue (cerebral
spinal fluid (CSF), grey and white matter, skin, muscles,
etc.). We used the electrical parameters σi( f ) and εi( f ) from
Database of Tissue Properties [8]. The frequencies were
chosen within a range of 50 - 200 kHz as the most common
for REG. Finally, the virtual surface electrodes [6] with the
approximate area 300 mm2 and the contact resistance 250
Ohms at 100 kHz were placed in the "10/20" system standard
locations. In numerical experiments we used a subset of the
whole system (F3, F4, T3, T4, T7, T8, O1, O2), according
to the common REG scheme. The amplitude of excitation
current was 1 mA. The voltages were calculated between
pairs F3-T3, T3-T7, T7-O1 and F4-T4, T4-T8, T8-O2. Four
electrode measurement protocol with the complete electrode
model was applied.

The numerical experiments included calculation of the
background impedance with the initial values of σ( f ) and
ε( f ), then the parameters were slightly changed and the
impedance was computed again.

We proposed a method to model the small variations in
electrical parameters caused by a pulsed circulation of fluids
inside the scull. The idea behind this method is based on the
simple fact that the resistance depends on resistivity and size
of the object (2).

R =
∫ l

0

ρ(l)
A(l)

dl (2)

R is the resistance, ρ(l) is the resistivity, A(l) is a cross
section of the object, l is a line of integration. Thus, in
the case of very small mechanical deformations of the brain
we can model the ∆R changing only ρ(l) instead of exact
calculation A(l) and l. A similar equation also exists for
the capacitance. The changes in the electrical parameters
were calculated using (1) with modified weights wi for the
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Fig. 1: Contribution of the brain, skin, and CSF into the REG’s
amplitude

brain, cerebral spinal fluid, and blood. These modifications
were applied only to the finite elements lying on the borders
between the brain and fluids.

To calculate the impedance Z a forward problem (3) with
the complete electrodes model [9] was solved.

∇ · (σ + jε)∇ϕ = 0 in Ω,

�n · (σ + jε)∇ϕ = 0 on ∂Ω\Γe,

ϕ + z�n · (σ + jε)∇ϕ =U on Γe ,

Ie =
1
Se

∫

Se

�n · (σ + jε)∇ϕdS, 1 ≤ e ≤ Ne

(3)

ϕ is electrical potential, �n is a normal vector to the surface
∂Ω, Γe is a surface of the electrode e, z is its contact
impedance, U is a voltage (complex value) at the electrode
e. As a result of solving (3), the complex voltages Uelek and
the electrical impedance Z between pairs elek of electrodes
were calculated as Zelek =Uelek/I.

Results

The contributions made by the tissues to the voltages at
the surface electrodes were calculated considering a linear
approximation of a sensitivity matrix. The sensitivity matrix,
or Jacobian J, gives the forward solution (3) as:

Jem =
∂Ue

∂σ∗
m

;

Ue =
M

∑
m=1

Jem ·σ∗
m =

M

∑
m=1

Jem ·∑
i

wim ·σ∗
im

(4)

where σ∗ = (σ + jε), M a number of finite elements in the
model, Ue the voltage at the electrode e. Consequently, a
partial sum in (4) may be used to find the contribution of
a particular tissue to the aggregated signal. The calculated
values for some electrode’s pairs are given in Fig.1. The
percentages describe parts of Ue caused by the different
tissues.

The next numerical experiment was conducted in order to
compute the influence of small changing in the electrical pa-
rameters on the voltages at the surface electrodes. As de-
scribed above, the weights wi of the skin, brain, blood and
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F4-T4 F3-T3 T4-T8 T3-T7 T8-O2 T7-O1

Rbg, Ohm 529.264 477.82 552.155 507.325 560.549 533.523

R scalp, Ohm 529.116 477.703 551.963 507.142 560.349 533.282

∆R, Ohm -0.148 -0.117 -0.192 -0.183 -0.2 -0.241

R brain, Ohm 529.218 477.766 552.108 507.275 560.475 533.454

∆R, Ohm -0.046 -0.054 -0.047 -0.05 -0.074 -0.069

R CSF, Ohm 529.296 477.867 552.185 507.368 560.612 533.584

∆R, Ohm 0.032 0.047 0.03 0.043 0.063 0.061

Amplitude, Ohm -0.162 -0.124 -0.209 -0.19 -0.211 -0.249

Tab. 1: Calculated amplitudes of REG

CSF were varied, saving ∑wi = 1. The variations corre-
spond to the pulsatile intracranial volume (ICV) [10]. The
value given there is about 1 ml, or 0.1% of the whole ICV.
It is also important to note, that there is a small delay, ap-
proximately 200 ms [10], between the peak inflow of arterial
blood and outflow of CSF. Hence, at least three time points
of the cardiac cycle should be modelled: background, the
arterial blood volume inflow peak, and the CSF volume out-
flow peak. The results are given in Tab.1. All values are a
module of the calculated impedance. Rbg corresponds to the
background distribution of the conductivity and permittiv-
ity. Rscal p and ∆Rscal p, Rbrain and ∆Rbrain, RCSF and ∆RCSF

are mutual resistances and their variations due to pulsatile
changes in the electrical parameters of the corresponding tis-
sue.The electrical impedance of the skin changes simultane-
ously with the impedance of the brain because the arterial
blood inflow, thus the amplitudes ∆Rscal p and ∆Rbrain may
be summarised. The negative values mean that the calcu-
lated resistance becomes lower on the peak of the arterial
blood inflow. The CSF outflow increases the resistance and
contributes a small positive value, comparable to the absolute
∆R of the brain.

Discussion

As a result of the numerical experiments a reasonable hy-
potheses concerning the mechanism of REG formation has
been proposed. Actually, our numerical results to a cer-
tain extent prove the widespread point of view that the main
source of REG is a pulsatile change in electrical impedance
of the scalp. Although the volume of the scalp is significantly
lower in comparison with the brain, the scalp generates a sig-
nal that is 3 or 4 times stronger than the signal of the brain
because so called "near electrode effects". Current density
near the electrodes is higher; consequently, it creates a higher
voltage across the adjacent regions. This effect can partially
be reduced by the four electrode method, but it deals mainly
with the contact resistance of the electrode. We think that is
a reason why the standard low electrodes count REG can not
distinguish between intra- and extracranial sources of pulsa-
tion.

Another point of discussion concerns the method of mod-
elling small variations in the electrical impedance. We used

this approach to calculate new values of the electrical param-
eters because, according to the Monro-Kellie relation, the in-
ternal volume of the skull remains constant during the car-
diac cycle, so the relative volumes of the brain, blood, and
CSF should vary. These variations can be modelled either
using elasticity theory [11], or by direct modification of the
electrical parameters of the finite elements. The complexity
of the mechanical model of the brain, which takes into ac-
count elasticity and fluid flow, is very high. Moreover, the
mechanical models are also based on tomographic images
with a spacial resolution of about 1 mm, whereas the defor-
mation of the anatomical structures during the cardiac cycle
is very small and can not be detected even on the high resolu-
tion images. Besides computational complexity, the realistic
mechanical model introduces one more source of errors as
the mechanical parameters of the brain (mainly elasticity) are
extremely difficult to be measured precisely. In case of very
small (no more than 0.1% of initial volume) elastic deforma-
tion of the brain the borders between anatomical structures
move only slightly from the original positions and likely re-
main inside the same finite elements. Therefore, both ap-
proaches seem to be equal, taking into account the estimated
accuracy of the final solution.

It is also clear that changes in the electrical impedance of
the brain are closely linked to its compliance; intracranial
pressure plays an important role as well.

Conclusion

Rheoencephalography as a simple and completely noninva-
sive method is very attractive. Unfortunately, the inherited
features of REG, related to the physical limitations of bio-
impedance measurements, are crucial in context of quanti-
tative measurements of the CBF. The results of our numer-
ical experiments may explain some controversial aspects of
REG along with the reasons for misinterpretation. From the
point of view of this particular work, the variety of existing
clinical and experimental findings could be explained by the
fact that the amplitude of REG is a non-linear function of
the heart’s stroke volume, the brain’s compliance, intracrani-
cal pressure, and cerebral blood flow. Under certain circum-
stances (high compliance, high stroke volume, and low in-
tracranial pressure), CBF may create a strong signal, but gen-



Brazovskii et al.: Modelling the ability of rheoncephalography. J Electr Bioimp, 5, 110-113, 2014

113

erally these factors are unknown because they can be mea-
sured only by means of MRI. Obviously, it it not necessary
any more to record REG having a completed MRI study.
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