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ABSTRACT

To create an algorithm to detect rheoencephalographic (REG) pulse wave second peak increase, which
may detect an increase in intracranial pressure (ICP). REG was measured in 19 healthy volunteers
during control and a 15-degree head-down tilt (HDT), which caused an increase in ICP. We developed
an algorithm for automatically calculating P1 and P2 from the REG pulse waveform. The result was
compared to manual measurements during control and HDT positions. The automatic determination
of the peaks’ time instants was considered a series of two-class decision problems in +15-ms-wide
sliding decision windows. We achieved an accuracy of 0.9826, a sensitivity of 0.7727, and a specificity
of 0.9902. We used the correlation coefficient between manual measurements and automated data and
the normalized mean absolute error (NMAE) metric to characterize the precision of peak amplitude
value estimation. We achieved a high correlation (> 0.8) in 92% of all tests, and NMAE < 0.3 in 96%.
The remaining cases were analyzed using Bland-Altman plots to uncover the main causes of
differences. We tested the hypothesis of increasing P2 peak amplitude during HD'T compared to the
control position. In the female group, the number of significant increases was 4 out of 6 (67%), both
in manual and automatic measurements. In the case of the male group’s manual measurements, 12 of
13 (92%), and the automatic calculation gave 10 of 13 (77%). The significance is to switch from invasive
ICP to noninvasive REG to have the same information for decision-making at the bedside to save the

lives of neurocritical care patients. Future REG correlation studies suggested using REG in
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neuroctitical care monitoring, space research, and military medical practice.
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1 Introduction

1.1  Intracranial Pressure

The goal of neuromonitoring is to prevent secondary brain damage. Invasive ICP monitoring is the gold

standard in neurocritical care. It is documented in publications and society consensus statements [1-0].

Later, it was noted that “ICP is more than a number” |7], referring to the information that the pulse wave

morphology change can represent. The ICP pulse waveform usually exhibits three distinct local maxima,

or peaks, denoted as peak 1 (P1 - percussion wave), P2 (tidal wave), and P3 (dicrotic wave), with P2 and P3

separated by the dicrotic notch. Analysis of ICP pulse waves is a new method for determining intracerebral

compliance [8]. The characteristic change in the ICP pulse wave morphology during decreased intracranial

compliance is the elevation of P2 [9]. The comprehensive clinical aspect of ICP elevation was published

[10,11]. The consequence of computerized monitoring has resulted in several new methods, specifically the

analysis of ICP pulse waves [12-19]. Measuring the P2/P1 ratio is used in the B4C system, a noninvasive

D>

Copyright © 2026. The Author(s). Published by AIJR Publisher.

This is an open access article under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) license,
which permits any non-commercial use, distribution, adaptation, and reproduction in any medium, as long as the original work is
propetly cited.


https://doi.org/10.21467/ijm.4.1.9492
https://aijr.org/about/policies/copyright/
https://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21467/ijm.4.1.9492&domain=pdf

2

Automatic Calculation of the Rheoencephalographic Pulse Wave Peaks: The First Results

intracranial compliance monitoring device [17, 20]. The P1/P2 ratio of the ICP pulse wave was analyzed
[19]. Since the ICP elevation is not the only source of brain damage, other modalities are also suggested to
monitor cerebral blood flow (CBF) and its autoregulation (AR). The status of CBF AR — cerebrovascular
reactivity - is tested with COz inhalation, breath-holding, and acetazolamide (Diamox) infusion. For
continuous monitoring of CBF AR, a program was developed, called ICM+ [21]. It calculates the pressure
reactivity index (PRx) from znvasive ICP and arterial pressure pulse waves.

1.2 Rheoencephalography

Rheoencephalography (REG) is a bioimpedance measuring method. REG is acknowledged by the United
States of America Food and Drug Administration to measure cerebral circulation [22]. The physical basis
of the REG pulse wave is that the brain has a higher electrical resistivity than the blood and cerebrospinal
fluid [23]. During the heart ventricular contraction, the blood, i.e., 2 volume of better conductor, is pumped
into the cranial cavity, causing decreased electrical resistance. Early studies described that it is good to
indicate an increase in ICP [23,24|. An in vitro study demonstrated that a bioimpedance pulse wave amplitude
is proportional to the fluid (0.9 % NaCl) volume change [25]. Human measurement showed that cerebral
blood volume (measured by isotope) increased during CO» inhalation, and it is reflected identically in ICP
and processed REG amplitude increase [20]. An animal study documented that REG reflects an identical rise
in ICP during vinpocetine injection; the area under the curve was 0.95 for REG time constant 3 and 0.93
for REG time constant 0.3; both with p<0.0001 [27]. When the CBF AR index is calculated from
bioimpedance pulse waves (REG and arm pulse waves), it is called REGx. A human study documented
that the CBF AR index measured by REG (REGx) and REG pulse wave morphology change (P2)
coincided: when CBF AR was passive, the REG P2 peak was higher, and when CBF AR was active, REG
P1 was higher [28]. Details of the REG pulse wave influencing factors can be found here [29]. Several REG
cotrelation/validation studies were summarized here [30,31].

1.3 Head-down Tilt Test

The Trendelenburg or head-down tilt (HDT) position is used in clinical practice and research (as ground-
based simulated weightlessness settings). The damped venous outflow during HDT causes an increase in
ICP. We hypothesized that the REG pulse wave morphology would change (P2>P1) during the HDT
position. The result of the manual calculation of REG P2 and REGx was published previously [32]. Here
we present the method and the result of the automated analysis and its comparison to the manual analysis.

2  Materials and Methods

The study was conducted in the Aeromedical, Military Screening, and Healthcare Institute, Medical Centre,
Hungarian Defense Forces, Kecskemet, Hungary. The test procedure was conducted by the Declaration of
Helsinki and was approved by the Medical Research Ethics Review Board of the Ministry of Defense,
Budapest, Hungary, on September 16, 2020. Each subject provided written informed consent before
participating. After obtaining information about the purpose and details of the tests, the subjects signed the
consent form. No external funding was received.

2.1 Study Population

We measured 19 healthy volunteers (6 females and 13 males). They were two- to four-year pilot cadets.
They were in a horizontal, supine position on the tilting table during the measurement. The length of the
recordings was 45.47 = 5.45 (mean £ SD) minutes. The challenge was the HDT (- 15-degree) position,
which lasted for 17.62 (£2.39) minutes. Another test was a 30-second breath-holding test, the results of
which were reported separately [32].

The mean age (n=19) was 22.68 + 1.49 years, the mean height was 177.63 £ 6.18 c¢m, and the mean
body mass index (BMI) was 22.94 £ 2.43. There was no significant difference in BMI between the male
and female groups. There was a significant group difference in weight (males 76.62 = 7.16 kg and females
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63.33 £3.98 kg; p=0.0001). Abdominal circumference was also significantly different (p=0.03): males (84.31
t+ 5.41 cm) and females (75.17 + 7.81 cm).

2.2  Data Acquisition

Electrodes were placed while volunteers were in a sitting position. Before electrode placement, the skin was
cleaned with benzine and EEG cleaning paste. The electrodes were regular electrocardiogram (EKG)
electrodes. Their location was bifrontal: Fp1-Fp2 according to the electroencephalogram (EEG) 10-20
International System of Electrode Placement [33]. A bipolar bioimpedance amplifier (ReoRON-61,
Medicor, Esztergom, Hungary) was used with an additional amplifier (BK-094-1; Elsoft BT, Budapest,
Hungary) to amplify, filter, and switch signals from symmetrical to asymmetrical. For analog-digital
conversion, a 16-bit resolution device was used (NI USB-6211, National Instruments, Austin, TX). Data
collection was performed with a laptop (Alienware, Dell, Round Rock, TX) and DataLyser (DL) [34]
software. The sampling rate was 200 Hz. Event markers were stored on a separate channel, together with
the bioimpedance pulse waveforms. DL creates deidentified files by automatically generating both
waveform (binary) and meta files (ASCII) with manually entered notes.

2.3 Data Analysis

We elaborated a novel P1 and P2 detection algorithm for REG signals. An ideal algorithm should have the
following properties: 1) it detects and handles missing data during the measurement process, 2) it locates
artifacts and extracts the REG-pulse wave from the noisy signal, 3) it determines the (time instant, peak
amplitude) value-pairs of P1, P2 peaks, 4) it can adaptively adjust parameters to patient’s physiological
quantity during measurement. Our recent algorithm deals with the 3 and 4% problems when the REG-
signal part, containing the P1 and P2 peaks, is known in advance. The locations in peaks are about the
maximum value of the REG-pulse wave. The P1 and P2 candidates are local maximum and inflection points
in this neighborhood. Therefore, the rule-based algorithm decides which is to be marked as P1 and P2 from
candidate points and operates in the time domain. We elaborated the rules experimentally during the
algorithm development process using manually measured peaks and all measured REG signals in the tilting
table tests. The overall duration of REG signals involved was 13820 seconds for the female group and
36795 seconds for the male group (a total of approximately 14 hours). We realized and tested the algorithm
in the MATLAB environment [35].

Estimate fundamental

Get CONTROL and
HDT REG segments
to be processed

40 ms moving average
filtering

time-period and set up
necessary coefficients

Get collection of local

Determine P1 and P2 Determine regular
peaks’ (time instant, peaks maxima in the
amplitude value) pairs segments

¢

Figure 1: A flowchart or simplified schematic, and the processing pipeline.

Because of the rich morphology of REG-pulse waves, we introduced the concepts of regular peaks
and the neighborhood of the actual regular peak, where P1 and P2 should occur. The neighborhood consists of
two time slots around the actual regular peak: one is before, and the other is after the peak. Concerning the
concept of regular peaks, we found that in several cases, there are spurious local maxima in the signal
segment in question, which are not allowed in the estimation of P1 and P2 peaks. Regular peaks are those
involved in the determination of (time instant, amplitude value) pairs of the peaks. Moreover, in the right
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time slot, we determine not only the closest local maximum but the inflection point, too. The computation

of the latter is important, because in several cases the P2 is not a local maximum, but an inflection point in

this timeslot. With these concepts, the processing pipeline consists of six main steps, illustrated in Figure

1.
24

Detailed Description of the Algorithm

In the following, the explanations of each step will be given.

1.

Extraction of REG-signal parts  from the measured signal, both in the control and HDT tests
This step is based on manually measured P1s’ and P2s’ time values. The first- and last-time value of
the corresponding ascending sorted list is the basis of the extraction.

Suppressing the contaminating 50 Hz noise and its harmonics
We used two-pass 40-ms moving average filtering for this purpose. This linear phase digital filter
acceptably suppresses the noise while preserving the REG-signal morphology.

Computation  of the fundamental time-period of the REG-signal part to ensure patient-adaptivity
The amplitude spectrum of the signal part is estimated with a Hamming window, and the Fgrgg the
frequency of maximum amplitude is determined in the [0.67; 2.33] Hz band. The fundamental time
period is the reciprocal value of that frequency: Trgg = 1/Fgrgg-

Determining the collection of local maxima 7 the REG-signal part
We used for this purpose the algorithm, published in [36]. The main advantage of this method, that no
experimental threshold values are needed when determining the local maximum. Thus, the number of
parameters of the whole P1 and P2 estimation process can be decreased substantially. This algorithm
(with a little modification) was used for ICP signal processing in [37].

Determining regular peaks from the collection of local maxima
We determined regular peaks in two consecutive steps:

5.1. For each local maximum, we exclude those for which the inequality below does not hold:

REGaypg — 3+ REGsy < REGESHK < REGgyg + 3 REGsq, where REGgyg is

regular peak candidate —

the average REGgq is the standard deviation of local maxima in the collection,
5.2. From the remaining regular peak candidates, we also exclude those where AT;;,qthe time
difference between two consecutive such peaks is too short: AT; ;41 < 0.5+ Tggg.
Determination — of Pl and P2 peaks’  (time  instant,  amplitude  valwe)  data  pairs
First, we determined with numerical experiments the neighborhood of the P(tgctuan, REGactual)
actual regular peak, where P1 and P2 should occur. The width of the timeslot is given as a time interval
of [0,05-Tree; 0,5 Tregl. In the left timeslot, we determined that local maximum,

(tlrgfth ,RE G[g]‘}g{ ), which is closest to the actual regular peak. In the right time slot, we determine not

. . . . infl infl
only the closest local maximum, (tﬁgfft, RE Gﬁ;ﬁt), but the inflection point, (t:jg ne RE G;?gf ht) , t0O.

With these four points, we determine the peaks with the decision rules below:
IF REG{Q}ZEC > REGﬁ;ﬁt AND REG{?FEC > 0.75 " REG 4411 THEN

Pl = (tlrg}zgc’ REGIZL]?L?C) PZ = P(tactual:REGactual)>

ELSE IF REG,3),, > REGTS%, THEN

infl infl
P, = P(tactuallREGactual) P, = (t;?;ht:REG;?Jht)

ELSE

P1 = P(tactuallREGactual) PZ = (t;rilgift'REG;ril;Ift

Figures 2 and 3 illustrate the P1 and P2 detection results graphically, both in control and HDT positions.
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Figure 2: Manual and automatic P1, P2, and the REG signal — first in a series of 19 measurements (upper
trace: control, lower trace: HDT position).
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Figure 3: Manual and automatic P1, P2, and the REG signal — last in a series of 19 measurements (upper
trace: control, lower trace: HDT position).

3 Results
3.1 The Evaluation of the Algorithm

We wrote a MATLAB program for the evaluation of the realized algorithm. We have two collections
(manual, and automatic) of Pls, and P2s both in control and HDT to evaluate. There are two parameters
of the algorithm to evaluate: 1) the precision of the time value created by the automatic procedure, and 2)
the precision of the amplitude value estimation. Both can be evaluated because of the availability of the

corresponding manual measurements.

We considered the first problem as a two-class decision problem on the “grid” of evenly spaced sampling time
instants. We characterized the decision with the detection window of a given length and determined the
optimal detection window length using the ROC (Receiver Operating Characteristics) analysis [38]. We
moved this detection window alongside the REG-signal part, which results in a series of detection windows
and a series of decisions. In the actual detection window, it can be decided whether the manually measured
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time value is present or not, as is the case with the automatically determined time value. Therefore, for a
given detection window length, the confusion matrix can be determined. From the confusion matrix, the
(false positive rate, true positive rate) data pair can be computed, which is a point of the empirical ROC
curve. Repeating this process for several detection time-windows, not only can the points of the empirical
ROC be determined, but the AUC (Area Under the Curve) can also be estimated: 0 < AUC < 1, ideally 1.
We achieved AUC = 0.9196 concerning all control and HDT test signal sections. For a final decision time
window, however, we haven’t selected the optimal one (corresponding to the closest point of the ROC-
curve to P (0;1) point), because it was =25 ms wide; we used instead a narrower one (15 ms) as a
suboptimal solution for remaining computations. With this decision time window, we achieved acceptable
values of sensitivity (0.7727), specificity (0.9902), and Fl-score (> 75%). Concerning the second problem, the
precision of amplitude value estimation, it is important to note that during the evaluation of time value
estimation described above, the matching data pairs of manual and automatic measurements can also be
collected, which is necessary for the evaluation of amplitude value estimation.

For numerical characterization of precision, we used both the corvelation coefficient and NMAL

1 ZI'V |ymanual automaticl
=1

(Normalized Mean Absolute Error): NMAE = N i 4

manual_,,manual
Ymax min

, where N is the number of

corresponding data pairs, yimanual is the manually measured, yfOM*C is the value determined

automatically, and y/rapual — ymanual o e ranoe of manually measured values. We selected the

normalized MAE because the dynamic ranges of different REG-signal parts are very distinct, and NMAE
is invariant to multiplication with a constant. Therefore, this property makes it possible to compare the
precision results of different REG-signals. We achieved a high correlation (> 0.8) in 92% of all tests, and
NMAE < 0.3 in 96%. The remaining cases were analyzed using Bland-Altman plots [39] for uncovering
the main causes of differences. Typical plots can be seen in Figure 4. By carefully examining the
corresponding REG-signal part, it can be concluded that by repeating the manual measurements, the one
outlier point is expected to disappear.
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Figure 4: Typical Bland-Altman plots with one outlier point (blue point below the lower dashed red line; upper

trace: male, lower trace: female)

3.2 Statistical Tests for Increasing P2 During HDT, Comparison of Manual and Automatic

Data

We wrote a MATLAB program to test the hypothesis of increasing P2 amplitude during HDT compared

to the control position. To accept or reject the assumption of increasing P2 during HDT, we first checked

the normality using the Lilliefors test. If the null hypothesis for normality passed, the paired t-test was

applied to test the equality of means. If the normality hypothesis was rejected, we used the Wilcoxon rank

sum test for equal medians. The male and female groups were tested separately; the significance level in

both cases was p < 0.05. In the female group, the number of significant increases was 4 out of 6 (67%),

both in manual and automatic measurements. The detailed results are in Table 1.

Table 1: Comparative result of paired t-test in case of a female group (ID: identifier of REG measurement, P2

control and HDT values are sample means in volt [V]).

Manually measured values Automatically determined values
1D P2 P2 signifi- P Cohen's | P2 P2 signifi- p Cohen's
control HDT  cant? d control HDT  cant? d
06_1 0.6528  0.648 no 0.787 0.1509 |0.637 0.6497 no 0.49 -0.4007
11_1 0.5986  0.6384 yes < 0.001 -2.4895 [0.5997  0.6403 yes < 0.001 -2.41
14_1 0.4601  0.4823 yes < 0.001 -1.9273 10.4617 0.4854 yes < 0.001 -2.2159
19_1 0.5898  0.6615 yes < 0.001 -3.2987 ]0.594 0.6626 yes < 0.001 -3.1299
25_1 0.5813  0.593 no 0.353 -0.3787 10.597 0.6095 no 0.464 -0.2767
25_2 0.8709  1.0454 yes < 0.001 -6.8787 0.8747 1.049 yes < 0.001 -6.9055

In the case of the male group’s manual measurements, 12 out of 13 (92%) showed significant increases,

while the automatic calculation yielded 10 out of 13 (77%). The detailed results of t-tests can be seen in
Table 2, and those of Wilcoxon tests in Table 3.
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Table 2: Comparative result of paired t-test in case of a male group (ID: identifier of REG measurement; P2

control and HDT values are sample means in volts [V]).

Manually measured values Automatically determined values
ID | P2 P2 signifi- p Cohen's | P2 P2 signifi- p Cohen'
control | HDT | cant? d control | HDT | cant? sd

05_1 0.3575 10.5586 yes <0.001 [-13.139 [0.3579 |0.564 yes < 0.001 | -14.426
05_2 0.306 ]0.3684 yes 0.004]-2.2411 ]0.285 |0.3706 yes < 0.001 [-2.3335
06_2 0.3427 10.3528 no 0.4161-0.4203 ]0.3446 |0.3555 no 0.381|-0.4546
08_1 0.3033 |0.3382 yes < 0.001 [-2.8177 [0.3064 |0.3408 yes < 0.001 | -2.8344
12_1 0.5825 10.6269 yes <0.001]-2.1123 10.5826 |[0.6276 yes < 0.001|-2.1641
19_2 0.6066 |0.6421 yes <0.001]-1.2504 10.617 [0.6445 yes 0.006 | -0.9304
20_1 0.5873 10.7128 yes < 0.001 [-7.7243 see Table 3
211 0.6523 |0.7484 yes < 0.001 [-4.1359 see Table 3
212 [0.8565 [0.9734 ges [ <0.001]-2.9291 [0.8589 [0.9776 |  yes | <0.001{-3.0029
221 0.5584 |0.6275 yes 0.002-1.5375 see Table 3
26_1 0.9094 10.9463 yes 0.026-0.9899 10.917 10.9463 no 0.062]-1.0339
26_2 0.5837 10.6219 yes < 0.001 [-1.8773 |0.5848 |0.6235 yes < 0.001 |-1.8824

Table 3: Comparative result of Wilcoxon -test in case of a male group (ID: identifier of REG measurement; P2
control and HDT values are sample medians in volt [V]).

Manually measured values Automatically determined values
ID |P2 P2 signifi- P median P2 P2 signifi- p median
control | HDT | cant? effect size | control | HDT | cant? effect size
20_1 see Table 2 0.5897 [0.7199 yes < 0.001 -0.1302
202 [04356 [04474 | yes | 0.017[-00118 [0.4429 [0.4489 | yes 0.005 -0.006
211 see Table 2 0.6526 |0.7542 yes < 0.001 -0.1016
22_1 see Table 2 0.5616 |0.607 no 0.064 -0.0454

The statistical results of manual data were better than those of automatic. However, it is also clear that a
refined definition of P2 peaks in the case of REG pulses could also be important; first of all, the transition
of P2 from inflection point to local maximum.

4 Discussion

In this descriptive study, we describe the first time the results, what we got using a MATLAB script for
automatic peak calculation of the REG pulse wave and comparing these results to those that we got by
using manual cursor operation, which was published previously [32]. In other publications, we used a
DataLyser program [34]. The P2 increase in REG pulse waves during HDT is a novelty. Such a change was
typically described previously on invasive ICP waveform morphology. Computerized noninvasive ICP
monitoring was reported by [40]. In recent years, a few ICP pulse wave analysis publications have appeared,
involving a patent [41], a device [17], a calculation of the P2/P1 ratio [18], and a device for measuring the
head’s dielectric properties (Cephalotec, Horgen, Switzerland), which is changing as a heartbeat-related
pulse wave [42].

Respiration causes a subharmonic in the REG pulse wave and influences the morphology of P2 [48].
We measured and averaged 10 pulse waves to eliminate the effect of inhalation and exhalation with manual
measurements. NB: In clinical practice, the CBF measurement with Doppler ultrasound uses only one pulse
wave in the report as the result of the CBF measurement.
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There are discrepancies between manual and automatic methods. The explanation is that manual
calculation was selected by visual inspection of the pulse waves, i.e., artifacts were excluded. The automated
calculation was running without such a selection.

4.1 MATLAB Script

We considered the first problen as a seties of two-class decision problems in evenly spaced, nonoverlapping time
intervals (detection windows). The duration of the window was determined using ROC (Receiver Operating
Characteristics) analysis [38]. In the actual detection window, four events can occur: A) a manually measured
peak can be found, B) a manually measured peak can not be found, C) a detected peak can be found, D) a
detected peak can not be found. Therefore, the confusion matrix can be determined by counting the
following event pairs: (A, C) — TP (true positive), (A, D) — FN (false negative), (B, C) — FP (false
positive), finally event pair (B, D) — TN (true negative). From the confusion matrix, the (false positive
rate; true positive rate) data pair can be computed, which is a point of the empirical ROC curve. Repeating
this process for all detection window the AUC (Area Under the Curve) can also be estimated. With a 15
ms window, we achieved an AUC of 0.9195, accuracy of 0.9826, sensitivity of 0.7727, specificity of 0.9902,
and F1-score of 0.7565. In this case, the sensitivity of the automated algorithm is significantly lower than
the specificity. To our opinion, the potential reasons for this discrepancy are twofold: the decision problem
itself and the inevitable presence of artifacts. Concerning the artifacts, by careful investigation of
automatically detected P1 and P2 peaks, we concluded, that artifacts caused both FN and FP decisions.
Concerning the specificity with the definition of TN/(FP+TN), it can be easily seen that if FP is much
lower than TN, the value of specificity will be close to 1. We found, that the proposed automatic detector
very rarely detects false-positive peaks, so FP (202) is much more lower than FN (204306), which results in
a specificity of 0.9902. In case of sensitivity, with definition of TP/(TP+FN), the situation is different,
because the number of ideal TP decisions equals to number of manually measured peaks (about 10), and
the number of automatically detected false negative peaks could be comparable with the number of true
positive ones. The false negative decision means that there is a manually measured peak in the decision time
window, but the automatically detected one is missing. By careful investigation of these situations, we
concluded that the automatically determined peak-time values were close to the manually measured ones;
therefore, by increasing the duration of the decision time window, the sensitivity could be increased. We
repeted the computations with a £25 ms long window, and thus we achieved the following performance
parameters: AUC of 0.9196, accuracy 0.9812, sensitivity 0.8503, specificity 0.9888, and F1-score 0.8325
concerning all control and HDT test signal sections. However, in the following analysis, reported in this
papet, we used the more rigorous detector with a decision window of =15 ms.

Excluding the artifacts during P1 and P2 peak estimation is a very difficult problem, and the complex
morphology of both REG pulses and artifacts calls for using machine learning methods when developing
an artifact detector. The manual creation of the necessary training dataset, consisting of labelled REG
pulses, is our planned further work. The pulses will be characterized with all the samples between beginning
and ending time instants, P1 time/value pairs, P2 time/value pairs, and the '/REG pulse' or 'artifact' labels.
This also makes it possible to develop a suitable feature extraction algorithm for the classifier. For example,
it can be ensured that the number of samples (and thus the dimension of the vectors in the training dataset)
will be the same by resampling them appropriately. This also makes it possible to examine the possibility
of dimensionality reduction using the autoencoder neural network. For the classifier, our first candidate is
the support vector machine with a Gaussian kernel, the second one is a deep neural network. To our
opinion, by decreasing the number of false decisions mentioned above, better performance in P1 and P2
detection could be expected.

There are discrepancies between manual and automatic methods. The explanation is that manual
calculation was selected by visual inspection of the pulse waves, i.e., artifacts were excluded. The automated
calculation was running without such a selection. The CBF reactivity was better for REG than ICP and
other modalities in a pig study [53].
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42 REG

The test of cerebrovascular reactivity is based on the comparison of the control/baseline REG peaks
(before the challenge) and during or after the challenge and expressing the result in the percentage of the
baseline. If the exhaled CO; measurement is available, the CO, concentration difference can be used for
normalization since the increased COz is the trigger of the REG amplitude increase. In this study the P2
amplitude change was in focus, since P2 amplitude increase during HDT was identical to that what was
described in ICP pulse wave morphology change during ICP increase (intracranial compliance decrease).

There was an individual difference in the shape of P2, which caused difficulty in the manual evaluation.
Some individual female-male differences in measured variables can be related to gender differences in the
respiratory system [48]. The discussion of the REG origin received the latest argument of its intracranial
origin [49]. The REG signal involved 50 Hz noise, which was eliminated in the case of manual
measurements by using an amplifier and 0.1 sec running averaging in DL. Complications of invasive
intracranial multimodal monitoring were detailed previously [50]. ICP pulse wave analysis was compared
[51]. We plan to imitate such a study with the modification that we’ll compare ICP and REG pulse waves
in neurocritical care patients. The noninvasive ICP monitoring with REG can be integrated into clinical
workflows by creating a small bioimpedance device with generating REG and arm pulse waves, calculating
1) P2 increase, and 2) CBF AR index (REGx), and initiates alarm when CBF AR turns to be passive,
indicating the lower limit of CBF AR. This is the time when staff need to start to increase arterial pressure.

Previous studies documented: 1) The correlation between CBF AR calculated between invasive and
noninvasive CBF AR measurements [52]; 2) REG pulse wave morphology changed during elevated ICP
and correlated with brain imaging in neurocritical care patients [28]; 3) An identical ICP and REG pulse
amplitude increase during CO3 inhalation in a neurocritical care patient [26]; 4) Higher cerebrovascular
reaction during CO; inhalation in REG and NIRS than in TCD during 30-second breath-holding [32]; 5)
REG and ICP pulse amplitudes increased during vinpocetine bolus injection in a rat study [27]; 6) In vitro
study documented identical change of bioimpedance and Doppler flow pulse amplitude [25]; 7) The CBF
reactivity was better for REG than ICP than other modalities in a pig study [53]. Since our groups were
healthy volunteers, the clinical outcome is not applicable. Clinical use of REG monitoring was presented
various studies [23, 24, 20, 28, 31, 52, 59]. The direct comparison with invasive ICP data is presented in
various studies [26, 27, 31, and 52]. ICP increase during vinpocetine injection correlated with REG pulse
amplitude increase. Area under the receiver operating characteristic curve was 0.9481 for ICP-REG time
constants 3 and 0.9335 for ICP-REG time constants 0.3; both with < p 0.0001 [27]. The PRx produced an
accurate metric of vascular reactivity in this cohort, with the area under the receiver-operator characteristic
curves of 0.91. REGx was moderately correlated to the PRx (Spearman r = 0.63, p < 0.0001; Bland-Altman
bias-0.13). The area under the receiver-operator curve for the REGx was 0.86 [52]. Several REG
validation/correlation studies were summatrized recently [54]. The regulation of cerebral blood flow in
humans, as well as its physiology and clinical implications of autoregulation, have been detailed elsewhere
[55]. The CBF reactivity was better for REG than ICP and other modalities in a pig study [53].

4.3 Space Research and Military Medical Aspects

The findings can be generalized to other populations with varying ICP conditions, such as astronauts. The
Spaceflight Associated Neuro-ocular Syndrome (SANS) is a major concern for human spaceflight. SANS
is a disorder that affects astronauts after long-duration space travel, causing swelling of the optic nerve,
chorioretinal folds, flattening of the optic globe, and changes in near vision. As many as 70% of astronauts
develop SANS, which poses a significant risk for space missions and specifically for long-duration space
missions (i.e., missions to Mars) because it can lead to severe vision changes that could jeopardize the ability
to function safely or control a spacecraft. Previous studies have suggested that abnormal ICP may be the
underlying cause of SANS. Additionally, the elevated CO2 concentration causes increased brain blood
volume. The actuality is that the NASA-funded Translational Research Institute for Space Health (TRISH) seeks
proposals to measure ICP during commercial spaceflights, and proposals must include non-invasive ICP
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estimation techniques. The release date was March 27, 2025. REG measurement can help identify the ICP
and/or cerebrovascular components of SANS, detect accelerated cerebrovascular aging, and quantify the
effect of antigravity countermeasures [32]. Military medicine application of REG monitoring could be
during the transport of wounded service members with brain/blast injuries, as detailed in [32, 60]. Regular
ECG electrodes are used for REG and arm bioimpedance pulse measurement. For space research
applications, we tested a reusable electrode that does not require alcohol rubbing (Combat medic
antimicrobial silver barrier wound dressing made by Silverlon.com)

4.4 Results of Literature Search

ICP and REG measurements were mentioned in several publications [43-47]. The search in PubMed with
keywords rheoencephalogram and intracranial pressure resulted in 7 hits (May 14, 2025). Two of them were
ours. There have been no new publications in the last two years. PubMed search with keywords peak
detection and REG pulse waves resulted in no hits (5/13/2025). A PubMed search with keywords
rheoencephalogram and pulse wave resulted in 2 hits: one was during Tai Chi exercise (amplitude increase
was reported) and the other was during HDT and lower body negative pressure. Cerebral resistance index
was calculated, and pulse change was not reported in the abstract (text is in Chinese). ICP was not measured.
REG was used during space flight in the 1970s, but there was no pulse wave morphology analysis nor CBF
AR measurements [62]. REG was validated against invasive ICP in various studies [23, 24, 26, 27, 29, 52,
53].

4.5 Progression of the Idea

This topic is typical in the field of biomedical engineering, since biomedical engineering combines biology
(in our case, physiology of CBF and its AR) and engineering (hardware creation —in our case, bioimpedance
amplifier) to make technological breakthroughs in medical devices, procedures, and patient care. Today, we
can add developing software, too. To develop a new noninvasive brain monitor using bioimpedance, we
need to set 1) A physiological background (CBF AR) to be measured; 2) Hardware; 3) Software. Previous
studies documented that existing REG devices can measure REG signals, and cerebrovascular reactivity
(CBF AR) can be calculated. A miniaturized REG device - a simplified Cerberus amplifier [59] replica - was
built and used for sleep research [61]. The DataLyser program [34] was developed to display, store, and
data processing of physiological signals. The manual cursor operation was used to measure REG pulse
wave amplitudes (minimum and maximum amplitude and time numbers). Cerberus system [59] involved
predecessors of the DataLyser software (SW). A MATLAB [35] script was created and incorporated as a
menu item to calculate PRx/REGx, identical to the ICM+ program [21]. This manuscript desctibes the
latest SW development: a MATLAB script for automated REG pulse wave peak detection. The next step
of the SW development will be the alarm criteria determination from REGx: the detection of the lower
limit of CBF AR. Such work will be based on a simultaneous recording of invasive (ICP and ABP) and
noninvasive (REG and arm bioimpedance) signals in neurocritical care patients [52].

The clinical use of a medical device (in the USA) is first required by the American Medical Association
of Medicine (AMA) to approve its use in clinical practice (so the health insurance company will pay for its
use). To initiate such a process requires a study to submit to the AMA and after to the FDA. Today, no
manufacturer submitted a request to approve their REG device. But there are few REG devices available,
without FDA approval, and used. The practical use of the REG device is to attach it to any critical care
monitor and calculate the CBF AR index. REG use makes it possible, with computerization, to calculate
CBF AR during a CBF AR test and as a function of time (REGx). None of them requires any standard.
The measured pulse wave unit is ohms. It has no physiological relevance. Cardiac output is measured
noninvasively with tetrapolar devices, which measure not only the basic impedance but also the pulsatile
impedance, which is used to calculate the cardiac output. Basis impedance is typically not measured with
the bipolar devices that we use. However, we published the difference in basic impedance in the in vivo
rat brain measurement. ICP elevation by balloon inflation and saline infusion caused opposite changes in
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basic impedance, since saline injection decreased the impedance while balloon inflation increased it. REG
was measured by the Minnesota Impedance Cardiograph. REG's first derivative (dZ/dt) was increased in
both cases [30].

4.6 Additional REG Applications

Although no ICP measurement is involved, we must mention other populations where REG monitoring
(noninvasive!l) can be useful: 1) Cerebrovascular arteriosclerotic alteration is detected by elongated REG
anacrotic (rising) portion [23, 30, 31, 59]; 2) Cerebrovascular alteration caused by excessive alcohol
consumption [31]; 3) Detection of spreading depolatization (SD). SD is the earliest sign of brain metabolic
disturbance and can be measutred with DC EEG and Ag/AgCl electrodes placed on the cortex. We
documented the coincidence of SD with REG slow oscillations [30]. 4) Transient brain vasospasm caused
by Pegylated liposomal doxorubicin (Doxil - an anti-cancer drug) infusion before systemic cardiorespiratory
reaction. The clinical importance of this fact is that the reaction was caused by complement activation
(cytokine storm), which is the main problem of COVID-19 patients in intensive care [63]. 5) Monitoring
polytraumatized patients with hemorrhage, when CBF AR can be lost, about ABP < 50 mmHg. CBF AR
monitoring can prevent brain damage [55, 57]. 6) If CBF AR is passive and the patient is ventilated with
positive end-expiratory pressure (PEEP), decreased CBF can cause brain damage. In such cases, the use of
PEEDP is safe if CBF AR is monitored [53].

4.7 Limitations

The presented automatic REG pulse wave morphology analysis has not been used yet in neurocritical care
patients. However, several automatic analyses were used for ICP pulse waves [12-20]. Unlike
electroencephalography (EEG) and electrocardiography (ECG), REG has no standards. Additionally, REG
does not offer brain mapping or direct reflection of a brain artery flow like TCD. REG, like EEG, is
sensitive to movements and muscle contraction, for example, eye blinking. Any ICP/REG monitor with a
P2 detection program is currently unavailable. The recent automatic P2 detection algorithm does not
involve any artifact rejection. The units of REG pulse wave peak are in ohms, and it can’t be converted to
mmHg, which is used in clinical practice to evaluate the status of a patient. The differences in results for
males and females were not analyzed, however, the effect of the menstrual cycle on CBF is known [56].
The small size of the male and female groups has low statistical power to accept the difference as biologically
relevant. The sensitivity of the automated algorithm (0.7727) is significantly lower than the specificity
(0.9902), which may impact its reliability in clinical applications. To clarify this problem, we plan to compare
the REG pulse wave to the ICP pulse wave analysis. Our program is not at that level of readiness, as it was
created for ICP pulse wave analysis [57]. The European Space Agency (ESA) supported the construction
of a miniaturized REG amplifier, which involves P2 detection as well as REGx calculation. The
manufacturer will get related ESA and medical electrical safety certificates. The new device development is
not yet at the Technical Readiness Level (TRL) [58] today, as the Cerberus system, which was created for
primary stroke/cardiovascular prevention screening, finds the high-risk population for artetiosclerosis, and
the US FDA has acknowledged it as a “non-significant-risk device.[59].

5 Conclusions

Here we report the first result of a script developed for automatic REG pulse wave peak detection. The
REG pulse wave morphology changed in the HDT position, like the ICP pulse, with increased P2. Such
automatic calculation is necessary in neurocritical care units, making it possible to generate an automatic
trigger for an alarm indicating ICP elevation. Having REG-based noninvasive monitoring has the potential
to create an alarm, indicating the lower limit of CBF AR [52], so the staff can act immediately to prevent
secondary brain injury caused by brain ischemia/hypoxia. REG monitoring offers 1) reflecting decreased
intracranial compliance (increased ICP) and 2) monitoring of the CBF AR index (REGx), detecting the
lower limit of CBF AR [52]. The novelty is that the REG P2 automatic calculation was not published
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previously. The implications and recommendations are that REG monitoring can be used in neurocritical
care, space research, military aviation, transporting wounded military Service Members, civilian emergency
medicine, and mass casualty evacuation. Future REG monitors can be an independent device or a module
of bedside monitors, like near-infrared spectroscopy (NIRS) and bispectral index (BIS) monitors. Further
studies are required to justify that REG could serve as a proxy for invasive ICP monitoring. Our manuscript
facilitates combining a REG amplifier with the calculation described, which can create a noninvasive
lifesaving bedside monitor. This will be the major outcome. Its significance is the lifesaving of neurocritical
care patients. The manuscript offers the know-how. The result will be a miniaturized bioimpedance (REG)
amplifier with SW, calculating 1) the REG pulse wave P2 increase, reflecting the increase of ICP (decreasing
intracranial compliance), and 2) CBF AR (REGx). A study was initiated to test the new device in healthy
volunteers with cerebrovascular reactivity and create a CBF AR standard (REGx).
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