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Abstract

Cerebral blood flow (CBF) autoregulation (AR) can be monitored using invasive modalities, such as intracranial pressure
(ICP) and arterial blood pressure (ABP) to calculate the CBF AR index (PRx). Monitoring PRx can reduce the extent of
secondary brain damage in patients. Rheoencephalography (REG) is an FDA-approved non-invasive method to measure
CBF. REGx, a CBF AR index, is calculated from REG and arm bioimpedance pulse waves. Our goal was to test REG for
neuromonitoring. 28 measurement sessions were performed on 13 neurocritical care patients. REG/arm bioimpedance wave-
forms were recorded on a laptop using a bioimpedance amplifier and custom-built software. The same program was used
for offline data processing. Case #1: The patient’s mean REGx increased from — 0.08 on the first day to 0.44 on the second
day, indicating worsening intracranial compliance (ICC) (P <0.0001, CI 0.46-0.58). Glasgow Coma Scale (GCS) was 5 on
both days. Case #2: REGx decreased from 0.32 on the first recording to 0.07 on the last (P=0.0003, CI — 0.38 to — 0.12).
GCS was 7 and 14, respectively. Case #3: Within a 36-minute recording, REGx decreased from 0.56 to — 0.37 (P <0.0001,
95%, CI — 1.10 to — 0.76). Central venous pressure changed from 14 to 9 mmHg. REG pulse wave morphology changed
from poor ICC to good ICC morphology. Bioimpedance recording made it possible to quantify the active/passive status
of CBF AR, indicate the worsening of ICC, and present it in real time. REGx can be a suitable, non-invasive alternative to
PRx for use in head-injured patients.
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1 Introduction
1.1 Neuromonitoring

Computerized monitoring of neurocritical care patients is
in practice already. An additional improvement is if invasive
methods can change to noninvasive. Our hypothesis is that
the use of the bioimpedance technique can serve this prin-
ciple. Clinical relevance is to have the same information
without the risk of the invasive method, which can be caused
by drilling a hole in the skull to implant a pressure sensor.
On the battlefield, the principal causes of death within the
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first hour of injury among Service Members are hemorrhage
and traumatic brain injury (TBI) [1]. Hypoxemia and hypo-
tension are two considerable factors with poor prognosis in
severe TBI patients and the prehospital setting [2]. In the
civilian population, TBI is the most common cause of death
under the age of 40 [3-5]. The objective of neuromonitoring
is to prevent secondary brain damage due to raised ICP and
decreased CBF. Elevated ICP can be due to stroke, edema
formation, hypoxia, and vasospasm [6]. Invasive devices
used in neuromonitoring include probes for monitoring ICP,
brain tissue partial O, pressure, temperature, CBF, and tis-
sue perfusion [7, 8]. Noninvasive modalities include infra-
red spectroscopy (NIRS), transcranial Doppler (TCD), and
neurophysiological methods [9]. Brain imaging methods are
not suitable for continuous monitoring, they require techni-
cian’s support, they are large equipment, and they need for
transporting the critically ill patient. And they are expensive.
Brain imaging was designed for localizing morphological
abnormalities of the brain and not for continuous monitor-
ing. Ideally, neuromonitoring tools should be noninvasive,
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continuous, reliable, accurate, predictive for the outcome,
and convenient both for patients and medical staff to apply.
Continuous, but invasive neuromonitoring is available with
ICM + software by calculating PRx [10].

1.2 ICP

The clinical importance of ICP monitoring was detailed
here [7]. Normal ICP waveforms have 3 peaks: P1 = per-
cussion wave, which represents arterial pulsation; P2 =tidal
wave, which represents intracranial compliance (ICC); and
P3 =dicrotic wave, which represents aortic valve closure and
venous pulsations. In a normal waveform, P1 is the highest
peak resulting in a “P1>P2” or “good ICC” morphology
[11-14]. In the case of a “poor ICC waveform”, P2 is higher
than P1 (P2>P1), indicating compromised ICC. An addi-
tional worsening of ICC results in a “triangle shape wave-
form” where P2 >P1 and P3 result in the 3 waves fusing into
a triangular shape. In this publication, we use REG peak
labeling identical to that used for ICP pulse waves [14, 15].
The magnitude of the ICP pulse waveform is traditionally
associated with the steepness of the pressure-volume (com-
pliance) curve - the steeper it is, the lower the compensa-
tory reserve and the greater the ICP pulse amplitude [15].
Decreased ICC is a life-threatening condition; that can cause
a herniation. Brain herniation occurs when something inside
the skull produces pressure that moves brain tissues. This is
most often the result of brain swelling or bleeding from a
head injury, stroke, or brain tumor. When herniation occurs,
it further lowers the chance of recovery. The outlook varies,
depending on where in the brain the herniation occurs. With-
out treatment, death is likely. There can be damage to parts
of the brain that control breathing and blood flow.

1.3 Cerebral blood flow autoregulation

When used in the context of cerebral circulation, CBF
AR [16] generally refers to the capacity of CBF to remain
relatively constant despite variations in cerebral perfusion
pressure (CPP), the difference between mean arterial pres-
sure (MAP), and ICP. Without AR, CBF would increase or
decrease, with possible cerebral ischemia or edema, when-
ever the CPP increases or decreases. Thus, AR in cerebral
circulation may be defined more pragmatically as the mecha-
nism that protects the brain against the dangers of hypoxia
at low perfusion pressures and against the risks of brain
edema at high arterial pressures [17]. The organ of CBF
AR is the arteriole and not the large artery which limits the
usefulness of TCD in assessing CBF AR [18, 19]. To pre-
vent secondary brain injury, the goal of neuromonitoring is
to achieve early detection of decreased CBF subsequently
leading to early intervention (to increase cerebral perfusion
pressure). The clinical importance of CBF AR monitoring
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was presented here [20]. NB: Heart activity-related monitor-
ing does not give the essential information: cessation of CBF
or the lower limit of CBF AR (when CBF AR turns to pas-
sive from active) [17]. Hypotensive resuscitation or permis-
sive hypotension is a resuscitation strategy used in trauma
care. It is a resuscitation strategy that uses limited fluids
and blood products during the early stages of treatment for
hemorrhagic shock. Lower-than-normal blood pressure is
maintained until operative control of the bleeding can occur.
However, even brief episodes of hypotension occurring in
the initial phase of resuscitation are significantly associated
with increased mortality following brain injury [21]. Patients
with brain injury have compromised CBF AR. There is
no non-invasive way to assess the risk of implementing a
hypotensive resuscitation strategy on AR in brain-injured
patients. The pressure reactivity index, PRx [10] uses an
advanced measurement algorithm to calculate a correlation
of the coefficient between slow spontaneous changes in ICP
and ABP [20]. A positive index (positive correlation, + 1)
implies impaired cerebral autoregulation, while a negative
index (inverse correlation, — 1) implies intact AR. PRx>0.3
is considered the warning threshold (red line) for impaired
cerebral compliance. Disturbance in the pressure reactivity
index may be associated with bad outcomes [20]. NB: both
ICP and ABP measurements are invasive. It is desirable to
substitute them with noninvasive modalities. REG can fill
that crucial role.

1.4 Rheoencephalography

The US Food and Drug Administration (FDA) defines REG
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”
[22]. REG pulse wave has a similar morphology to ABP or
ICP waveforms. The physical basis of the REG measure-
ment is that blood and cerebrospinal fluid are better con-
ductors than the brain or other “dry” tissue. There are 4
and 2 electrode systems. Four electrode devices can meas-
ure total impedance as well as pulsatile impedance. Two
electrode devices typically measure pulsatile components
only, which represent a small percentage of total impedance.
During blood inflow into the cranial cavity, electrical con-
ductivity increases, and resistance decreases, as represented
by increasing REG pulse amplitude [23]. REG pulse wave
looks like an inverted arterial pulse wave at the output of a
bioimpedance amplifier. Since REG is an impedance signal,
its units are in Ohm. However, after the digital recording
of the REG signal, its unit is in Volt. REG measurement
is noninvasive in humans. Few studies have compared the
results of measurements made with REG to measurements of
invasive ICP [24-29]. In vitro study established a correlation
between bioimpedance and fluid flow/volume signals [30].
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Influencing factors of REG pulse waves (ICP, ABP, etc.)
were detailed previously [31]. REG pulse wave rising por-
tion called anacrotic time (from minimum to maximum) was
described as pathologic, typical for cerebrovascular (arterio-
sclerotic) disease [25, 32]. Anacrotic time was considered
arteriosclerotic if it was > 180 msec, based on Jenkner’s data
[32]. A close correlation between PRx and REGx was estab-
lished determining the lower limit of CBF AR between ICP
and REG. If the PRx calculation uses REG instead of ICP,
it is called REGx [28]. In this publication, the physiologi-
cal basis of REG and ICP equivalency is demonstrated: the
ICP slow waves are recapitulated in the REG and both are
in opposite phases to ABP.

We hypothesized that (1) CBF AR (REGx) can calculate
from REG and arm bioimpedance pulse waves. (2) REG
pulse wave morphology would detect changes in intracranial
compliance similarly to ICP.

2 Methods and patients

Bioimpedance/REG pulse wave measurements on neurocrit-
ical care patients started after local IRB approval in 2018
but halted in 2020 because of safety concerns regarding the
Covid-19 pandemic. Patients or their families consented to
participate after being informed of what the study would
entail and its potential risks. Our ClinicalTrials.gov Identi-
fier is NCT05170295 (December 27, 2021). Patients’ diag-
noses included the following: Ischemic Stroke (IS), Suba-
rachnoid Hemorrhage (SAH), Intracerebral Hemorrhage
(traumatic and non-traumatic—ICH-T and ICH-NT), Hydro-
cephalus HCP), Intracranial Mass (tumor). Thirteen patients
were measured 28 times, some repeatedly; twenty-three
recordings were analyzed. The main age was 56.75+16.11
years. The number of female patients was 7 and the males
were 6. The mean recording time was 84.05 +44.73 min.
Seven patients had an external ventricular drain (EVD).
Before electrode placement, the skin surface was cleaned
with alcohol and allowed to dry. REG/bioimpedance signals
were recorded by using traditional ECG electrodes, placed
on the frontotemporal area. Arm bioimpedance electrodes
were placed on the left lower arm above the wrist and below
the elbow. Traditional ECG electrodes were used on the arm,
or fabric band circumferential electrodes (Hi-Meg, Velcro,
Manchester, NH). Recordings were performed while patients
were in bed, conscious or unconscious in the supine posi-
tion. The REG/bioimpedance bipolar amplifier was part of
the Cerberus system (Quintlab, Budapest, Hungary) used to
generate bioimpedance pulse waves [33]. For analog-digital
conversion, a 16-bit resolution device was used (NI USB-
6211, National Instruments, Austin, TX). The sampling
rate was 200 Hz. The bioimpedance measurement is using
a 125 kHz frequency with 1 mA current. This amplifier

previously passed FDA clearance and electrical safety tests.
Data collection was performed via a laptop (G74S, ASUS,
Taiwan, China) connected to a medical-grade isolation trans-
former (ISB 060 A, Toroid Co, Salisbury, MD). For visu-
alization, recording, and processing of analog physiological
signals, custom-built software was used (DataLyser, Walter
Reed Army Institute of Research, Silver Spring, MD). Data
files from each patient were saved automatically with their
own, computer-generated identification. Data were pro-
cessed offline.

2.1 Patient selection

We began the project by recording bioimpedance signals
for any patient with reasonable suspicion of elevated ICP
or change in intracranial compliance based on clinical sta-
tus. From this point, we transitioned to monitoring patients
that also had invasive ICP monitoring in place and with an
external ventricular drain. Unfortunately, extracting the
ICP waveform from the bedside monitor as an analog signal
and recording simultaneously with REG pulse waves was
not possible. We were, however, reliably able to extract the
patient’s recorded Glasgow Coma Scale (GCS) from the
electronic medical record. Two of the patients suffered from
ischemic strokes and one patient suffered from hydrocepha-
lus secondary to ventriculoperitoneal shunt malfunction. We
present here (1) three patients, representing the status of
improvement, worsening, and changing intracranial compli-
ance during one recording; (2) REGx data of 8 patients who
have repeated measurements.

2.2 Data analysis

(1) REGx was calculated in DataLyser, in real-time as well
as offline. REGx is the continuous Pearson’s correlation
coefficient between thirty consecutive time-averaged
(10 s) REG and peripheral pulse bioimpedance val-
ues. A positive index (positive correlation) implies
impaired, passive CBF AR, while a negative index
(inverse correlation) implies intact, active AR. REGx
was calculated, identical to PRx calculation [10, 20]
substituting the ICP and ABP waveforms with REG
bioimpedance waveforms from the cranium and fore-
arm, respectively. Mean REGx was calculated with
GraphPad Prism (San Diego, CA). P values of less than
0.05 were considered significant; Table 1.

(2) For REG pulse wave analysis, minimum-maximum
time values of 5-10 REG pulse waves were measured
and averaged in Excel (Microsoft, Redmond, WA).
Also, it was considered pathological if the anacrotic
portion was longer than 180 msec [32, 33].

(3) REG pulse wave morphology was analyzed by inspect-
ing the peaks of P1 and P2.
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(4) Status of systemic circulation was evaluated by shock
index: (heart rate in beats per minute)/(systolic blood
pressure in mmHg) [34]; and balance of the autonomic
nervous system by modified Kerdo index: (1 — diastolic
blood pressure/heart rate) 4+ 100 [33, 35]. DataLyser
was used to generate numerical values of REG pulse
anacrotic time. The shock and Kerdo index were calcu-
lated from the patient’s record in a spreadsheet (Excel,
Microsoft, Redmond, WA). For significance, a student
t-test was used. Data analysis included collected data
however, artifact-contaminated REG pulse waves were
omitted; those waves cannot have the minimum-maxi-
mum distance measured on the pulse wave.

Fig.1 Patient 1. Developing hydrocephalus and worsening cerebral
edema in patient 1 between recording day one 8/30 (left) and record-
ing day two 8/31 (right)

3 Results
3.1 Patient1

A 26-year-old female with a history of IV drug use devel-
oped hydrocephalus and worsening ICC and cerebral
edema, secondary to bilateral posterior cerebral artery
circulation and bilateral anterior cerebral artery ischemic
infarcts—Fig. 1.

Imaging demonstrates dilation of the third ventricle diam-
eter measuring approximately 0.6 cm secondary to mass
effect at the level of the cerebral aqueduct. The patient’s
REGx mean was —0.08 on the first day, and 0.44 on the
second day, indicating worsening CBF AR. Coincidentally,
ICC decreased, indicating increased P2 of REG pulse ampli-
tude, Fig. 2.

ABP was 127/72 and the 1st day and 134/65 on the 2nd
day. The Kerdo index was 100.48 on the 1st day of recording
and 100.39 on the 2nd day. The shock index was 1.09 on the
1st day and 0.79 on the 2nd day. The heart rate was 138 bpm
on the 1st day and 106 on the 2nd day.

3.2 Patient2

A 49-year-old female with a history of subarachnoid hem-
orrhage status post ventriculoperitoneal shunt in 2009 pre-
sented with hydrocephalus secondary to ventriculoperito-
neal shunt malfunction. Five successful recordings were
performed throughout the patient’s stay and throughout the
patient’s interventions. She underwent shunt externalization
initially and finally underwent repair on the 3rd recording
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Fig.2 Patient 1. The change of REG pulse waveform morphology of
the patient with progressively worsening cerebral edema secondary
to posterior circulation and bilateral anterior cerebral artery ischemic
infarcts. NB: Respiratory subharmonics interfering with REG pulse
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wave morphology causing alternation of the highest peak. Upper
panel—Ist recording, REGx mean is — 0.08. Lower panel, 2nd day,
REGx is 0.44. IC is compromised. ICP is elevated
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day. The radiographic progression of the patient’s hydro-
cephalus can be seen in Fig. 3.

Between recordings on the 1st and 5th recording days,
the patient improved clinically from a GCS of 7 to 9 and
then improved again between the 3rd and 4th recordings
from a GCS of 9 to 14 which can be seen in Fig. 4. The
patient underwent shunt revision on January 9 (marked J9
in Fig. 4). This led to a significant clinical improvement
(GCS 7 improved to January 14 (J14) as well as a significant
improvement in the appearance of the REG pulse waveform
from a P2 > P1, poor ICC waveform, to P1>P2, good com-
pliance waveform (see Fig. 4).

Mean REGx values can be seen in Table 1. REGx mean
was 0.32 on the Ist recording and 0.07 on the last. P-value:
0.0003, 95% confidence interval: — 0.38 to — 0.12. GCS was
7 and 14, respectively. The mean REGx value correlated

Fig.3 Patient 2. Radiographic
progression of a patient with
ventriculoperitoneal shunt mal-
function from the date of initial
recording on 1/4 (left) to repair
on the 5th day (middle) and
follow-up on the 8th day (right)
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clinically and radiographically with the patient’s status. ABP
was 121/71 and the 1st day and 143/63 on the 5th day. The
Kerdo index was 100.44 on the 1st day of recording and
100.43 on the 5th day. The shock index was 1.05 on the 1st
day and 0.78 on the 5th day. The heart rate was 121 bpm on
the 1st day and 111 on the 5th day.

3.3 Patient3

An 88-year-old male with a past medical history of atrial
fibrillation, hyperlipidemia, and left intracerebral hemor-
rhage 7 years prior to a presentation presented with right
middle cerebral artery ischemic stroke treated by thrombec-
tomy. Day 5 post thrombectomy, head CT revealed an inter-
val increase in mass effect produced by persistent cerebral
edema. The midline shift increased from 4.6 mm 4 days

T P <3 o
4223.25 az24.25 az24.75 a225.a43

ae3s o ae3s.s ae3n.0 ae3o.s aea0.0

Fig.4 Patient 2. REG pulse waveform morphology changes. 1st recording is on the top, last is on the bottom. One day—one recording. Time

window: 5 s

@ Springer



1418

Journal of Clinical Monitoring and Computing (2023) 37:1413-1422

prior to 6.8 mm with compression of the right lateral ventri-
cle and entrapment of the left lateral ventricle. The 36-min-
ute REGx recording initially (left side) showed passive CBF
AR—decreased CBF AR (REGx mean 0.61). During this
time REG pulse morphology was: P2>P1 Fig. 5.

In the second half of the REGx recording, CBF AR was
active—and CBF AR was normal (REGx: — 0.49, PP2
(Fig. 5) ABP was 118/64 and the 1st day and 153/7 on
the 2nd day. The Kerdo index was 100.3 on the 1st day of

recording and 100.19 on the 2nd day. The shock index was
0.78 on the 1st day and 0.62 on the 2nd day. The heart rate
was 92 bpm on the 1st day and 95 on the 2nd day.

3.4 Group results
There were 5 IS, 3 tumors, 1 ICH-T 2 ICH-NT, 1 SAH,

and 1 HCP patient. The mean GCS was 9.79 +4.49. Mean
systolic arterial pressure was 138.61, + 23.77 mmHg,

04-
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Fig.5 REGx and REG waveform morphology of a patient. In the
beginning, the REGx mean was 0.61+0.001 and at the end, it was
—0.49+0.139; an average of 4 min (CBF AR is passive close to + 1
and active close to — 1). Accordingly, at the beginning REG pulse
wave 2nd peak was higher, reflecting elevated ICP, while at the end

IC compliance normal

peak 1 was higher, reflecting decreased ICP. REG electrodes were on
the left frontotemporal area. REG anacrotic time 102.5 msec (mean
of N=10 pulse waves), reflecting non-sclerotic brain arteries. The
time window of REGx is 36 min. Patient #3

Table 1 REGx means values

. Patient Rec 1 Rec 2 Rec 3 Rec 4 Rec 5 Change
during repeated measurements
1 0.09 0.20 -0.31 !
2 0.22 -0.02 —0.09 l
3 —0.08 0.44 1
4 0.22 0.10 -0.17 !
5 0.32 041 0.17 0.05 0.07 !
6 -0.14 0.71 —0.36 !
7 0.05 0.15 —-0.21 l
8 0.56 -0.37 0.00 1
Mean 0.15 0.20 -0.14
sd 0.23 0.33 0.18
p 0.02

The difference between the first and third recordings is significant: p=0.0177; 95% confidence interval

—0.5263 to —0.05996

Rec1 day 1 recording, Rec2 day 2 f recording, etc. Mean calculated from REGx of each recording

| indicates a decrease; 1 indicates an increase. Mean and sd values were calculated from the REGx of each

recording
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and diastolic was 68.57, + 12.61 mmHg. The mean heart
rate was 91.35, + 27.01/min. The mean shock index was
0.69+0.27; the mean Kerdo index was 117.99 +30.33. The
mean REGx number was 0.49 +0.10. The mean REG ana-
crotic time in the normal group (5 patients, n =15 measure-
ments) was 110+ 26 msec; in the arteriosclerotic group, it
was 226 +20 msec (5 patients, n=_8 measurements). REG
pulse wave was irregular in 17 recordings (74%). The linear
correlation of REG anacrotic time to age was R?>=0.3385.
The mid-line shift was measured only 12 times. ICP was
available 7 times. The mean REGx was 0.4+0.21 (n=28).
REGx showed slow oscillations in both positive and nega-
tive areas but did not reach + 1/— 1, except in the case of an
artifact. Artifacts caused sharp REGx changes that clearly
correlated with patients’ movement or physical examina-
tion, causing artifacts in input signals. Event/note recording
was helpful to identify the cause of these artifacts. REGx,
recorded over several days (n=28) is shown in Table 1. The
difference between the first and third recordings was signifi-
cant: p=0.0177; 95% CI — 0.52 to — 0.05. Thisdifference
supports the use of REGx monitoring.

3.5 REG pulse wave morphology

The distribution of REG pulse wave peak dominance was the
following: (1) peak 1 was highest in 19 recordings; (2) peak
2 was highest in 11 recordings and (3) a triangle shape was
present in one case. However, within recorded time, there
was often an alteration of peak dominance, which corre-
lated with the change of REGx numbers—Fig. 5. Irregular-
ity (partial or full) was observed in all patients except one.
In that case, however, the anacrotic time was pathological.
This information supports the use of REG pulse morphol-
0gy monitoring.

4 Discussion

We used REGx for real-time monitoring of CBF AR as well
as observed REG pulse wave morphology as a function of
changing intracranial compliance (referring to ICP). It is
known that the brain damage resulting from traumatic as
well as non-traumatic insults is not due solely to the direct
consequences of the primary injury. A significant and poten-
tially preventable contribution to the overall morbidity arises
from secondary brain injury. Cerebral edema accompanied
by elevated ICP prevents adequate cerebral perfusion. Detec-
tion of raised ICP could be useful in alerting clinicians to the
need to improve cerebral perfusion, with consequent reduc-
tions in brain injury [36]. Hydrocephalus is also a commonly
encountered and treatable cause of secondary brain injury.
Patients 1 and 2 showed worsening CBF AR, as measured by
increasing REGx values, and worsening ICC, as estimated

by REG waveform changing to P2>P1 waveform that cor-
related with the clinical picture. This patient’s REG pulse
waveform improvement with clinical correlation as well as
the previous patients’ REG pulse waveform worsening with
clinical correlation indicates the use of REG as a nonin-
vasive neuromonitoring method. Above mentioned changes
support our hypothesis that REG can be used for neuromon-
itoring as was demonstrated in improving and worsening
cases.

4.1 REGx

REGx values oscillate between + 1, similar to PRx, monitor-
ing in real-time. However, a notable trend in the mean REGx
was detected for the future development of an alarm system.
Our measurements demonstrated the clinical significance of
the patient-specific change of mean REGx suggesting the
importance of presenting mean REGx for the detection of
changes in CBF AR. Like presenting blood pressure and rel-
ative changes in blood pressure rather than absolute changes
in blood pressure or specific values. REGx is a realistic
means of future non-invasive neuromonitoring. PRx>0.3 is
considered the warning threshold for impaired intracerebral
compliance [10]. PRx > 0.3 is associated with an increase in
ICP above 25 mmHg by minutes to hours and in some cases
by 2 or 3 days [37]. Therefore, PRx > 0.3 is a threshold to
detect worsening ICC. There is a need to create a standard
for REGx in healthy patients since it does not exist for PRx.
Probably no IRB would approve placing an ICP probe and
needle into the radial artery in healthy subjects.

4.2 ICP and REG

Bedside monitors can show ICP pulse waves and their mean
values. The size of the trace is about 25 mm. With such a
resolution, probably the P1 and P2 positions are not real
to expect to identify. However, “ICP is more than a num-
ber” [15]. ICP waveform alteration during elevated ICP was
published [14, 15]. REG pulse wave alteration during ele-
vated ICP (presumably due to worsening ICC) had a nearly
identical shape as ICP waveform alteration during elevated
ICP [12, 14, 15, 27, 37-39]. The presence of three or more
inflection points was thought as characteristic of regressive
changes in the arterial wall in patients with chronic sub-
dural hematoma [40]. Similar results were described during
the study in patients with normal-pressure hydrocephalus
[27]. The authors evaluated this as a reduction in autoregu-
latory reserve. Similarly, ICP waveforms have 3 peaks [14,
15]. REG waves often have identical 3 or more peaks on
the catacrotic portion. The described alteration of the REG
waveform was identical to our observation, however, REGx
did not show passive (close to + 1) status. REG changes
were described previously during subdural hematoma and
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cerebrovascular alteration/arteriosclerosis [40]. An auto-
matic detection algorithm was developed for ICP waveform
analysis based on a similar observation as REG pulse wave
distortion described here [41]. The relationship between
non-invasive multi-frequency transcranial impedance meas-
urements of the brain and skull and ICP in TBI patients in a
previous study resulted in no correlation [42]. This type of
measurement does not record the pulse wave. They recorded
bioimpedance parameters of Zc¢ (impedance at the charac-
teristic frequency) and RO (resistance to a direct current)
which were then modeled against ICP using unadjusted and
adjusted linear models. These bioimpedance variables did
not seem to reflect CBF AR. It has been claimed that REG
reflects head-skin blood flow and not intracranial blood flow.
Waveform differences between extra and non-extracranial
components of REG are significant and these differences
could be used in a method to distinguish one from the other.
However, a significant part of the REG signal is caused by a
non-extracranial source and, therefore, it should not be used
as a footprint of the extracranial blood flow [43]. However,
during Trendelenburg’s position, an increase in extracranial
blood volume will interfere (mask) with intracranial (vaso-
constriction) change, so REG will reflect extracranial blood
volume increase and not CBF AR [44].

4.3 Shock and Kerdo index

The shock index is the ratio of the heart rate to systolic blood
pressure. The index is a sensitive indicator of left ventricu-
lar dysfunction and can become elevated following a reduc-
tion in left ventricular stroke work. It can be used in the
Emergency Department and Intensive Care Unit to identify
patients needing a higher level of care despite vital signs that
may not appear strikingly abnormal. Normal values include
0.5 to 0.7. An elevated shock index (>0.9) was found help-
ful by Rady et al. [34] to identify patients in the Emergency
Department requiring admission and/or intensive care
despite apparently stable vital signs. Persistent elevation of
the shock index has been associated with poor outcomes in
critically ill patients. The shock index of our patients was in
the normal range. Kerdo index modified by Sipos [33] shows
the balance of sympathetic and parasympathetic dominance:
<100 is sympathicotonia. The Kerdo index of our patients
indicated moderate sympathicotonia. The Kerdo index indi-
cated circulatory stress in an animal study [45].

5 Conclusion

The novelty and value of this descriptive study are, that we
presented that REG can be used (1) to measure the status of
CBF AR in real-time (REGX); (2) REGx decrease indicated
the improved status of a patient; (3) REGx change coincided

@ Springer

with REG pulse wave morphology change and improvement
of brain imaging; (4) REG pulse wave morphology alteration
was identical to the published ICP pulse wave morphology
change during worsening of the ICC (increased P2). These
results are a continuation of previous observations which
suggested that REG can be used to reflect CBF AR and ICP
change [26, 29]. We demonstrated the possibility to switch
from invasive (ICP, ABP—PRx) to noninvasive (bioimped-
ance—REGx) neuromonitoring. REG/REGx potentially
offers a predictive value for worsening CBF AR and ICC in
the setting of acute brain injury. This may offer a cheaper,
non-invasive, continuous, and convenient alternative moni-
toring tool to prevent secondary brain injury. Particularly in
settings where invasive monitoring is not possible, including
the battlefield and the pre-hospital settings. REG monitoring
fits into the USU Surgical Critical Care Initiative (SC2i),
which focuses on developing Clinical Decision Support
Tools for critical care [46]. Naturally, such an approach can
be used in a civilian environment as well. Future correla-
tion studies between ICP and REG and PRx and REGx can
justify the use of REG in neurocritical care. Additionally, a
bioimpedance module can be added to the bedside monitors,
which can calculate REGx. We plan to create a program
capable to generate a trigger if (1) PRX/REGx is > 0.3; (2)
if REG P2 is > P1; (3) to create a healthy standard for REGx
since it is not available for PRx.
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