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Abstract. Non-invasive physiological monitors are important subsystems of intensive care infor-
matic systems. New innovative information methods and technology are presented for non-invasive
human brain volumetric pulse wave physiological monitoring.

Experimental study of a new, non-invasive ultrasonic intracranial pulse wave monitoring tech-
nology show the reactions of non-invasively recorded intracranial blood volume pulse waves (IB-
VPW) on healthy volunteers in different human body positions. A group of 13 healthy volunteers
was studied.

Body posture caused IBVPW, subwaves changes, AP2 = 18% and AP3 = 11%. The value of
the IBVPW amplitude’s ratio in supine and upright positions was 1.55 +0.61.

Keywords: information technology, body posture, intracranial pressure, intracranial blood volume
pulse waves, cerebral hemodynamics, non-invasive monitoring, time-frequency filtering.

1. Introduction

Body posture strongly affects intracranial hydrodynamics and cerebral hemodynamics.
The link between posture-related changes in cerebral hemodynamics, intracranial hy-
drodynamics and patterns of venous drainage can be quantified by cine phase-contrast
magnetic resonance imaging (MRI) (Raksin et al., 2003; Alperin et al., 2005). The abil-
ity to non-invasively quantify the effect of posture on intracranial physiology may lead
to the development of new diagnostic tests to evaluate functions such as regulation of
CBF and ICP and the effect of pathologies on these functions. It has been shown that, in
the posture changes of healthy volunteers from supine to upright positions, the intracran-
iospinal compliance changes up to 2.8 times when ICP changes from 10.6 4+ 3.6 mmHg
to 4.5 + 1.82 mmHg (Alperin et al., 2005). The study (Alperin et al., 2005) showed that
posture-related changes in ICC and ICP have a great impact on cerebral blood as well as
on CSF circulation. It has also been shown in the original MRI study that the shape of
IBV pulse waves is strongly related to intracraniospinal compliance (Alperin et al., 2005).
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The study found that results can be obtained which are similar to MRI technology
by using the non-invasive ultrasonic method for intracranial blood volume pulse wave
(IBVPW) measurement (Ragauskas and Daubaris, 1995; Ragauskas er al., 1999-2004;
Deltuva, 1999; Matukevicius, 2000; Rocka, 2003; Ragaisis, 2003; Kvascevicius, 2003;
Kalasauskas, 2003; Chambers et al., 2005; Fountas et al., 2005). The method has been
tested using simultaneous invasive ICP and non-invasive IBV wave monitoring of TBI
patients. A study on animals has also been performed, and the body posture effect
on ICP and IBV pulse wave shape has been investigated (Ragauskas and Kanapienis,
1999). There were 13 patients with TBI monitored following Clinical Research Proto-
col No. 99124006, AIBS No. 990135, HSSRB log No. A-9676. The analysis involved
87 hours of simultaneous monitoring of invasive and non-invasive data (Ragaisis, 2003;
Chambers et al., 2005). The diagnostic value of IBV pulse waves has been investigated
in previous studies (Ragauskas et al., 1999-2004; Rocka, 2003; Kvascevicius, 2003;
Kalasauskas, 2003; Fountas et al., 2005).

A total of 75 patients were examined using ultrasonic non-invasive method and they
included cases of acute, chronic and stabilized hydrocephalus, spinal cord injury and ter-
minal blood flow (Rocka, 2003; Kvascevicius, 2003; Chambers et al., 2005). They were
compared to a control group of 53 healthy volunteers. A detectable change in IBV pulse
waveform shape was observed in situations when there was a disturbance in intracranial
hydrodynamics, e.g. during hypoventilation tests, in cases of terminal blood flow and
hydrocephaly depicting the level of hydrocephalus activity and a patient’s compensatory
capabilities as well as the effect of treatment (Rocka, 2003; Kvascevicius, 2003; Cham-
bers et al., 2005).

The objective of the study was to develop innovative methods and design equipment
for non-invasive ultrasonic measurement of intracranial volumetric pulse waves. Further-
more, another objective of the present study was to investigate, for the first time, the
changes in the IBV pulse wave shape of healthy volunteers in supine and upright body
positions and investigate IBV pulse wave parameter changes caused by the breath hold-
ing test. The new, ultrasonic Vittamed 105 pulse wave monitor has been used for these
purposes.

2. Materials and Methods

The available brain physiological monitoring technologies are exceedingly invasive.

A non-invasive method of intracranial blood volume measurement using ultrasound is
based on the transmission of short ultrasonic pulses from one side of the skull to the other
and dynamic measurements of the time-of-flight of ultrasonic pulses. The time-of-flight
depends on the acoustic properties of intracranial blood, brain tissue and cerebrospinal
fluid. Changes in the volume of any of these components will change the time-of-flight
(Ragauskas et al., 2003).
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3. Computer Simulation

The idea of measuring the changes of intracranial component volumes non-invasively
is based on the transmission of a broadband ultrasonic signal through the human head
and monitoring such signal parameters as the time-of-flight and the oscillation period
(Ragauskas and Daubaris, 1995; Ragauskas et al., 1999, 2002). As all intracranial com-
ponents (brain tissue, cerebrospinal fluid, blood) have different acoustic properties (ul-
trasound speed, frequency dependent attenuation), changes of their content inside the
acoustic path will influence the total acoustic characteristics of IM and the monitored
parameters of the ultrasonic signal as well.

While developing a model of the human cranium as a model of the acoustic media
it was assumed that the total head volume is 1300 ml consisting of 1150 ml (88.46%)
of brain tissue, 75 ml (10%) of cerebrospinal fluid (CSF), and 75 ml (10%) of blood
(Thoman, 1997). The assumption was made that the ultrasonic signal propagates through
the cranium 15 cm on a straight line and the thickness of cranial components (accord-
ing to the proportions presented above) are 13.27 cm of brain tissue, 0.865 cm of CSF
and 0.865 cm of blood, respectively. For evaluating the influence of the skull bone, the
thickness of bone layers on each side of the head was assumed to be equal to 0.8 cm. The
acoustic parameters of the media components were obtained from the references (Hill,
1986; Hynynen and Sun, 1999) and listed in Table 1.

By creating a mathematical model of ultrasound pulse propagation through the hu-
man head, it was necessary to take into account the main factors that influence monitored
parameters of the ultrasonic signal i.e. ultrasound attenuation, ultrasound velocity disper-
sion and diffraction effects.

Frequency decomposition method (He, 1998) was applied for simulating the ultra-
sound velocity dispersion and ultrasound attenuation effects. The method is based on the
decomposition of the broadband ultrasound pulse into narrowband frequency components
for which the group delay, phase and attenuation are calculated separately. The relation
between the input signal S;;, (¢) and output signal S;,(¢) is defined by the following ex-

Table 1

Media and their acoustic parameters used for simulation

Medium Attenuation parameters Ultrasound speed of the
longitudinal waves in

Reference attenuation Power of the . ;
. . specific medium, m/s
coefficient, g, attenuation law,
dB/(cmMHz™) n
Skull bone 11.089 1.89 2652
Brain tissue 0.8692 1.078 1563
Cerebrospinal fluid 0.0023 1.9937 1533

Blood 0.212 1.2662 1583
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pression:
Sout(t) = 3 FT ™ [Sin(jw) - Biljw)
i=1

X exp(_ai(raw) _j(pi(T7w) _thgi(raw))}a (1)

where FT! is the inverse Fourier transformation, S;,,(jw) = FT(S;,(t)) is Fourier
transformation of the input signal, w = 27 f is the angular frequency, «;, is the ultrasound
attenuation, ¢; is the phase angle, t,4; is the group delay, r is the distance of ultrasonic
wave propagation (such wave propagates appropriate distance at time delay 7, which
depends on ultrasound speed in a medium), B;(jw) is the spectrum of decomposition
filter, m is the number of filters used for signal decomposition, ¢ = 1,...,m are the
indices denoting that parameters are calculated at particular frequencies f;, m is a total
number of Gaussian filters used in computer simulation. In order to obtain the minimum
reconstruction error, the Gaussian filters were chosen for decomposition (He, 1998):
Bz(f): le_(.f—_)‘L—B(z—l)B)2 _ le—(%)i )
™ m

where f; and B = (fg — fr)/(m — 1) are the central frequencies and bandwidth of the
filters, frr, fr are the highest and lowest central frequencies of filters, m is the number of
filters used for signal decomposition. The bandwidth B is constant for each filters and is
chosen narrow enough that the downshift of each decomposed signal component would
be negligible (He, 1998) (B = 0.15MHz, fy = 3.6 MHz and f;, = 0.3 MHz were used
in our simulations).

Coefficients of ultrasound attenuation were obtained from the power law function
describing the frequency dependent attenuation in biological tissues (He, 1998):

a; =rogf, 3)

where oy and n are the attenuation parameters (reference attenuation coefficient at partic-
ular frequency value f, and power of attenuation law) dependent on the tissue (Table 1).
These parameters partially condition the phase angle (¢;) and the group delay (¢4;) of
the propagating signal which according the time causal model (when n > 1) are (Szabo,
1995):

p; = —(n — Dwl'agr tan (—n;), )
r nmw

tyi = —— —aort (—) n-l_n-l), 5

9= (o) aor tan { — (nwl Wy ) 5)

Here c,, is the phase velocity at reference frequency wy.

The real input ultrasonic signal used for simulation, was copied from the ultrasonic
transducers of a non-invasive monitor using PVDF piezofilms and recorded by an oscillo-
scope HP54615B. The central frequency of ultrasound transducers used for measurement



Non-Invasive Intracranial Pulse Wave Monitoring 395

25 T T T
Input signal (x0.05)
2 / Signal passed skull bone (x0.2)
Signal passed skull bone and brain
15 “// Output signal (x3) E
1 {
£
Sos
H
® 0
o
74

=
(3]

-
3

o)

Time, us

Fig. 1. The change of an ultrasound pulse waveform when it propagates through the human head.

was fo = 1.8 MHz. The simulation of this signal propagation through the human head
was performed according model presented above. The results of simulation of ultrasound
pulse propagation through the human head is shown in Fig. 1.

For comparison, the input signal is multiplied by 0.05, the signal passed through
the skull bone on the one side of the head is multiplied by 0.2 and the signal passed
through the whole head is multiplied by 3. All signals are shifted left in the time domain
by their group delays calculated at the frequency 1.8 MHz (tg0up(bone) = 2.4753 ps,
tgroup(bone + brain) = 98.8449 s, t 4o, (bone + brain 4 bone) = 101.8202 ps).

4. Experimental Study

The new Vittamed 105 pulse wave monitor has been created. The algorithm of the pulse
wave monitor is presented in Fig. 2.

The pulse wave monitor, has been used to measure and record waveforms at a sam-
pling frequency of 25 Hz. The image of the display panel is presented in Fig. 3. To
decrease the influence of heart rate changes and respiratory modulation on the measured
waveforms, the measured IBV pulse waves were averaged over at least three respiratory
cycles and normalised to the peak value. What we have termed the normalization window
in a 1.0 x 1.0 dimensionless grid is shown in Fig. 3. It readily allows a comparison of
different IBV pulse wave recordings.

A group of 13 healthy volunteers (9F, 4M, mean age 25.1 £ 3.4) were studied in
supine and upright body positions. Each volunteer performed the breath holding test for
30 sec in a supine body position. Neither of them had any history of headaches, neu-
roinfections, head trauma, neurosurgical operations or any other symptoms of elevated
ICP. The volunteers were investigated with a 3-minute data recording test following the
protocol of beginning in an upright (standing) position.
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Fig. 2. The hardware managing algorithm of the pulse wave monitor.
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Fig. 3. The display panel of the non-invasive monitor for intracranial blood volume pulse wave shape com-
parison — two IBV pulse waves are shown in the normalised window with dimensions of 1.0 x 1.0:
reference (left) wave in an upright body position and the (right) wave under comparison in a supine
body posture when ICP has been elevated.

A 3-minute resting time interval was used after taking data in a supine body position.
After that a 3-minutes recording was performed.

Before the recording, a mechanical frame with ultrasonic transducers and sonopads
had been affixed on the human head in the intraventricular acoustic path position. An
electrocardiographic 3-lead channel was used for the synchronization of each IBV pulse
wave recording. Pulse waves which were distorted by artefacts were automatically ex-
cluded from further waveform analysis by the software of the pulse wave monitor.

Arterial blood pressure was measured in upright and supine positions. More than 3000
IBV pulse waves were analysed to show the differences of the IBV pulse wave shape and
amplitude in supine and upright positions.

5. Results of the Study

The differences of the averaged IBV pulse wave shape and its amplitude for the group
of 13 healthy volunteers in supine and upright body positions are shown in Fig. 4(a) and
Fig. 4(b). Arterial blood pressure was measured in the group of healthy volunteers in both

body positions.
It was 119 =9 mmHg and 74 & 7 mmHg in the supine position and 122 + 10 mmHg /

78 £ 8 mmHg in the upright position.
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Fig. 4. IBV pulse wave averaged shapes in the group of 13 healthy volunteers in upright and supine body
positions: a) with marked subwaves P1, P2 and P3 and their differences, AP2 = 18% and AP3 =
11%, caused by body posture — vertical bars show physiological fluctuations of the pulse wave shape
expressed as =+ SD for the entire group of healthy volunteers; b) non-normalised IBV pulse waves in
upright and supine body postures.

The results show significant differences of IBV pulse wave shapes in the upright
(highest intracraniospinal compliance) and supine (lower intracraniospinal compliance)
body positions. Body posture caused changes in the IBV pulse waves, subwaves P2 and
P3, by appropriate deviations AP2 = P1 — P2 = 18% and AP3 = P1 — P3 = 11% for the
group of healthy volunteers (Fig. 4(a)). The differences are statistically significant with a
p value of 0.00001 or less.

The amplitude of the IBV pulse wave shape in an upright body position was signif-
icantly higher than it was in the supine body position (the averaged value of the am-
plitude’s ratio was 1.55 £ 0.61). Such differences in IBV pulse wave shapes (Fig. 4(a))
and amplitudes (Fig. 4(b)) can be explained by physiological changes of arterial/venous
blood and CSF volumetric waves in the different body positions. In previous studies, it
has been discovered that the total venous outflow in an upright position is lower than it is,
in comparison, with a supine position (Alperin et al., 2005). Slightly lower total cerebral
blood flow and a lower CSF volume were found in the sitting position (Alperin et al.,
2005).

The results of breathing holding test are shown in Fig. 5.

Fig. 5 illustrates the possibility to obtain diagnostic information about the reactivity
of parenchymal cerebral blood volume. The use of a non-invasive method makes it feasi-
ble to study cerebrovascular autoregulation in brain injured patients and to compare the
results with data collected using identical methodology in normal control subjects.

6. Advanced Pulse Wave Data Processing Using Wigner-Ville Distribution

A time — frequency mapping for detection of otoacoustic emissions using Hilbert—-Huang
transform has been investigated by Janusauskas ez al. (2006). New algorithm of automatic
recognition of ischemic stroke area has been presented by Grigaitis et al. (2007).
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Fig. 5. Pulse wave dynamic (healthy volunteer GN) during the breath holding test (in the time domain):
1) wave data 2 min before the breath holding test (amplitude 3.4 ns); 2) wave data for 20 sec during
the breath holding test (amplitude 2.4 ns); 3) wave data 1 min after the breath holding test (amplitude
4.0 ns).

To acquire information about pulse wave energy distributions in the frequency and
time domain simultaneously, it is necessary to use the specific time-frequency representa-
tion form, which is suitable for extracting the necessary information from each individual
signal. The dynamic of the pulse wave shape during the breath holding test is presented
in Fig. 6.

Wigner—Ville distribution is a quadratic transform with attractive features for the
multi-frequency biological signal analysis — time-frequency constant resolution and high
energy concentration. Wigner—Ville (WV) distribution associates with any signal f(¢) of

Pulse wave amplitude, ns

L]

1118

Frequency,Hz Normalized time scale

Fig. 6. Time-frequency representation of the pulse-wave dynamic (healthy volunteer GN) during the breath
holding test (using the Wigner—Ville distribution): A) wave data 2 min before the breath holding test;
B) wave data for 20 sec during the breath holding test; C) wave data 1 min after the breath holding
test.
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finished energy. This function depends on a time variable (¢) and the frequency (w) of
the rectangularly shaped window signal x(¢) defined by (Latif et al., 1999):

—+o0

WV (tw) = /

— 00

x(t + g)x* (t - g) exp(—iTw)dr, 6)

where WV is Wigner—Ville distribution, *indicates a conjugate operation, 7 is a length of
the rectangularly shaped window. As a result, the Wigner—Ville distribution is a measure
of the signal’s local time-frequency energy.

The Wigner—Ville distribution of a multi-component ultrasonic signal possesses some
“ghost patterns” corresponding to the interference between inner components. To reduce
the native negative effect of the transform such as interference terms, the Smoothed
Pseudo Wigner—Ville distribution (SPW V') should be used. Such distribution attenu-
ates the crossterms and enables a meaningful representation of the informal signal com-
ponents like dominant frequencies. Unfortunately it reduces the time resolution. The
SPWYV in a discrete form is given by Rodriguez et al. (2004) and Latif et al. (2006):

SPWV (mAt, kAw)
2N—-1
=2At Y z[(m+n)At]a*[(m — n)At] - exp(—i2mnk/2N), (7)

n=0

where SPWV is Smoothed Pseudo Wigner—Ville distribution, At is the time sampling
interval, and Aw is a step of the frequency: Aw = /(2N At), m and n denote margins
of appropriate rectangularly shaped windows in time domain (in samples), IV is a total
number of the signal samples in time domain, k is a length of the frequency spectra
region (in frequency samples) in which signal is being analysed, *indicates a conjugate
operation.

Such a distribution, compared with an ordinary spectrum analysis, provides more in-
formation since it shows the evolution of the aspects of resonances and their amplitudes
as a function of time (Rodriguez et al., 2004 and Latif et al., 2006).

The process of dominant frequencies detection (which are covered by artefacts and
noise) in the pulse wave is based on the differences that exist between the time-frequency
shape of the pulse wave and the noise or artefacts. The dynamic of the pulse wave
shape during the breath holding test is presented in the time-frequency domain using
the Wigner—Ville distribution (Fig. 6).

Conclusions

The effect of posture on intracraniospinal physiology can be quantified by the ultrasonic
Vittamed intracranial blood volume pulse wave measurement method. It was shown that
ultrasonically measured intracranial blood volume pulse wave shape and amplitude de-
pend on changes in body posture and intracraniospinal compliance. Ultrasonically mea-
sured, posture-related changes of the intracranial blood volume pulse wave shape reflect
intracraniospinal hydrodynamics and cerebral hemodynamics.
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Neinvaziné intrakranijiniu pulsiniu bangu stebésena

Arminas RAGAUSKAS, Gediminas DAUBARIS, Vytautas PETKUS,
Romanas CHOMSKIS, Renaldas RAISUTIS, Vytautas DEKSNYS,
Jonas GUZAITIS, Gintautas LENGVINAS, Vaidas MATIJOSAITIS

Neinvaziniai fiziologinés biisenos monitoriai yra svarbi intensyvios terapijos sistemy dalis. Sia-
me darbe pasitlyti inovatyvis informaciniai metodai ir technologija skirta neinvazinei Zmogaus
smegeny tlriniy pulsiniy bangu fiziologinei stebésenai. Naujos neinvazinés ultragarsinés intra-
kranijiniy pulsiniy bangy stebésenos technologijos eksperimentiné studija parodé neinvaziniu btidu
uzregistruoty intrakranijiniu kraujo tiiriniy pulsiniy bangy formy reakcijas esant skirtingoms Zmo-
gaus kiino padétims. Buvo istirta 13 sveiku savanoriu grupé. Esant skirtingoms Zmogaus kitino
padétims, buvo gauti kraujo tiriniy pulsiniy bangu formu pokyciai charakteringuose taskuose:
AP2=18% ir A P3 = 11%. Vertikalioje ir horizontalioje Zmogaus kiino padétyse buvo gauti
tokie kraujo tliriniy pulsiniy bangy amplitudziy santykiai 1.55 +/— 0.61.



