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Abstract 
This article presents an overview of rheoencephalography (REG) 
– electrical impedance measurements of the brain – and summa-
rizes past and ongoing research to develop medical applications of 
REG for neuro-critical care and for primary prevention of stroke 
and cardiovascular disease. The availability of advanced electron-
ics and computation has opened up the potential for use of REG 
technology as a noninvasive, continuous and inexpensive brain 
monitor for military and civilian applications. The clinical back-
ground information presented here introduces physiological and 
clinical environments where REG has potential for use in research 
and clinical settings.   

REG studies over the past three decades have involved in vitro 
and  in vivo groups (animal and human), including more than 
1500 measurements and related electronic and computational 
results and practical applications. In vitro studies helped research-
ers understand the flow/volume relationship between Doppler 
ultrasound and electrical impedance signals and supported devel-
opment of REG data processing methods. In animal studies, REG 
was used to monitor the lower limit of cerebral blood flow (CBF) 
autoregulation (AR) using a newly developed algorithm. These 
animal studies also confirmed correlations between REG and 
measurements of carotid flow (CF) and intracranial pressure 
(ICP). Human studies confirmed the applicability of REG for 
detecting cerebrovascular alteration, demonstrating the usefulness 
of REG in the field of stroke/cardio-vascular disease prevention. 
In these studies, REG was compared to known stroke risk factors 
and to results obtained using carotid ultrasound measurements. An 
intelligent REG system (Cerberus) has been developed for primary 
stroke prevention. In these studies, the biologically relevant 
variables of the REG signal were pulse amplitude (minimum – 
maximum distance) and duration of the anacrotic (rising) portion 
of the REG pulse wave.    

The principal limitation of REG for clinical application is the 
lack of pathological and physiological correlations. The studies 
presented here have initiated such inquiries, but many clinical 
questions about the pathophysiological background of REG 
remain unanswered.   

These results demonstrate that REG development is a multi-
disciplinary subject with relevance for medicine (vascular neurol-
ogy and neurosurgery intensive care); electronic engineering; 
mathematics, and computer science (data processing). It is hoped 
that information presented in this article will provide assistance to 
those involved in REG research, particularly in development and 
clinical applications.  

Keywords: Rheoencephalography, carotid flow, intracranial 
pressure, cerebral blood flow autoregulation, neuro-monitoring, 
REG data processing, arteriosclerosis, expert system.   

Introduction 

History 

The first published studies of bioimpedance measurements 
of brain circulation, in the late 1940s, show a trajectory 
similar to early measurements of heart and brain electrical 
activity (EKG and EEG). Early bioimpedance research 
began with thoracic (cardiac) measurements, which were 
soon followed by measurements of brain circulation. The 
term ‘rheoencephalography’ (REG) was first used by Jenk-
ner. The original REG device was a four-electrode system, 
later modified to two electrodes.  

Since the 1950s, REG devices were manufactured and 
widely used in such nations as Austria, Italy, USA, Soviet 
Union/Russia, Poland, Belgium, Bulgaria, Hungary, China, 
and Spain. Following the development and computerization 
of neurological diagnostics and the wide use of a variety of 
brain mapping methods, interest in REG declined because 
of uncertainty about what aspects of brain circulation REG 
measures. An impedance brain scanner was mentioned in a 
1978 publication [1], but no impedance scanner device was 
reported as being manufactured or applied to clinical prac-
tice. Currently no manufacturer has registered a REG 
device with the U.S. Food and Drug Administration (FDA).  

Studies in the early 1990s led to development of a com-
puter-based REG system to measure cerebrovascular altera-
tion caused by arteriosclerosis. Studies since 2000 have 
confirmed that REG measures CBF autoregulation, making 
it now possible to use REG technology to develop and test 
an inexpensive, non-invasive continuous brain monitor. 
Such development has recently received financial support 
from the U.S. Department of Defense [2].  

Interest in the potential for using REG to measure brain 
circulation has been ongoing and continuous within the 
scientific community.  Internet-based data search systems 
today trace REG literature back for decades. These articles 
illustrate the wide spectrum of REG research; however, a 
literature review is beyond the scope of this article. A 
search in Medline/Pubmed using the keyword  ‘rheoence-
phalography’ produced 297 hits including three reviews and 
three free full tests;  a Google search resulted in 21, 200 hits 
(December 27, 2009). REG is included in a recent interna-
tional book-length publication [3] and is mentioned as a 
potential method for use in neurovascular monitoring 
method [4].   

Since the early days of REG research, advances in the 
development of electronics, computation, and signal 
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processing techniques make practical and feasible the 
reconsideration of REG as a technology useful in develop-
ing a portable, perhaps wearable monitoring device for CBF 
reactivity.  

 
Some basic problems for use of electrical impedance mea-
surements   
 
The fact that the cost of electrical impedance instrumenta-
tion is relatively low has encouraged its possible applica-
tion in many areas. The impedance measurement is influ-
enced by such factors as geometry, tissue conductivity, and 
blood flow. This complexity makes it difficult to measure 
reliably an isolated physiologic parameter, which has been 
the principal factor limiting use of impedance measurement 
applications. The applications widely used in clinical medi-
cine are apnea monitoring, thoracic impedance/cardiac 
output measurement and the detection of venous thrombo-
sis. Other potential applications, such as those described 
here, need further studies [3,5,6].   

The disadvantage of REG as well as laser Doppler 
flowmetry for use in measuring CBF has been that neither 
measures in absolute flow units. However, here we demon-
strate how to overcome this problem by comparing mea-
surements made during control and challenge periods and 
by calculation of percentage changes appropriate for cere-
brovascular reactivity [7,8]. 

 
Physical and Physiological Basics  
 
The U.S. Food and Drug Administration defines a rheoen-
cephalograph as “a device used to estimate a patient's 
cerebral circulation (blood flow in the brain) by electrical 
impedance methods with direct electrical connections to the 
scalp or neck area” [9].  Previously, REG is referred to as   
impedance cephalography [10]. The inadequacy of this 
method for use in measuring flow has always been ques-
tioned [11].  

The physical basis of the REG measurement is based on 
the fact that blood and cerebrospinal fluid are better con-
ductors than the brain or other 'dry' tissue. The REG signal 
reflects the impedance change: during blood inflow into the 
cranial cavity, electrical conductivity increases and resis-
tance decreases, as represented by increasing REG pulse 
amplitude. The REG pulse wave represents only a small 
percentage of the total electrical impedance. An identical 
change in electrical impedance occurs in a pulse wave 
generated during impedance measurements on peripheral 
sites (e.g. leg, arm), as described by Nyboer [12] in the 
parallel-column model. In measurements made on the skull, 
the input is the volume of the arterial pulse, and the output 
is a combination of venous and CSF outflow. The resulting 
impedance change – the REG curve – is the result of the 
equation – involving all factors mentioned here combined, 
not detailed individually. The measured pulsatile electrical 
impedance value offers the basis of several calculations, 
detailed by Jenker [13]. Influencing factors are detailed by 

Moskalenko [14]. On the basis of previous data, REG is 
actually a reflection of volume rather than of flow [12]. 
This problem is addressed in the in vitro section. 

 

 
 

Fig.1: Arterial pressure waveform (red) REG waveform (blue). 
Figure illustrates the inverse relationship between the systemic 
arterial blood pressure (femoral artery) and the raw REG signal: 
impedance is decreased when tissue is filled with blood. The peak 
difference, indicated by two vertical bars, is about 60 msec. 

 
Medical basics 

 
In healthy subjects, changes in the REG pulse wave reflect 
heart and respiratory activity as well as brain vasoconstric-
tion and vasodilatation. Similar pulsation can be observed 
in intracranial pressure (ICP) waveform. Pathological 
conditions in the brain typically involve changes in fluid 
content caused by bleeding, vascular reaction, cerebral 
volume changes and vessel wall hardening, which is caused 
by arteriosclerosis. At the same time, these changes can 
cause an increase in intracranial pressure and a resulting 
decrease in CBF. In studies of REG conducted earlier, REG 
was determined to be useful for detecting elevated ICP and 
arteriosclerosis [15]. An overview of REG can be found 
elsewhere [16-31], however the relationship between REG 
and CBF AR was missing [8,9,11,12].   

Typically, Doppler ultrasound is used in clinical prac-
tice to measure CBF and cerebral hemodynamic reserve. 
The fact that a REG device would be much more cost 
effective than Doppler ultrasound or a brain mapping 
device such as the PET scan, explains why REG monitoring 
has potential for use in diagnosing cerebrovascular altera-
tions measuring cerebral hemodynamic reserve. Brain 
mapping devices typically have better space resolution but 
worse time resolution than REG, since brain mapping 
devices were designed to localize brain pathology, not to 
monitor.    
 
REG devices used   
 
Studies selectively described here involve devices used in 
cited publications. Five types of REG devices were used 
(see Table 1):  1) Galileo: KR -Ea Rheo Preamp, excitation 
frequency of 45 kHz, time constant 3 s (OTE Galileo, 
Italy);  2) Medicor: ReoRon 61, excitation frequency of 160 
kHz (Medicor, Hungary); 3) Cerberus: excitation frequency 
of 125 kHz, time constant 0.3 s (Quintlab, Hungary); 4) 
UFI: excitation frequency of 50 kHz, Model 2991 and 2994  
(UFI, Inc. Morro Bay, CA);  5) MIC: Minnesota Impedance 
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Cardiograph, excitation frequency of 100 kHz, DC – 60 Hz, 
model 304 B (Surcom Inc, Minneapolis, MN).  
 

Table 1: Summary of REG studies (1975-2010) and REG devices 
used. Legend: Metal fragment study involved in vitro and in vivo 
measurements. Several hundred Cerberus measurements were ex-
cluded from this list since there was no data processing and/or 
Medline accessible publication. Spreading dep: depression; * 
Challenges were: 30 sec breath holding, hyperventilation, CO2 
inhalation, Valsalva maneuver, Trendelenburg, inverted Trende-
lenburg position, and Exer-Rest shaking [59]. 

 

Group                In vitro Species N/trial REG         Reference 

CO2 inhalation  human 6 Galileo 32, 33 

City screening  human 140 Medicor 34 

Rural screening  human 564 Cerberus 35-41 

Reproducibility  human 13/130 Cerberus 42 

Psychiatric patients  human 101 Cerberus 43,44 

Radio frequency          human 76/760 Cerberus 45 

CBF tests*  human 4/24 Cerberus  

ICP increase  cat 6 Galileo 32,33,46 

ICP increase  dog 6 Galileo 32,33,46 

Brain electro-stim  rat 8 UFI 47 

Aortic compression  pig 1/4 Galileo 47 

CO2/O2 inhalation  rat 16/84 

Medicor, 
Galileo, 
UFI 47,48 

Microwave  rat 40/200 Medicor 49-52 

Carotid clamping  rat 5/13 Galileo 48 

Hemorrhage  rat 14 Galileo 53 

Liposome infusion  pig 24/57 Galileo 54 

Hemorrhage, PEEP  pig 55/152 Galileo 55 

Metal fragment + rat 12/92 
Galileo, 
Cerberus 56 

Flow/volume +   
Galileo, 
Cerberus 57 

Spreading dep  rat 1/4 Galileo 55 

Hemorrhage  monkey 8 Cerberus 55 

Hypotension  piglet 17 Galileo 58 

Vinpocetine  rat 12/70 
Galileo, 
Cerberus  

ICP/NaCl  rat 2/7 
MIC, 
Galileo  

Subtotal   human 904/1725  

Subtotal  animal 227/742  

Total   1131/2467  

    
Data storage and processing 
 
Data were sampled with 200 Hz analogue digital conver-
sion rate using 1) DASH-18 (Astro-Med, West Warwick, 

RI)  or 2) Dell PC equipped with an analogue digital con-
verter card with 16 bit resolution (PCI 6052E, National 
Instruments, Austin, TX). Data was typically processed 
with DataLyser. DataLyser is based upon LabVIEW soft-
ware (National Instruments, Austin, TX) specifically devel-
oped in-house to record, display, store and quantify analo-
gue physiological signals. The first step of REG processing 
was to remove respiration (subharmonic) in animal studies 
either by using the first derivative of the REG signal or 
using a filter. Data were exported into an Excel (Microsoft, 
Redmond, WA) spreadsheet for further processing unless 
published differently. In most cases, the Student t-test was 
used for statistical comparison; p < 0.05 was considered 
significant.  
 
Studies 
 
Animal studies were performed under anesthesia; intra-
cranial REG electrodes were normally used. 

When CBF AR responses were active, they were evalu-
ated by observing opposite directional (mirror) changes in 
SAP to the following:  ICP, CF and REG.    

Here we report together both methods and results for 
each study; we will not report in detail previously published 
studies; however, references to these studies are noted 
(Table 1, last column “Reference”).   

The study results are grouped as follows: 1) In vitro, 2) 
animal, 3) human.  

 
In Vitro study. Doppler and bioimpedance correlation  
 
One problem of REG signal interpretation is to treat it as a 
representation of blood volume or flow. In order to demon-
strate correlation between pressure and flow, Doppler 
ultrasound and electrical impedance were measured in an in 
vitro study. 

Methods: A closed loop was created using rubber and 
plastic tubes filled with 0.9 % NaCl, (fig. 2). The loop 
involved a Doppler in-line flow probe (4N) connected to an 
ultrasound flow meter (T201 Ultrasonic Bloodflow Meter, 
Transonic Systems, Ithaca, NY); a disposable pressure 
transducer (Argon Medical Devices, Athens, TX) con-
nected to a Blood Pressure Analyzer (Digi-Med, Micro-
Med, Louisville, KY); a peristaltic pump (Masterflex, L/S, 
Cole-Palmer, USA) and two stainless steel metal tubes (14 
mm in length and 3 mm internal diameter) as REG elec-
trodes of a bipolar impedance amplifier (KR-Ea RHEO 
Preamp, OTE Galileo, Italy). The resistance between two 
electrode tubes was above 10 ohm (maximum balance). 
Additionally to the Doppler pulse wave, its mean flow 
value was stored. Baseline flow was set to 60 mL/min and 
elevated flow was 120 mL/min on the pump.  

Results: The consequence of duplicating the flow re-
sulted in an increase in pulse amplitude and mean flow of 
Doppler signal but not in pressure and impedance ampli-
tudes (fig. 3.). Amplitude increase can be seen in these 
modalities using their first derivative (fig. 4).  
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Fig.2: Block schematics of in vitro measurement: pump flow 
rate change caused flow change.  

 
 

 
 

Fig.3: Traces with low pump flow (Part A) and higher flow rate 
(Part B). Variables in part A were: pressure: 119.57 mmHg, Mean 
flow: 68.08 mL/min; circulatory resistance (pressure/flow): 1.75. 
Variables in part B were: pressure: 116.13 mmHg, Mean flow: 
124.98 mL/min; circulatory resistance (pressure/flow): 0.93. 
These variables are mean values, were calculated using 20 
seconds of recording with DataLyser software, also showing trac-
es as they can be seen with same software.  
 
 

 

 
Fig.4: Traces with low pump flow (part A) and higher flow rate 
(part B). The first derivative of pressure and impedance showed 
amplitude change corresponding to increased flow (Part B).  

 
Doubling the flow rate: 1) Affected the pulse amplitude and 
mean flow of the Doppler signal (increased); 2) Did not 
affect the amplitudes of the pressure and electrical imped-
ance signals. However, the amplitude increase can be seen 
in the pressure and electrical impedance signals when the 
first derivatives (dP/dt and dZ/dt) is taken. 

 
Table 2. Comparison of Doppler flow and electrical impedance 
during low and high flow rates. The effects of increased flow rate 
were comparable between Doppler and Impedance when the im-
pedance derivations were calculated. 
 

 
 
  
In-Vitro study. Effect of decreased flow 
 
In order to demonstrate the effect of decreased flow meas-
ured by Doppler ultrasound and electrical impedance mea-
surements, a balloon inflation was performed inside an 
impedance measuring cell. 

Methods: A closed loop was created using PVC and C-
Flex tubing filled with 0.9 % NaCl. This loop included a 
Doppler in-line flow probe (4N) connected to an ultrasound 
flow meter (T201 Ultrasonic Bloodflow Meter, Transonic 
Systems, Ithaca, NY). A peristaltic pump (model P720, 
Instech Laboratories, Plymouth Meeting, PA) generated 
pulse waves in the loop at a constant rate. Two stainless 
steel metal tubes (14 mm in length and 3 mm internal 
diameter) were used as electrical impedance electrodes 
connected to a bipolar impedance amplifier (Cerberus). The 
challenge was the inflation of a balloon catheter (PTCA 
Dilatation catheter, NCR14 9/4.0, Boston Scientific, 
SCIMED, Maple Grove, MN) with a syringe in 0.5 cc 
steps. Pulse amplitude measurements (minimum – maxi-
mum distance) were made at 0 (no inflation), 0.5, 1.0 and 
1.5 cc inflation. Eight pulse amplitudes were measured and 
averaged.   

 

 
 
Fig.5: Impedance measuring cell for balloon inflation 
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Fig.6: Effect of balloon inflation on Doppler flow and electrical 
impedance pulse amplitudes. 
 

Results: 1) Balloon inflation decreased the electrical im-
pedance pulse amplitude, identical to flow change. 2) 
Balloon catheter inflation elicited decreased flow. 3) Dopp-
ler and electrical impedance signals showed identical rela-
tionship to decreased flow (R2 = 0.966). 

 
In Vitro study. Effect of metal fragment on bioimpedance 
signal 

 
Method: The impact of a metal fragment on the bioimped-
ance signal was tested [56]. The metal fragment was 
represented by an 18 g needle, placed between the bioim-
pedance electrodes, in a similar loop as figure 2.  Tempera-
ture was measured with a temperature probe: MT-29/1 
Needle microprobe (Time constant: 0.125 sec; diameter: 29 
ga BAT-12 Microprobe Thermometer, Physitemp (Clifton, 
NJ); and two home-made bioimpedance measuring cells: 1) 
the first was a polyethylene tube, with internal diameter of 
9 mm and impedance electrodes were 2 stainless steel 
needles with diameter of 0.6 mm, with 7 mm inter-electrode 
distance and plastic tube fittings with luer connections. 2)  
the second was the same polyethylene tube, with internal 
diameter of 9 mm and impedance electrodes were 2 copper 
metal tubes (30 mm in length and 8 mm internal diameter) 
connected to a bipolar impedance amplifier (Cerberus). 
Inter-electrode distance (end of a copper tube to other) was 
10 mm. Metal fragments were represented by 18 g stainless 
steel needles inserted between bioimpedance electrodes half 
way. Doppler pulse wave and mean flow value, 2 pressure 
waves, temperature, 2 bioimpedance pulse waves and a 
voltage proportional to pump volume output were stored. 
For the pump, flow was set to 4 L/h. For numerical compar-
ison, 50-second periods were measured with DataLyser; 
pulse wave peak amplitudes and FFT peak amplitudes were 
compared. Further data analysis was performed in Excel 
(Microsoft, Redmond, WA).  

Result: The in vitro study confirmed that impedance 
pulses changed in the presence of metal as a function of 
temperature and pressure, but pulse wave amplitude did not 
change. 

    
 

In-Vitro study. REG data processing comparison 
 

Method: A 10 Hz triangle waveform, generated by a func-
tion generator (Wavetek, San Diego, CA) was stored in a 
PC with 200 Hz sampling rate with DataLyser software. 
The signal amplitude was changed from 1.9 to 0.4 V peak-
to-peak (pp) in 4 steps, see fig. 7. Data processing involved 
the calculation of various quantifications using DataLyser 
modules during 5-second periods involving 1000 data 
points. Measured modalities were as follow:  peak-to-peak 
amplitude in Volts (independent variable); dependent 
variables: standard deviation (SD), variance, root mean 
square (RMS), Fourier transformation peak (FFT), activity 
by Hjorth analysis [60] and running integral calculation. 
Data were entered into an Excel (Microsoft, Redmond, 
WA) spreadsheet and regression lines/equations were 
calculated.  

 

 
Fig.7. Signal for data processing with various amplitudes. Arrows 
indicate the start of processed five second signals. Y axis is in 
Volts (left side); X axis is in seconds.  
 

Results: The decrease in signal amplitude (see fig. 7) was 
followed by all used methods, however, the linearity was 
slightly different. The SD value showed the best linearity, 
the highest correlation coefficient, see table 2. The running 
integral calculation with 5 s time window was unable to 
follow stepwise amplitude decrease, so it was left out from 
the comparison. 
 

Table 2:  Comparison of 5 types of data processing by their re-
gression lines. Correlation coefficient (R2) represents the strength 
of relationship between  independent variable (Voltage) and de-
pendent variables 1-5; intercept was set to 0.0; Hjorth A: activity, 
represents amplitude. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 y R2 
1. SD 0.3035x 1 
2. RMS 0.3055x 0.9993 
3. Variance 0.1435x 0.824 
4. Hjorth A 0.141x 0.8093 
5. FFT 0.0343x 0.7847 
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Conclusion in-vitro studies 
 

Results of the in vitro electrical impedance studies are: 1) 
Modeling vasospasm/brain ischemia detected decreased 
pulsatile volume and flow; 2) Doppler flow and electrical 
impedance pulses showed identical relationship to de-
creased flow; 3) Electrical impedance pulse change reflect-
ed volume change. However, the increased flow resistance 
caused by balloon inflation also decreased flow; 4) The 
presence of metal did not change pulse wave amplitude; 5) 
SD can be used to quantify REG pulse amplitude change.    

Animal studies 
 
Cat and dog 
 
ICP elevation was introduced by injection of artificial 
cerebrospinal fluid into cisterna magna. It caused transitory 
increase in extracellular potassium level and REG ampli-
tudes, detailed elsewhere [32,46].   
 
Rat 
 
In these groups studies were undertaken in anesthetized rats 
with intracerebral electrodes to study REG changes using 
standard CBF perturbations: 1) Electrical stimulation of the 
brain, 2) CO2 and O2 inhalation, 3) 3 - 4) CO2 inhalation, 5) 
carotid clamping, 6) and hemorrhage. For detailed methods 
and results, see [47].  
 
Electrical stimulation 
Electrical stimulation caused a REG amplitude increase in 
the ipsilateral (but not the contra-lateral) hemisphere. 
Detailed methods and results see [47]. 
 
CO2 inhalation 
When 5% CO2 was substituted for the equivalent fraction of 
N2 in the inspired gas mixture, there were no significant 
changes in the REG amplitude, indicating that this treat-
ment was without effect on CBF. The substitution of 20 % 
CO2 for the equivalent fraction of N2, however, markedly 
increased the REG signal amplitude, indicating increased 
CBF. During CO2 inhalation a linear relationship was 
established between CO2 concentration and REG peak 
amplitude (correlation coefficient: 0.88, p = 0.05), and the 
raise time (anacrotic portion) of the curve (0.88, p = 0.05) 
[31]. During CO2 inhalation increases in REG and LDF 
were significant, while carotid flow and systemic arterial 
pressure decreased. The transient increases in REG pulse 
amplitude (69 % ± 2.6) and LDF (78.1 %, 4.4) were highly 
significant (p<0.001) [48]. 
 

 
 

Fig.8: REG pulse amplitude increases during CO2 inhalation 
(subgroup A). Filtered REG: after removal of the respiratory sub-
harmonic, Carotid L and R: left and right carotid arterial flow, 
SAP: systemic arterial pressure, CO2: exhaled carbon dioxide and 
at the arrow: 10 % inhaled CO2 during 1 s. Time window: 60 s. 
The rat/file ID was: 157 – 3. 

 
Carotid clamping 
Figure 9 shows the effect of carotid artery clamping on 
REG amplitude and integral. During carotid artery clamp-
ing, the decrease in REG amplitude and integral were both 
highly significant (p < 0.0001) [48]. 
 

 
Fig.9: Effect of clamping of common carotid arteries.  

 
Following the first clip placement on the left carotid artery, 
the REG amplitude (Filtered REG) decreased; the place-
ment of the second clip on the right carotid artery gave no 
further decrease. During the clamping period there was no 
pulse amplitude observed in either carotid trace. For better 
visibility the recording traces were blown up; the real flow 
calibration values appear on the right side. Amplification of 
left and right carotid flow differed. A few minutes after 
removal of one clip from the right carotid artery, REG 
amplitude moderately increased, and after removal of the 
second clip from the left carotid artery, the REG amplitude 
returned to slightly above the baseline level. Similarly, both 
carotids showed a slight hyperemic reaction. The baseline 
systemic arterial pressure (SAP) value was 135/80 mm Hg; 
during clamping, the minimal value was 80/40 mm Hg. 
REG was an intra-hemispherial (left side) derivation. The 
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time window was 10 min; REG Filter was 3-100 Hz. EKG: 
Electrocardiogram. The rat/file ID was 5-23-02/11. 
 
Hemorrhage 
During hemorrhage, REG transiently increased (147% ± 
44; p=0.037), while cortical flow (measured by laser Dopp-
ler) (78 % ± 45; p=0.046) and carotid flow (52 ± 7.5; 
p=0.005) decreased and correlated with systemic arterial 
pressure [53]. 
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Fig.10: Increase in intracranial REG (iREG) pulse amplitude dur-
ing hemorrhage. Time window: 23.9 minutes. Carotid flow de-
creased similarly to SAP without showing any sign of CBF AR. 
REG amplitude transiently increased then decreased, suggesting 
CBF AR and indicating a lower limit before 40 mmHg SAP.  

 
Spreading depression (SD) 
In a rat study, SD and REG were measured simultaneously 
during ICP elevation elicited by inflating an intracerebral 
balloon. 
 

 
 
Fig.11: SD was elicited by ICP elevation. ICP elevation caused 
SD shown as amplitude fluctuation of DC EEG trace. REG 
showed close identical fluctuation.  

 
Microwave effect on CNS 

Methods: In two series of experiments on anaesthetized 
rats (N = 40) (1) before and after 10 min, whole body 
exposures to 2.45 GHz CW microwaves, and (2) during 30 
min exposures to 4 GHz amplitude modulated (AM, 16 Hz) 
microwaves, the effects on the CNS were observed simul-
taneously with those on the cardiovascular system by 
quantitative polygraphic measurement. In acute experi-
ments on rats, EEG, REG, brain tissue DC impedance and 
temperature and ECG were recorded simultaneously.  

Results: The total power of EEG spectra increased after 
whole body 30 mW/cm2 2.45 GHz CW exposure for 10 
min. No changes occurred at 10 mW/cm2. The CBF in-
creased after 10 mW/cm2 exposure. The power of EEG 
delta (0.5-4 Hz) waves was increased by thermal level of 
brain localized 4 GHz CW exposure at 42 mW/g specific 
absorption rate (SAR) simultaneously with the REG ampli-
tude as an index of cerebral blood flow. Amplitude modula-
tion at 16 Hz and 8.4 mW/g SAR was associated with 

increased power of EEG beta (14.5-30 Hz) 
waves but changes in the CBF were not 
observed. CW radiation at 8.4 mW/g in-
creased the cerebral blood flow, but did not 
change EEG spectra. 
 
Metal fragments 
The impact of metal fragments on REG and 
EEG signals was tested.  

Methods:  Sprague-Dawley rats (n=12; 
weighted 463 ± 29 g) were anesthetized 
with sodium pentobarbital IP (50 mg/kg); 
body temperature was maintained with a 
heating pad-rectal thermometer system 
(Homeostatic Blanket Control Unit, Har-

vard Apparatus, Edenbridge, KT). Catheters were inserted 
into femoral artery and trachea. The rat head was placed 
into a stereotaxic frame (David Kopf Instruments, Tujunga, 
CA). The skin was removed to expose the cranium between 
the sutura frontalis and the sutura lambda.  The dermis, 
subdermal layers and periosteum over the parasagittal 
regions was removed.  

 
 

Fig.12:   Dorsal view of rat skull with electrode localization. 
 
The exposed bone was rinsed with hydrogen peroxide in 
preparation for the application of acrylic adhesive. Burr 
holes (0.8 mm) were drilled for both EEG (left side) and 
REG (right side) intracranial electrodes (E 363/1, Plastics 
One, Roanoke, VA) before a 2-mm distance from the sutura 
lambdoidea, and a 2-mm distance lateral to the sutura 
sagittalis. Frontal electrodes were placed 2 mm behind the 
sutura coronalis. Inter-electrode distance was 6 mm. Burr 
hole was drilled between both EEG and both REG elec-
trodes with 2.3 mm drill bit for a 18 g needle insertion 
(external diameter 1.3 mm), fig. 12. Tests procedures were 
to insert and remove these needles (n=92) between REG 
and EEG electrodes. An EEG ground was inserted into 
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temporal area tissue. The electrodes were placed at a 5-mm 
depth, perpendicular to the surface of the skull. The diame-
ter of all electrodes was 0.35 mm; the length of the uninsu-
lated electrode tips was 5 mm. The electrodes were fixed to 
the skull with instant adhesive (454 Loctite, Hartford, CT); 
the electrodes were connected to the cables and to EEG and 
REG amplifiers. EEG and REG were used in intra-
hemispherial, bipolar derivation; the EEG amplifier used 
was a 7P5B Wide band EEG pre-amplifier and a 7DAG 
Polygraph DC driver amplifier (Grass, Quincy, MA). The 
setting of the filter was 0.15–35 Hz. REG amplifier was 
part of Cerberus system. Systemic arterial pressure, exhaled 
CO2 concentration, and electrocardiogram were also rec-
orded. REG measurement was based on its first derivative; 
additional measurements and calculations were made by 
DataLyser and Excel software. 

Results: A qualitative summary of the measurement 
showed that 12 rats had 92 inter-electrode immersions and 
removals. In a few cases there was bleeding following the 
immersion and removal of needles (bleeding was stopped).  
In a subgroup of inter EEG electrode needle insertion the 
EEG amplitude decreased in 69 % of the trials, and REG 
amplitude increased transiently in 92 %. During needle 
insertion between REG electrodes, EEG amplitude de-
creased and REG amplitude increased, both in 75 % of the 
trials. REG reactivity persisted following placement of 
metal fragments in the rat brain. REG amplitude increased 
after placement of metal into the brain; the change was 
statistically non-significant. 
 
Brain impedance level  
Methods: The baseline impedance level (Z0) was measured 
by using MIC and AG/AgCl electrodes. With stainless 
steel, 5 mm uninsulated surface electrodes, the measure-
ment was impossible since its resistance value was above 
the expected range of input impedance (above 100 ohms) of 
MIC. MIC was used in two rats; outputs were Z0, dZ, and 
dZ/dt. of Z0 and its first derivative (dZ/dt).  Challenges 
were in MIC group: 1) inflation of Swan-Ganz catheter 
balloon; injection of 0.9 % NaCl into brain. 

Results: Z0 decreased during balloon inflation and in-
creased during saline injection with AG/AgCl electrodes. 
The DZ/dt signal showed equivalent changes with ICP, see 
fig. 13.  MIC was out of use with stainless steel electrodes 
because of out of range inter-electrode impedance and the 
automatic control: the signal had a saw-tooth shape.  

 
 

 
 

Fig.13: ICP elevation by balloon inflation and saline infusion; 
REG was measured by Minnesota Impedance Cardiograph. Z0 
decreased during balloon inflation and increased during saline in-
jection. REG first derivative (dZ/dt) was increased in both cases. 
Time window is 10 minutes. dZ/dt was previously filtered as was 
described in the method section.   

 
Vinpocetine injection 
Method: Male Sprague-Dawley rats were used under Nem-
butal anesthesia (50 mg/kg). The surgical preparation 
involved 1) insertion of arterial and venous heparinized 
polyethylene tubing and tracheal catheters as well as 2) 
implantation of REG electrodes and ICP probe into the 
brain. REG electrodes were stainless steel intra-cerebral 
electrodes (Plastics One, Roanoke, VA) with 5 mm un-
insulated surface. ICP probe was a micro sensor and the 
electronics was an ICP Express (Codman, Raynham, MA). 
REG amplifiers were Galileo and Cerberus. The challenges 
were: 1) iv saline infusion as control and 2) iv vinpocetine 
bolus infusion (2 mg/kg).  Following the injection of vinpo-
cetine (Cavinton, Richter Ltd, Budapest, Hungary) or 
control saline into the femoral vein, equivalent volume of 
0.9 % sodium chloride was administered to flush into the 
vein. Drug administration was used with 30 minutes inter-
vals. Total number of Cavinton challenges was 70; n=59 
were used for statistics.  Control injection (n=36) involved 
identical volumes but without Cavinton.  

Data processing: SAP and ICP mean values and REG 
SD were measured during 5 seconds. REG pulse amplitude 
measurement was performed after previous filtering (re-
moving respiratory sub-harmonics and noise) with a 2-50 
Hz inverted Chebyshev filter. Mean values of SAP, ICP, 
SD of CF and REG signals were used for statistical com-
parison. The control samples were taken from each modal-
ity before SAP change. The challenge samples were taken 
at the time of maximal response in REG and CF.  To quan-
tify and compare SAP, ICP,CF and REG changes, the 
formula of cerebrovascular vasomotor reactivity calculation 
was used [7,8]. 

Results: Intravenous injection of vinpocetine, measured 
by two bipolar REG systems, showed that a vinpocetine 
bolus caused a transient decrease in SAP and simultaneous 
increase in ICP and REG pulse amplitude. During control 
volume injection there was no blood pressure decrease and 
consequent vasodilatation response in ICP and REG.     
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Fig.14: Typical changes during vinpocetine bolus injection: SAP 
decreased, ICP elevated and REG pulse amplitudes increased. 
REG was filtered as described in methods session. Time window: 
180 seconds. File: 2009 Oct 2 -2 (4020-4200 s).  

 
The average response to vinpocetine bolus injection was as 
follows: SAP decrease was 25.21± 14.41%; ICP increase 
was 27.86 ± 15.82%; REG pulse amplitude increase was 
(Galileo) 209.44 ± 166.26 % and (Cerberus) 106.93 ± 
68.40%. 
 
Pig studies  
 
In these groups studies were undertaken REG changes 
using standard CBF perturbations: 1) aortic compression, 2) 
PEEP, 3) hemorrhage, 4) liposome injection.  
 
Aortic compression 
During aortic occlusion (caused by abdominal compres-
sion) the systemic arterial blood pressure increased 59.67 + 
11.92 % (mean + SD; p = 0.008), LDF increase was non-
significant 10.75 + 2.21 % (mean + SD; p = 0.089), and 
REG decreased 23.75 + 8.18 % (mean + SD; p = 0.01); for 
details see [47]. 
 
Hemorrhage and PEEP 
Methods: CBF AR responses of 55 anesthetized Yorkshire 
pigs and 150 trials were evaluated during several CBF 
manipulations: haemorrhage, positive end-expiratory pres-
sure (PEEP), and transitory SAP decrease and increase. 
Pigs were anesthetized with isoflurane and propo-
fol/ketamin anaesthesia. The animals were monitored both 
with a bispectral index (BIS) device (A-2000, Aspect 
Medical Systems, Newton, MA) and with an anaesthesia 
monitor (isoflurane, O2, CO2) with RGM 5250  (Datex - 
Ohmeda, Louisville, CO). SAP was measured with a Mi-
crotip disposable pressure transducer inserted into the 
femoral artery, with a transducer control unit (Millar In-
struments, Houston, TX), and with a Digi-Med Blood 
Pressure Analyzer, (Micro-Med, Louisville, KY). CF was 
measured on the right carotid artery with T201 ultrasonic 
blood flow meter (Transonic Systems, Ithaca, NY). REG 
was measured with a KR-Ea RHEO Preamp (45 kHz; 
Galileo, Italy), a bipolar system. Two electrodes were made 

from stainless steel (40 mm in length) and implanted into 
the brain via a burred hole (about 10 mm parasagittaly on 
the right side; inter-electrode distance of 10-20 mm) above 
and below the fronto-parietal sutura. Electrodes were fixed 
to the skull with Vetbond tissue adhesive (3M, St. Paul, 
MN) and instant adhesive 454 (Loctite, Hartford, CT).  
Average inter-electrode resistance was 1.9 ohm +/- 0.55 (n 
= 25). CBF AR was evaluated first by visual inspection of 
traces to establish the presence of CBF AR. In the PEEP 
and CBF groups, 13-13 pigs were measured. In the COMP 
group (“complement activation”), 33 pigs were measured; a 
few were excluded because of missing CF, REG or artefact-
contaminated recordings; some recordings offered more 
than one CBF AR response. 

Data processing involved measurement of 30 second 
traces (6000 data points) of SAP, CF and REG using Data-
Lyser. In the PEEP group, REG was filtered with 0.5 - 100 
Hz, Butterworth, 512 points, order: 5, attenuation: 40 dB. 
Additionally, REG first derivative was used, negative 
values were converted to positive, and integrated.  

Mean values of SAP, standard deviation of CF and REG 
signals were used for statistical comparison. The control 
samples were taken from each modality before SAP 
change. The CBF AR sample was taken at the time of 
maximal response in REG and CF.  Percentage change 
between control and CBF AR maximum was used to com-
pare SAP, CF and REG to each other.  

 

 
 

Fig.15: Comparison of CBF AR: Effect of 20 cm H20 PEEP be-
fore and after hemorrhage. Before hemorrhage (upper panel); 
Hemodynamic status: SAP 120/78; mean 92 mmHg; CBF AR 
present since SAP decrease elicited increase in CF and  REG 
pulse amplitudes. After hemorrhage (lower panel; blood loss of 
~1.3 L with estimated SBV of 30%); hemodynamic status: SAP 
90/67; mean 75 mmHg. CBF AR impaired since SAP decrease 
elicited decrease in CF and REG pulse amplitudes. 
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Results: CBF AR responses were observed during PEEP, 
hemorrhage and transitory SAP changes. In CBF group 
mean SAP values for losing CBF AR by REG and CF were 
47.88 ± 8.26 and 49.48 ±7.28 mmHg; the difference was 
not significant. Hemorrhage elicited a decrease in SAP and 
transitory increases in REG and CF amplitude; 2) PEEP 
resulted in a decrease in SAP and increases in REG and CF 
amplitude; 3) PEEP after hemorrhage caused decreases in 
SAP, REG and CF amplitudes. When CBF AR was present, 
it was detected by both REG and CF. Following hemorr-
hage, CBF AR was lost; CF and REG passively followed 
SAP. Additional observation is that PEEP can be used to 
test CBF AR. 

Results of statistical analysis (PEEP group); REG and 
carotid flow: a strong linear relationship (Pearson's correla-
tion= -0.92) was established, fig. 16. 
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Fig.16: Correlation between REG and carotid flow pulse ampli-
tude changes in PEEP group.  

 
SAP decrease 
Determining optimal perfusion pressure for patients with 
traumatic brain injury can be accomplished by monitoring 
the pressure reactivity index, or PRx, which requires an 
intracranial pressure monitor [58,60,61]. We hypothesized 
that pressure reactivity could be quantified using a REG 
index, or REGx. We measured the REGx and PRx as repe-
titive, low-frequency linear correlation between arterial 
blood pressure and intracranial pressure (PRx) or arterial 
blood pressure and REG pulse amplitude (REGx) in a piglet 
model of progressive hypotension. We compared the PRx 
and REGx against a gold standard determination of the 
lower limit of autoregulation using laser-Doppler measure-
ments of cortical red cell flux. The PRx produced an accu-
rate metric of vascular reactivity in this cohort, with area 
under the receiver-operator characteristic curves of 0.91. 
REGx was moderately correlated to the PRx, (Spearman r = 
0.63, p < 0.0001). The area under the receiver-operator 
curve for the REGx was 0.86. Disagreement occurred at 
extremes of hypotension. For further details see [58]. 
 
 
 
 

Liposome injection 
Methods: Pigs were anesthetized with 2% isoflurane. 
Twenty-four male Yorkshire pigs were used (weight 49.77 
± 28.25 kg), and 19 types of liposomes were injected in 57 
trials. A Doxil subgroup (n = 12) was also separately ana-
lyzed. REG was measured by two stainless steel electrodes 
(5 x 20 mm) placed on the skull over the parietal and fron-
tal bone of each pig using stainless steel screws. A Bovie 
gel conductor (Sybron, Rochester, NY) was layered be-
tween the bone and the electrode. The electrodes were 
placed apart from the sutura sagittalis symmetrically; the 
interelectrode distance was 12–35 mm. The electrodes were 
covered with dental acrylic cement (Cranioplastic Powder, 
Plastics One, Roanoke, VA). An electrical impedance 
amplifier (Galileo) was used. Basic inter-electrode resis-
tance was 3–5 ohms: this was the value read on a 10-turn 
potentiometer. This value involves both contact resistance 
and tissue resistance; it was not possible to measure them 
separately with this device. 

Results: A transient but significant decrease of REG 
pulse amplitudes followed the injection of liposomes (78.43 
% in the total sample, and 91.66 % in the Doxil subgroup; P 
= 0.003, n = 12), indicating the involvement of cerebrovas-
cular reaction during liposome infusion. For details, see 
[54]. 
 
Monkey: Calculation of lower limit of CBF AR 
 

 
 

Fig.17: Relationship of REG to systemic arterial pressure during 
lethal hemorrhage. The shape of this relationship strongly sug-
gests that the REG signal is reflecting the cerebral vasodilation 
that occurs over the range of SAP from 90 to 50 mm Hg. The 
negative Pearson coefficient indicates the presence of autoregula-
tion in this range and a positive Pearson coefficient below 50 mm 
Hg indicates the absence of autoregulation. 

 
Methods: Eight Rhesus Macaques were measured with 6.61 
± 1.26 kg. Preparation and measurement was similar to 
pigs. The differences were that REG was recorded by 
surface electrodes, placed on the forehead (ECG electrodes: 
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SF403, ConMed, Tyco Healthcare, Mansfield, MA). REG 
amplifier was Cerberus. The calculation of lower limit of 
CBF AR was performed during lethal hemorrhage. Pear-
son’s correlation coefficient was calculated in Matlab 
(Natick, MA) for determination of lower limit of CBF AR 
[61-63]. 

Results: This study demonstrated that with surface elec-
trodes REG can be used to detect lower limit of CBF AR. 

Human studies 
 
CO2 inhalation 
 
CO2 inhalation caused increase in cerebral blood volume, 
measured by radioiodinated human serum albumin 
(RIHSA) and REG pulse amplitude [32].  
 
Evaluation of commercially available electrode materials 
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Bioimpedance can be used for peripheral pulse detection as 
a non-invasive method for continuous vital sign monitoring. 
The objective of this study was to evaluate the commercial-
ly available electrode materials that might be useful as 
wearable electrodes for the measurement of bio-impedance 
pulse wave, to measure bioimpedance pulse variability, and 
test pulse detection (not only bioimpedance) sensitivity. 
Here we present only REG related results, for details see 
[42]. 

Methods: Electrode down-selection was performed 
based on in vitro and in vivo studies. A total of 13 conduc-
tive materials and 13 subjects were measured. Arm cuff 
inflation was used to measure pulse sensitivity. A PC and 
Cerberus were used for data collection.  

General measurements were performed as follows: a 9-
electrode cap (5 scalp EEG + 4 REG electrodes, Electro-
Cap International, Inc. Eaton, OH) was placed on the head 
of each subject in a sitting position and filled with electro-
lyte gel (Nicolet Biomedical, Madison, WI). Electrode 
locations within the cap were as follows: (1) EEG (T5-O1 
and T6-O2) recorded in bipolar configuration. EEG ground 
was Fz; (2) REG (Fp1-F7 and Fp2-F8) in bipolar deriva-
tion. Localization is given according to the International 10-
20 system of EEG [64]. Subjects were asked to lie in a 
supine position. For each subject, the conductive fabric was 
placed around both wrists and ankles; inter-electrode dis-
tance was 5 cm. The electrode cap and the peripheral elec-
trodes were connected to Cerberus system. The Dinamap 
Pro1000 (GE Medical Systems, Milwaukee, WI) was used 
to obtain blood pressure and heart rate measurements prior 
to the testing of each conductive fabric; 10 blood pressure 
recordings were made. Blood pressure and its derivatives, 
ECG, EEG, and REG were also measured as a potential 
source of biological variability. Five 1-minute recordings 
were acquired. After the fifth recording, the conductive 
fabric was changed, and blood pressure measurements and 
recordings were repeated for each fabric.  

Results – REG: For all healthy subjects, physiological 
cerebrovascular aging was expected to show an identical 
slope with age. The REG anacrotic time showed a nearly 
identical slope for both REG and age, fig. 18. 

 
Table 3: Numeric characteristics of REG anacrotic time and age. 
REG samples were analyzed dividing into subgroups according to 
age: young (17-28) and old (42-55). * p-values of difference be-
tween young and old group. 

  
 young old 
 Age REG Age REG 
 year ms year ms 

Mean  22,33 65,50 47,57 60,71 
SD 4,37 8,34 4,58 5,65 
Count 6 6 7 7 
p   >0,0001* 0,0001* 
 
Conclusion: Reproducibility and sensitivity of the bio-
impedance measurement, including REG, were comparable 
to the sensitivities of the pulse oximeter, laser Doppler, and 
Doppler ultrasound. There was no statistical difference 
between the bio-impedance measurement and the other 
techniques. Results demonstrated that bio-impedance offers 
potential for use as a multifunctional, continuous, non-
invasive life sign monitor for both military and civilian 
purposes. For further details see [42]. 
 

 
 

Fig.18: Sorted age and REG. Age and REG regression data (cal-
culated as one group, n=13) are as follow: Age: y = 3.4505x + 
11.769, R2 = 0.9509, and REG: 1.7912x + 50.385, R2 = 0.9527 
(both linear). 

 
Alcoholic patients  
 
Despite recent evidence of the beneficial effects of mod-
erate alcohol consumption in arteriosclerosis prevention, 
the neurotoxic effects of alcohol abuse are well known. Our 
hypothesis was that uncontrolled alcohol consumption may 
cause cerebrovascular damage detectable by REG, meas-
ured by Cerberus system; detailed methods and results see 
[43]. 

Results: 1) The most important result of this study was 
that the longer REG anacrotic time was parallel to the 
higher quantity of daily alcohol consumption in the MAWI 
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subgroup (n = 12). BMI and MAWI dementia % showed a 
statistically significant positive correlation (r = 0,599; 
p=0,020) in the same subgroup. The daily alcohol con-
sumption correlated to 1) REG anacrotic time r = 0,683; p = 
0,007; dementia % vs. BMI: r = 0,599; p = 0,020; Kerdo-2 
index vs. risk factors: r = 0,610; p = 0.018; anxiety-2 vs. 
risk factors: r = 0,538; p = 0,036.  

2) In the same group, the five-item short form of an an-
xiety test (STAI, [66]) was administered twice during the 
same session. Between each test, brain pulse waves were 
recorded by REG. A REG peak time above 180 millise-
conds was considered a cerebrovascular alteration (mod-
ified after Jenkner). Data were sorted into two groups: low 
anxiety (N=10) and high anxiety (N=10). Significant differ-
ences were found between cardiovascular risk factors (p< 
0.001), REG peak time (p<0.043), and heart rate (p< 
0.045). Six subjects showed cerebrovascular alteration in 
the high anxiety group, and two in the low anxiety group. 
For the two anxiety groups, there were no significant dif-
ferences in body mass index, cardiovascular sympathetic-
parasympathetic balance, age and symptoms of transient 
ischemic attack. The correlation of REG and age was 
significantly different only for the alcoholic subgroup, 
detailed elsewhere [44]. These data support the hypothesis 
that a correlation exists between cerebrovascular disorder 
and anxiety in the studied population. 
     
A comparative population screening with Cerberus system 
 
The first results (n = 140 subjects) gained with the bread-
board version of Cerberus was presented at Kuopio ICEBI 
Conference [34]. The assumption of the present study, 
conducted by the National Stroke Program in Hungary from 
1992 to 1994, was that individuals at high risk for cerebro-
vascular disease can be identified through mass screening 
(Csengersima'92 study). For the study, a computer-based 
screening device (“Cerberus”) was developed and tested for 
use in the study [35-38]. 

The objectives of the study were as follows: (1) to col-
lect and compare the prevalence of known CVD and stroke 
risk factors in a specific population in order to identify 
individuals at high risk for cardiovascular disease (CVD) 
generally and specifically for stroke;  2) to validate REG 
measurements obtained with an experimental  screening 
device (“Cerberus”); 3)  to compare the results of REG 
measurements with results obtained using Doppler ultra-
sound; (4) to compare the survey results obtained in this 
study with data collected from prior medical records of the 
same screened population.    

Methods: A sample of 546 non-symptomatic (self-
described) volunteers ranging in age from 14 to 83 years 
participated in the study (a cross-sectional survey). 

Medical records were available for 330 (211 female, 
119 male) of the 546 non-symptomatic volunteers. Stroke 
risk factors for these subjects were estimated by comparing 
their records with the answers on their Cerberus question-
naires.  

 
 

Fig.19: REG and EEG electrodes in electrode cap (left) and peri-
pheral electrodes (right). 

 
The sample was evaluated according to the full protocol, 
which included blood chemistry, ECG, Doppler control, 
and Cerberus testing. The analyzed REG sample involved 
457 subjects, 309 female and 148 male. Psychological tests 
and comparative analysis were part of the full protocol; 
detailed elsewhere [39,40]. 

For 252 subjects, Doppler ultrasonography (B mode or 
duplex scan, Ultramark 4 and Apogee, ATL, USA) was 
used to measure carotid stenosis. Mean velocity for “out of 
normal range” (pathological blood flow) was considered as 
above 40 cm/sec. Additional details see [40]. 
 
Cerberus Measurement 
 
The Cerberus system was described in detail elsewhere 
[35,36]. Briefly, it is a computer-based inquiry employing 
Magic© software and additional modules developed specif-
ically for Cerberus applications. The examination requires 
about 20 minutes and can be administered by a technician. 
A professional trained in vascular neurology interprets the 
results, contained in a graphically illustrated summary. It is 
possible to give each subject a report at the conclusion of 
the examination, indicating  (1) healthy, (2) cerebral blood 
flow disturbance, (3) peripheral blood flow disturbance, (4) 
neurological or internal medical disturbance, (5) other.    

First, a questionnaire was administered, blood pressure 
was measured. The questionnaire addressed demographics, 
anxiety (STAI) [66], stroke risk factors, and neurological 
symptoms indicating possible past transient ischemic attack 
(TIA). Then, multichannel polygraphic recordings were 
made as follows: 1) ECG; 2) EEG from T5-O1, T6-O2 
according to the 10/20 system of EEG with ECI System 
(Electro-Cap Int'l, Eaton, OH); 3) bio-impedance pulses of 
head (REG) derived from Fp1-F7 and Fp2-F8 (according to 
international EEG electrode localization) and of limbs (both 
sides) with circumferential electrodes (RHEOSCREEN©, 
Germany).  Following a one minute polygraphic recording, 
blood pressure was re-measured, and the STAI was re-
peated; analog - digital conversion was 275 Hz. 

Custom software was developed for Cerberus to per-
form the following signal processing procedures: display of 
analog physiological signals [65] calculation of fast Fourier 
transform (FFT) from EEG; averaging of pulse curves; 
determination of dominant frequency peak for EEG and of 
minimum/maximum values for REG and peripheral pulse 
waves. REG was considered arteriosclerotic if its anacrotic 
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portion was above the 180 ms threshold, modified after 
Jenkner [13].    

 
 
Fig.20: Cerberus traces on left and right side (ECG is the same on 
both side); Redirec screen [65]. 

 
From data collected by measuring blood pressure and heart 
rate using an automatic device, the Cerberus software 
calculated the ergotrop/trophotrop ratio (modified vegeta-
tive balance by Kerdo and Sipos: 1 – (diastolic blood pres-
sure/HR) x 100 [36]. Body mass index (BMI) was calcu-
lated as weight (kg) /height (m)2. Overweight was defined 
as BMI>25 for male and BMI>23.8 for female, respective-
ly. 

Data analysis: Artifact contaminated recordings were 
excluded from further processing (REG, ECG). For statis-
tical treatment and analysis, Framework and Excel software 
were used. In most cases, results for male and female 
subjects were calculated separately (for REG data, where 
hemispherical differences were less than 5 %, female and 
male groups were analyzed together). After the automatic 
measurement of REG, a second REG calculation was made 
off-line to calculate the first derivative parameter (n=390).  

Results: REG anacrotic time was significantly corre-
lated with age and vegetative balance; there were no gender 
differences. REG was significantly correlated to systemic 
arterial pressure in females. The most significant observa-
tion in regard to REG anacrotic time was related to age: 
both REG anacrotic time and the time interval between 
ECG R peak and peak of REG first derivative increased 
with age. Lateral differences in REG amplitude, REG 
anacrotic time and the derived flow index [12] were found 
more frequently in middle aged groups (age 40 to 60) than 
in younger or older groups. 

For 52.78 % (male) and 55.8 % (female), a sclerotic 
REG curve was observed. The slope of regression function 
for REG vs. age was 3.195 ± 0.45 for females, 2.96 ± 0.62 

for males. The age dependency of sclerotic brain arteries by 
REG was highly significant, above all other risk factors 
[38]. 

Significant correlations were observed between somatic 
and psychological variables, for details [39]. In all subjects 
who were found arteriosclerotic by REG measurement, the 
REG pulse wave was altered; however, for most of these 
patients, the EEG spectral parameters were in the normal 
range, and the Doppler control showed no pathological 
alteration. The regression line of the REG anacrotic time vs. 
age had a slope 10 times sharper than that of Doppler 
systolic velocity. 

Additional data for correlation of CVD risk factors were 
detailed elsewhere [40]. 
 

 
 

Fig.21: Significant correlations among measured variables. Cere-
brovascular alteration (REG-Doppler-TIA) was in a bridge posi-
tion between measured somatic (left) and psychological (right) 
variables (n=546, p<0.05). Legend: SAP: systemic arterial pres-
sure; cer. art. scler: cerebral arteriosclerosis; REG: rheoencepha-
logram; Doppler: carotid flow systolic velocity measured by 
Doppler ultrasound; veget. bal: vegetative balance by Kerdo–
Sipos; cholest: blood level of total cholesterol; TIA: symptoms of 
transient ischemic attack entered into Cerberus inquiry. 

 
Conclusion: In this study REG measurements revealed 
symptoms of arteriosclerosis in 54.26 % of our subjects; 
within the identical population, the Doppler ultrasound 
measurements showed 30.43 % with arteriosclerosis. The 
difference of regression lines between REG anacrotic time 
and Doppler systolic velocity showed similar picture, which 
can be interpreted as increased sensitivity of REG.   

As a summary of our results we can conclude, that the 
earliest manifestation of cerebral arteriosclerosis is the lost 
elasticity of cerebral arteries, which can be detected by 
REG. This information is even more practical and more 
important than the presence and prevalence of a single 
stroke risk factor. 

The present study validated our initial hypothesis - that 
Cerberus (REG measurement) would predict the presence 
of cerebral arteriosclerosis in the susceptibility/pre-
symptomatic “upstream phase” phase [51], earlier than 
Doppler ultrasound measurements. The explanation of this 
difference can be based upon the development of arterios-
clerosis [67]. 
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Fig.22: Comparison of slope of age regression lines (REG ana-
crotic time and Doppler systolic velocity). REG anacrotic time (Y 
axis in ms: REG anacrotic rise time) and Doppler systolic flow 
velocity (Y axis not shown) of internal carotid artery are plotted 
as a function of age (X axis). The regression lines of male and 
female groups are similar, but the slope of REG is about ten times 
steeper than that of the Doppler curve. f: female, m: male. Re-
printed courtesy of Health Quest Publications Anti-Aging Medi-
cal Therapeutics, Vol. II. [38]. 
     

The present study validated our initial hypothesis - that 
Cerberus (REG measurement) would predict the presence 
of cerebral arteriosclerosis in the susceptibility/pre-
symptomatic “upstream phase” phase [51], earlier than 
Doppler ultrasound measurements. The explanation of this 
difference can be based upon the development of arterios-
clerosis [67]. 
 
Expert system  
 
The statistical performance rate of the test run is as follows. 
We expect in 47 % of the cases a correct class prediction, in 
24 % an inconclusive result, in 7% of the classes the result 
that "no rule applies" and in 22% of the cases an incorrect 
conclusion. In other words if the expert reaches a conclu-
sion, we know that it is a correct conclusion in 68% of the 
cases and an incorrect one in 32% of the cases [41]. 
 
Clinical background for REG 
 
Cerebral Blood Flow 
 

The brain has ongoing, substantial energy requirements 
but minimal stores of energy-generating substrates. As a 
result, it is completely dependent on a continuous, uninter-
rupted supply of substrate (oxygen, glucose). Although the 
demand by the brain for energy-generating substrates is 
substantial (the central nervous system consumes 20% of 
the oxygen (that is, 170 mmol/l00 g per min or 3-5 ml 
O2/100 g brain tissue per mm or, approximately, 40-70 ml 
O2/min) and 25% of the glucose (31 mmol/l00 g per mm) 
utilized by the resting individual under physiological condi-
tions, this is met more than adequately by the 15% of the 
resting cardiac output (750 ml/mm) which perfuses the 
brain (mean global CBF) = 50 ml/l00 g brain tissue per mm 
(range 45-55 ml/l00 g per mm) approximately 80% to grey 
matter and 20% to white matter). Indeed, normally, the 
supply of oxygen (approximately 150 ml O2/min) is consi-

derably in excess of requirements (around 40-70 ml 
O2/min) such that the brain extracts only 25-30% of that 
supplied. In addition, the brain can conserve energy and, 
hence, decrease demand by switching off many of its meta-
bolic processes before its reserves have been compromised 
when the delivery of substrate reaches 'critical' values. 

However, the flip side of this argument is that, paradox-
ically, the brain cannot tolerate significant increases in the 
volume of the contents of the rigid container in which it is 
enclosed. Moreover, because the brain’s own store of 
energy-generating substances (glycogen/glucose, oxygen) is 
small (so small that, at normal rates of adenosine phosphate 
production, the stores of glycogen in the brain would be 
exhausted in less than 3 min) it is uniquely dependent on a 
continuing, and adequate supply of substrate [68]. The 
automatic servo mechanism, which is the first line of de-
fense of the brain, called CBF AR. 
 
Clinical background: CBF Autoregulation 
 
CBF AR in the cerebral circulation may be defined more 
pragmatically as the mechanism that protects the brain 
against the dangers of hypoxia at low perfusion pressures 
and against the risks of brain edema at high arterial pres-
sures. Based on this definition, cerebral autoregulation may 
be thought of as a homeostatic mechanism that is superim-
posed over and above the baroreceptor reflexes. The baro-
receptors, strategically located at the most proximal loca-
tions in the cerebral circulation, provide the first line of 
defense against acute ranges in arterial pressure. Autoregu-
lation then serves as the next line of defense by helping to 
maintain constant cerebral capillary pressure, thus assuring 
a steady supply of essential metabolites and simultaneously 
protecting the blood-brain barrier. Several hypotheses 
(myogenic, neurogenic, and metabolic) have been proposed 
to account for the mechanisms that underlie autoregulation, 
detailed elsewhere [69]. The anatomical background of 
CBF autoregulation is the arteriole. The arteriola in the 
brain constrict or dilate in response to changes in blood 
pressure between about 50 to 150 mmHg SAP. These limits 
are not entirely fixed but can be modulated by sympathetic 
nervous activity, the vascular renin-angiotensin system, and 
any factor (notably changes in arterial carbon dioxide 
tension) that decreases or increases CBF. Disease states of 
the brain may impair or abolish CBF autoregulation. Thus, 
autoregulation is lost in severe head injury or acute ischem-
ic stroke, leaving surviving brain tissue unprotected against 
the potentially harmful effect of blood pressure changes. 
Likewise, autoregulation may be lost in the surroundings of 
a space-occupying brain lesion, be it a tumor or a hemato-
ma [70]. Below and above this limit or in pathological 
cases, CBF passively follows systemic arterial pressure. 
Beyond the lower limit of autoregulation, vessels passively 
collapse, and ischemia results. Beyond the upper limit of 
autoregulation or the “breakthrough zone”, increased intra-
vascular volume and pressure results in vasogenic edema 
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[71]. Overview of brain injury, brain monitoring were 
detailed elsewhere [4,72,73].   
 
Lower limit of CBF autoregulation 
 
Monitoring the lower limit of CBF autoregulation has been 
introduced into clinical practice with invasive modalities 
such as ICP and SAP [62]. The slow oscillations of SAP are 
the input information in transfer analysis of ICP to be used 
to determine the lower limit of CBF AR [63].Using REG 
and non-invasive arterial pressure measurement the same 
information can be obtained – non-invasively. Noninvasive 
blood pressure monitors are used in humans to obtain 
arterial waveform and perform cited monitoring. This 
monkey study demonstrates that with surface electrodes 
(non invasive), the slow wave oscillations of the REG 
signal are present (not filtered out by the skull) and with 
specialized algorithms, REG can be used to detect lower 
limit of CBF AR. This result worth to compare with those 
of others discribing the influence of scalp influence on REG 
[74-77]. 
 
Clinical background: Neuro – Monitoring 
 
The goal of neuro-monitoring is to prevent secondary brain 
damage. In the presence of a severe head injury, hypoten-
sion may result in a secondary brain injury and a worse 
outcome due to insufficient brain blood flow; when com-
bined with severe head injury, hypotensive resuscitation 
may increase mortality by a factor of four [78]. For exam-
ple, Current Combat Casualty Care guidelines recommend 
hypotensive resuscitation for treatment of injured soldiers 
(70 mmHg); but in case of TBI the requested target arterial 
pressure of resuscitation should be 90 mmHg [79,80]. 
Monitoring of CBF AR is used in clinical practice, howev-
er, the most frequently used method, Doppler ultrasound, is 
far from optimal for this purpose since Doppler ultrasound 
typically does not offer continuous monitoring.  

In the brain the function, metabolism – flow has a close 
coupling until ischemia disconnect this relationship. The 
ideal, non-existing, brain monitor would monitor all of 
these modalities. Also, the ideal brain monitor would indi-
cate the point at which the first occurrence of irreversible 
brain damage occurs [81].  The goal of neuro-monitoring is 
to prevent secondary brain damage by maintaining CBF; 
neurophysiological monitoring during surgery has two main 
objectives: first, to warn of imminent damage to the nerv-
ous system, and second, to guide optimal management of 
anesthesia [82].  

One of the basic challenges in neurocritical care is mon-
itoring brain-related vital signs: ideal monitors should be 
noninvasive and continuous. However, invasive and often 
non-continuous techniques are typically in use. Moreover, 
most ICU noninvasive circulation monitors do not supply 
satisfactory information about the brain. For example, in 
the case of increasing ICP in a hypotensive patient, the 
Cushing reflex [83] involves elevation of SAP; therefore, 

SAP monitoring alone does not supply sufficient informa-
tion to allow for a differential diagnosis and adequate 
therapy. Quantitative brain imaging methods typically in 
use today were not designed for continuous monitoring. 
Even though brain perfusion, ICP and tissue oxygen level 
monitors generate continuous signals, they are invasive 
techniques. Similarly, although Doppler ultrasound is 
noninvasive and provides quantitative CBF monitoring, it 
has practical disadvantages in that  the probe-holding frame 
is  inconvenient to use;  consequently recording typically 
takes place only one or at most  a few times per day and is 
not continuous. 

The limitations of most existing monitors used to meas-
ure CBF are that they measure only a small volume of brain 
tissue and are therefore not indicative of total CBF (e.g. 
LDF) or they measure an area (e.g. carotid artery) that does 
not accurately reflect  CBF in the brain tissue itself. Since 
CBF is heterogenous both at rest and during hemorrhage 
[84,85], most monitors reflect regional flow for only a 
small volume of brain tissue. Therefore, values for regional 
flow may not reflect global CBF. Existing brain mapping 
techniques that offer quantitative CBF have good space 
resolution but bad time resolution. Such techniques were 
not designed for continuous CBF monitoring. The ideal 
CBF monitor would measure global CBF with excellent 
time resolution.   

Another CBF monitoring problem is the anatomical dif-
ferences among arteries involved in CBF autoregulation, 
which are size dependent. The effector organ of CBF auto-
regulation is the arteriola [86]. This fact partly explains the 
different findings using different CBF measurement tech-
niques. Consequently, the arteriolar change observed in 
brain by REG reflects arteriolar function more than it 
reflects functions in larger arteries (e.g. carotid). Indirect 
CBF measurements such as EEG are unable to detect mi-
nimal ischemia until it causes failure in synaptic transmis-
sion [69].        

CBF reactivity monitoring is an appropriate primary pa-
rameter to evaluate cerebral resuscitation due to a systemic 
or regional cerebral injury leading to possible irreversible 
brain injury. Unlike CBF monitoring this technique of CBF 
reactivity is being proposed as a non-invasive, mobile, and 
non-operator dependant means of evaluating an uncons-
cious patient. 

Technical aspects of CBF monitoring by REG and com-
parison to the Doppler ultrasound were detailed earlier. Use 
of REG for continuous noninvasive monitoring has poten-
tial advantages to Doppler, particularly in non-hospital 
settings, such as military and emergency medicine, where 
technical challenges of CBF monitoring are much greater 
than in the normal civilian hospital milieu [87,88]. 

Brain injured patients are known to have compromised 
autoregulation, but currently there is no non-invasive way 
to assess the risk of implementing a hypotensive resuscita-
tion strategy in the brain- injured patient. REG can identify 
the autoregulatory breakpoint for individual patients to 
determine their limit for permissive hypotension or start 
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infusion to increase cerebral perfusion pressure. Introduced 
findings support the application of REG as a neuro-
monitoring modality; additional REG correlative studies are 
in progress. 
 
Clinical background: CBF reactivity 
 
In clinical practice reactive brain vessels offer a positive 
prognosis; non-reactive vessels are a bad prognosis and call 
for medical intervention. CBF autoregulation is measured 
as a routine test using Doppler ultrasound [89,90]. Our 
previous findings [47,48,53] and the REG literature [13,14] 
indicate that REG reflects the functioning of arterioles and 
may offer better CBF monitoring than the Doppler tech-
nique since Doppler measures CBF autoregulation in larger 
arteries. Various CO2 reactivity tests are used to challenge 
CBF AR, such as breath holding, hyperventilation, CO2 

inhalation. The constancy of CBF and volume relies heavily 
upon the cerebral arteries' intrinsic ability to respond to 
changes in the partial pressure of arterial CO2. The physi-
ologic mechanisms underlying these responses have not 
been determined, although changes in extracellular and 
intracellular pH, mediation by prostanoids and neural 
activity have been suggested. CO2 reactivity can be influ-
enced by oxygen status and blood pressure and can vary 
according to age and brain region. In certain pathological 
conditions or diseases, it can be severely altered. Modern 
techniques, which measure CBF in cases of cerebral hemo-
dynamic insufficiency, head injury or tumor, rely on the 
inherent ability of the cerebral circulation to respond to 
changing levels of CO2 [91]. Additional CBR AR tests are 
rapid deflation of thigh cuff, Trendelenburg and inverted 
Trendelenburg position and Valsalva maneuver.   

As a comparison, the difference between reaction time 
of various arterial pressure control mechanisms (maximum 
feedback gain at optimal pressure) are in seconds range are 
baroreceptors, chemoreceptors and central nervous system 
ischemic response [92]. REG represents the latest.  
 
Clinical background: Positive end-expiratory pressure 
(PEEP) and brain protection 
 
PEEP has desirable effects on blood oxygenation in the 
diseased lung. However, PEEP ventilation has an adverse 
cardiovascular response, which limits its utilization. Ele-
vated intrathoracic pressure due to PEEP has the potential 
for increasing ICP and reducing SAP. Such changes could 
critically reduce cerebral perfusion pressure: CPP = SAP – 
ICP [93-97]. Decreased CBF, if great enough, can cause 
both brain ischemia and secondary brain damage. Monitor-
ing CBF during PEEP would give physicians feedback, 
allowing them to treat patients safely when protecting the 
brain [98,99], such monitoring is not part of typical clinical 
practice. To be successful, such brain monitoring must be 
continuous, non-invasive and simple to administer. REG 
potentially offers such a method: when CBF AR was ab-

sent, REG and CF identically detected the absence of CBF 
AR.  PEEP can be used to test CBF AR.  
 
Clinical background: Arteriosclerosis and REG 
 
Earlier studies have shown that atherosclerosis often begins 
with an increased intima thickness in the carotid bifurcation 
area.  Such studies have suggested that disease development 
be followed over time by repeated imaging of the arterial 
wall, utilizing the Doppler ultrasound technique to measure 
the intima-media thickness (NASCET, ACAS, ARIC, 
PORT); recent clinical practice is based upon such informa-
tion.  

Arteriosclerosis has been described as a progression that 
occurs in two phases. The first phase occurs at a “slow rate” 
(related to accumulation of foam cells, creation of fatty 
streak, transformation of lipoid accumulation to crystalline 
cholesterol and accumulation of cellular components such 
as smooth muscle cells and fibroblasts. During this phase, 
changes occur in the elasticity of the artery wall but not in 
the lumen, and there is generally a form of compensatory 
remodeling of the external elastic lumina and muscular wall 
that allows preservation of the luminal to conduct blood 
flow. The second phase of arteriosclerosis occurs at “a 
rapid rate” (related to plaque fissuring and/or hemorrhaging 
leading to platelet rich thrombus accumulation [67]. During 
this phase, there are changes in the lumen as well as the 
artery wall. These two phases may correspond to the known 
stages of prevention levels of chronic disease, called “up-
stream” (prevention level 1-2) and “downstream” (preven-
tion level 3-4) [100].   

 
Fig.23: Typical REG curve of a healthy (normal) and a sclerotic 
person. Note the difference in peak time of REG curves for nor-
mal patients (92 milliseconds) and sclerotic patients (256 millise-
conds). This difference has pathological meaning, independent of 
heart rate. Reprinted courtesy of Health Quest Publications Anti-
Aging Medical Therapeutics, Vol. II [38]. 
 

Arteriosclerotic REG normative was offered by Jenkner, 
who averaged REG pulses from 100 phases of each patient 
of 178 normal subjects and 246 patients with proven cere-
bral arteriosclerosis [13]. Using these data REG anacrotic 
time above 180 ms was considered pathological in Cerberus 
system. Although have been developed computation of the 
REG signal, these software were not specifically designed 
for use in the diagnosis of brain arteriosclerosis [101-104]. 
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A typical REG change (fig. 23) is known to occur as a 
consequence of arteriosclerosis, expressed as elongation of 
REG pulse amplitude peak time or decreased slope of 
anacrotic part [13]. The possible cause of this alteration is 
the decreased elasticity of arteriolar wall, which is the most 
sensitive indicator of disease progression or decreased 
"windkassel” (compression chamber) function. In a popula-
tion survey of arteriosclerosis comparing REG and Doppler 
ultrasound systolic velocity, REG was a more sensitive 
indicator than Doppler. This information will be discussed 
in more detail later in this chapter.  

The present human study identified subjects with de-
creased brain arteriolar elasticity using REG, which de-
tected CVD/stroke risk at the susceptibility or presympto-
matic phase. In general: subjects who showed no cerebro-
vascular alternations when measured by EEG revealed such 
cerebrovascular alterations when measured by REG. The 
explanation is that in the early stages of atherosclerosis, 
blood supply to the brain is sufficient, and subjects there-
fore have no detectable symptoms or EEG alteration. In 
other words: Doppler can detect the manifested artery 
alteration, and REG can detect the lost elasticity of artery 
wall before remodeling.   

Animal studies confirmed that REG is more sensitive 
than Doppler ultrasound in reflecting CBF autoregulation 

[47,48,53]. The background of this sensitivity difference is 
that brain vessel responses (CBF autoregulation) have been 
found to be size dependent: small arterioles (less than 100 
µm in diameter) dilated only at a pressure equal to or less 
than 90 mmHg; below 70 mmHg, their dilatation exceeded 
that of larger vessels [105]. A correlative sensitivity differ-
ence was found   when REG detected cerebral arteriosclero-
sis at an earlier stage and in a greater percentage of subjects 
than did Doppler. REG is therefore more effective as a 
means of primary stroke prevention [106]. It is estimated 
that Cerberus system can detect cerebral arteriosclerosis 
from 5-15 years earlier than the Doppler technique. Earlier 
detection of the stroke prone population allows more time 
for precise etiological diagnosis and facilitates earlier 
intervention and therapy.     

The study demonstrates a possible model for primary 
CVD/stroke prevention. The simple, noninvasive Cerberus 
test, which uses REG, offers a standardized method for 
mass screenings by identifying the population at high risk 
for CVD disturbances, especially cerebrovascular disease. 
The method also provides a model for storing analog physi-
ological signals in a computer-based medical record.  The 
screenings described here offer a cost-effective, practical 
way to allow individual physicians to identify patients in 
their care who are at high risk for CVD/stroke. In this 
model, REG can detect cerebrovascular disease in the 
susceptibility/ presymptomatic phase, earlier than the 
Doppler ultrasound technique. Consequently, the preva-
lence of the intracranial atherosclerosis can be higher 
measured by REG than Doppler ultrasound [107].  

Arterial stiffening has been identified as a biomarker of 
stroke risk and indicator of large artery damage can be 

measured by pulse wave velocity [108]. It was known since 
the windkessel model described it [109]. Cerberus system 
measures it, but it was out of scope of recent overview.  
 
Clinical background: Spreading depression 
 
Spreading depression is an early warning sign of disturbed 
brain metabolism; it would be ideal for neuro-monitoring if 
it would be non-invasive. In humans, EEG measurements 
showing SD cannot be accomplished by placing electrodes 
on the scalp; such measurements require intra - or epicor-
tical electrodes. REG measurement can be recorded with 
scalp electrodes – preventing any hazard of infection. The 
background mechanism of this phenomenon was described 
by Olsson et al [110].  
 
Clinical background: Liposome injection 
 
Intravenous administration of liposomes, including Doxil, a 
routinely used anticancer drug, can cause severe life threat-
ening hemodynamic changes in pigs. The reaction is due to 
complement activation, and it is characterized by massive 
pulmonary hypertension, systemic hypotension and severe 
cardiac abnormalities including falling cardiac output, 
tachy- or bradycardia with arrhythmia. There were no data 
suggesting the involvement of cerebrovascular changes in 
this reaction, however clinical observations (nausea, vomit-
ing, dizziness, headache) allowed this hypothesis. In this 
pig study a transient vasospasm was detected by REG 
following Doxil infusion. Liposomal formulations of drugs, 
among them doxorubicin (Doxil), have been developed and 
increasingly used in the treatment of cancer. Following 
liposome infusion in humans, frequently reported neurolog-
ical symptoms include tremor, nausea, dizziness, fainting, 
panic attacks, and imminent fear of death. The unleashing 
of a wave of secondary vasoactive mediators may involve 
cerebrovascular reaction, formation of thromboxanes, 
leukotrienes, platelet activating factor and histamine. Based 
upon the above-mentioned facts, we hypothesized the 
involvement of cerebrovascular change during liposome 
infusion. Further details see [54,111]. This study can be an 
animal model of human vasospam. Vasospasm causes brain 
ischemia/hypoxia and secondary injury. It can develop after 
traumatic brain injury with delay even without physical 
impact, such as in case of blast injury [112]. 
 
Clinical background:  Metal fragments 
 
A major diagnostic limitation for the blast induced head 
injured patient is the inability to image the cranium due to 
the significant number of embedded metal fragments from 
improvised explosive devices, making MRI prohibitive. 
Additionally CT angiography sometimes fails to detect 
vasospasm due to the associated metal artifact [112,113].  

On the basis of preliminary results, REG seems to be a 
practical, noninvasive and continuous monitoring modality 
of traumatic brain and blast injuries.  However, it is not 
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known whether or not the presence of metal fragments 
affects the REG signal. This is why the impact of metal 
fragments on REG signal was tested. The present results of 
in vitro and in vivo studies confirmed the transient effect of 
metal fragment on REG. Additional studies needed to 
clarify the effect of metal size dependency and thermal 
impact.  
 
Clinical background: Vinpocetine injection 
 
Vinpocetine (Cavinton, Richter Ltd, Hungary) is a drug 
long time used in clinical practice and as a reference drug in 
pharmaceutical research. Some reports indicating its tran-
sient hypotensive effect [114-116]. In this study we used 
this transient hypotensive effect as a standard input to 
trigger CBF AR and compared REG changes to ICP.  Both 
Cerberus and Galileo REG devices detected transitory REG 
pulse amplitude increase which correlated with ICP change. 
In clinical practice vinpocetine is infused intravenously: 20 
mg vinpocetine in 500 ml saline; this way the SAP decrease 
can be avoided [117].  
 
Impedance baseline level 
 
A measurement with MIC showed the opposite conductivi-
ty change in brain reflecting the conductive material pres-
ence (0.9 % NaCl intracranial infusion) or absence (intra-
cranial balloon inflation). The AC component and its first 
derivative however similarly increased in both cases.    
 
Data processing 
 
The best illustration of how REG development is a multid-
isciplinary subject can be followed by the used data proc-
essing. In 1970-es the REG filtering was realized by using 
analogue filter. Additional data processing modules were 
also built based on analogue circuitry [33]. From the 1980-
es a software development was used to support REG data 
processing; by this line 3 data acquisition system was 
created and used to collect, display and process REG and 
other signals (Gral, Redirec and DataLyser) [35,36,65,118]. 
In the mid-nineties an expert system approach was applied 
[41].   

The REG signal is generated by bioimpedance amplifier 
using a Wheatstone bridge [119] and a joined differential 
amplifier. The tetrapolar system contains both AC and DC 
components; however, a bipolar system can produce only 
the AC component, and its output involves both positive 
and negative phases, similarly to the signal generated by 
differential amplifiers, such as EEG and EKG amplifiers. 
Its amplitude change as relevant biological information 
cannot be processed with a simple average reading and 
summarizing of the minimum – maximum distance of a 
pulse curve. The same problem occurs during calculation of 
the REG pulse integral; in both cases, negative numbers 
will be subtracted.  

The main problem of REG data processing is the need 
to clean the REG signal from various artifacts and to identi-
fy the pathophysiologic background of alterations in the 
REG pulse wave. Biological artifacts include the following: 
1) respiration (a subharmonic with the alternating frequency 
of respiration); 2) M-wave (a subharmonic of 3-9 oscilla-
tions per minute), which is the result of a sympathetic 
influence on SAP; and 3) a reflection of changes in ICP. 
Artifacts 1 and 2 were successfully decreased by used a 
filtering method and first derivative of REG pulse wave.  

The usual method used to quantify a REG signal is simi-
lar to that of other pulse wave measurements-- amplitude 
(minimum maximum distance), its first derivative (dZ/dt), 
and integral measurement [6,102-104]. Both variables 
detected the applied CBF manipulations. The application of 
the REG derivative and integral has an advantage using 
computer data processing [36,48]. 

Additional REG data processing problem is that REG is 
a biphasic signal, involving positive and negative values. 
Measuring such data was not a real problem on chart rec-
orded trace: to measure the distance between minimum – 
maximum of a REG pulse wave with a caliper automatical-
ly neglected this problem. It comes to be problem with 
digital signal processing: any calculation using negative of 
positive numbers (integral = area under curve, and mean) 
averages negative and positive numbers. In this case the 
biological information (REG amplitude increase or de-
crease) will be lost. The information is in the change of 
minimum – maximum distance of REG pulse wave, refer-
ring to vasoconstriction and vasodilatation.       

Basic REG pulse wave variables were introduced pre-
viously. The most comprehensive theoretical approach for 
REG pulse wave analysis was overviewed by Sokolova 
[102,103]. The most comprehensive application in digital 
environment was realized by Montgomery called Rheosys 
[101]. Signal averaging [120] and minimal and maximum 
value calculation was used in Cerberus. Here was presented 
that the standard deviation values of REG pulse amplitude 
can be used for computed estimation of minimal-maximal 
distance values. 
 
Expert system 
 
Early screening helps to prevent the onset of diseases and 
reduces the health costs in general. Full automation of 
screening with low cost equipment can make large scale 
screening possible. The problem we are investigating is 
stroke, which is unique among neurological diseases since 
it has a high incidence rate, severe burden of illness, high 
economic cost, and it may be preventable [121]. The auto-
mation is achieved by the use of an expert system together 
with monitoring tools for screening the cerebral and vascu-
lar status of individuals to detect the initial stages of vascu-
lar disorders. This is a low cost system that runs on a PC 
platform (Cerberus) with some hardware for measurements. 

Machine learning is the method used to discover hidden 
relationships in available data, so that this knowledge can 
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be used to make predictions and decisions. This methodol-
ogy is very useful for the applications to medical data 
which typically includes observations represented as attrib-
ute-value pairs and each observation is labelled with a class 
information such as diagnosis or treatment. The learning 
process involves classification and generalization. One of 
the advantages of machine learning methods in comparison 
to statistical approach is that machine learning can handle 
both qualitative information and quantitative information 
and is nonparametric, i.e., does not require a priori distribu-
tions. The information acquired by training on sample data 
is represented in some form which then can be used to 
predict the class membership of new observations.  

In this work we use a machine learning method named 
CAN developed by one of the authors, that induces rules 
from data [41]. Rules are an attractive representation since 
they can be analyzed and understood well by experts and 
form a basis for an expert system. The available medical 
data set contained about 540 observations (data instances, 
Csengersima'92 data base). Each data instance contained 
information about a patient in terms of several attributes 
such as sex, age, response to the questionnaire and meas-
urements. The combined use of stroke risk factors, neuro-
logical symptoms and the measurements that include blood 
pressure, stress state and several polygraphic modalities 
(EEG, REG, EKG) are used by the experts to determine 
cerebral circulatory disturbances (and as a result the cases 
with a high risk of stroke), and to suggest further tests (see 
5 evaluation possibilities in Cerberus questionnaire). The 
expert recommendations represent the class label for the 
observed patient data in attribute-value pairs. 

The system is developed according the following steps. 
First, CAN induced rules through using the available medi-
cal data for training. Next, these rules are integrated into an 
expert system. Once the system has the data of a new 
patient available, the expert system made predictions about 
cerebral circulatory disturbances and identified patients 
with high risk of a stroke. The expert system goes through 
the typical match-execute cycle to make the predictions. An 
attractive feature of the methodology is that the rules the 
expert system used can be modified and improved incre-
mentally by the learning system with the increase in the 
size of the patient data with class labels.  

The statistical performance rate of the test run is as fol-
lows. We expect in 47 % of the cases a correct class predic-
tion, in 24 % an inconclusive result, in 7% of the classes the 
result that "no rule applies" and in 22% of the cases an 
incorrect conclusion. In other words if the expert reaches a 
conclusion, we know that it is a correct conclusion in 68% 
of the cases and an incorrect one in 32% of the cases.         

 The result was quite good considering that we didn't 
use any polygraphic data. We would assume that attributes 
of REG will improve this drastically. Note: This decision is 
made by a machine. The doctor should confirm, reject or 
comment this decision.    

     

Conclusion 
 
The results presented here indicate that REG accurately 
reflects cerebrovascular responsiveness. REG pulse ampli-
tude change reflects arteriolar, capillary and venular vo-
lume changes together rather than absolute brain blood 
flow.  

The clinical importance of these findings is that REG 
can be measured noninvasively, continuously and more 
conveniently in humans than Doppler ultrasound. There-
fore, measurement of CBF AR by REG has potential for 
use as a life sign monitoring modality; to realize it there is a 
supportive step on the way: United States Department of 
Defense made a solicitation to build a brain monitor involv-
ing REG [2]. 

REG is potential method for cerebrovascular diagnostics 
as well. In order to reach the potential of widespread appli-
cation of REG, there is a need for further research to clarify 
additional (patho)-physiological correlations [122], ade-
quate data processing and as Jenkner proposed in 1983, 
there is a need to create REG standards.    
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