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Introduction

The primary clinical objective after traumatic brain
injury (TBI) is to prevent secondary insults including
elevated ICP, a common sequel of primary injury. The
concept is to prevent cerebral hypoxia by maintaining
sufficient oxygen delivery to the intracranial neural tissues.
This implies that cerebral blood flow (CBF), arteria
oxygen saturation and haemoglobin concentration in a
specific patient must be adequate. Intracranial pressure
(ICP) and cerebral perfusion pressure (CPP) monitoring is
recommended for severe TBI. There are several limitations
of ICP and CPP monitoring: the ICP devices are invasive,
distinct ICP and CPP target recommendations are uncertain
and not specific for the individual patient, CPP is not
equivalent to CBF and the relationship between CBF and
CPP depends on the status of CBF autoregulation.
Additional causes of elevated ICP include shaken baby
syndrome, epidura and subdural haematomas, brain
haemorrhage, meningitis, encephalitis, lead poisoning,
Reye's syndrome, hypervitaminosis A, diabetic
ketoacidosis, water intoxication, brain tumours, blood clots
in the craniocavity, abscesses, stroke, hydrocephalus, dural
synus and venous thrombosis and others. Elevated ICP is
very serious pathology and may be life threatening. It
requires immediate treatment and continuous monitoring.
The non-invasive Vittamed 105 monitor is designed for
human brain non-invasive physiological diagnosing and
monitoring [1-5]. The clinical investigations of Vittamed
technology show the similarity between the invasively
recorded intracranial pressure (ICP) and non-invasively
recorded intracranial blood volume (IBV) pulse waves,
dow waves and dow trends under intensive care unit
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(ICU) conditions. Also the applicability of the non-
invasive IBV slow wave monitoring technique for long-
term  non-invasive  cerebrovascular  autoregulation
monitoring is supported by theoretical and experimental
studies [6-10].

Non-invasive intracranial
monitoring method

blood volume change

The cause of ICP fluctuations and ICP waves
(AICP(t)) are intracraniospinal volume (V) changes AV(t)
(Fig. 1) [10].

Fig. 1 shows the relationship between ICP, V,
cerebrospinal  compliance (CSC), intracranial blood
volume pulse waves AV(t) and ICP pulse waves AICP(t).
Vittamed created non-invasive ultrasonic technology for
monitoring volume V changes and volume waves AV(t) in
order to study the dynamics underlying ICP change. The
dynamics of AV(t) have not been studied before due to the
lack of non-invasive volumetric monitoring technology.
The non-invasive measurement of intracranial component
volume changes is based on the time—of—flight
measurement of ultrasonic wave transmission through the
human head [1,4,7]. Since al intracrania components
(brain tissue, cerebrospinal fluid, blood) have different
acoustic properties (ultrasound speed, and frequency
dependent attenuation), changes of their relative content
inside the acoustic path will influence the total acoustic
characteristics of intracranial media and thus the monitored
parameters of the ultrasonic signal aswell [4,7].

The results of mathematical simulations [4] of
ultrasound pulse propagation through the human brain
show the linear relationship between changes in the time-



of-flight of the ultrasound pulse with changes in blood
volume within the cerebral parenchyma. Because the
intracranial blood volume changes are directly related with
ICP and craniospinal compliance changes, it supports the
use of time-of-flight measurement to evaluate these
physiological parameters.

Compliance Ci=AVI/AICPi
BRAIN SWELLING (C1<C2<(C3)

ICP,

1) 2) 3)

Fig. 1. Relationship between ICP, V, CSC, intracrania blood
volume pulse waves AV(t) and ICP pulse waves AICP(t)

Non-invasive monitoring of |CP trends

The basic concept underlying the evaluation of non-
invasive monitoring of cerebral blood volume, ICP pulse
waves, respiratory waves, sow waves and trends is
outlined as follows [5,7,8]:

— The intraventricular or supraventricular parenchymal
acoustic path which crosses the human head is used under
study The parenchymal acoustic path mainly consists of
parenchymal tissue, relatively small blood vessels
(arterioles, venules and capillary vessels) and a small
amount of cerebrospinal fluid (CSF). The speed of
ultrasound within the parenchymal acoustic path mainly
depends on the blood volume inside this path. Also the
attenuation of ultrasound inside this path mainly depends
on the volume of parenchymal tissue inside this path.

— This path is insonated by broadband ultrasonic pulses
and the time-of-flight is measured to evaluate the changes
in ultrasound speed inside the parenchymal acoustic path.

— The same ultrasonic pulses and their echoes from internal
surfaces of the skull are also measured to compensate the
influences of the external tissue hemodynamics in real-
time and in situ.

This method is the only existing technology for non-
invasive monitoring of the volume dynamics of the
cerebral parenchyma micro vessels. The non-invasive
ultrasonic Vittamed monitor was tested in several intensive
care units (ICU) [7-9]. The display panels of the Vittamed
105 monitor are shown in Fig. 2 a) and Fig. 2 b).

52

= R
File Options
it ma"..l.,m.-l o2 1e7=ez|  [=iE]
1. 250E -5~
6.250E -6~
Distarice between | (. 0DOE +0 -+ H ) m m /\\ AP .ﬂ\ﬁ\\ i
et r’ ANVA WA/
-5.250E-6 \] \.\J ‘I,, \
=0,15000 [
-1.2506-5-,

ﬂlﬂ ﬁj 810 515 lel 62_5 -Il 635 E‘II 64.5 ﬁ’,ﬂ

Alsm leved [zm {F2E] Time, =
&0.00000 velocity value iend v 0 /[5.839% 5 Mamces | (==
@ 7.586E-5 - T T
N [ \\
o] | osmes )
[ son || BE2ETrpthy '/M M‘“—‘vwm
‘ | 2auEs- : ;J <

0, ' ) ) |
5500 95.50 96.00 850 9700 9750 %00 98.50 g0 9850 100.00
Time, s
Nermalized and averaged fransintracranial pulse waves (US) Deviation, A%
SR Se
50j
Adjustment 175
Start
I 2
il
= E
00 o2 o4 06  os ‘ 10 ?
V"Hamed ' ' -Ncmml\zeu'panodafcal;dac pulse, s’

Fig. 2. The display panels of the non-invasive Vittamed 105
monitor for: a— pulse, respiratory wave and trend monitoring; b —
pulse wave shape monitoring and analysis
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Fig. 3. Simultaneous invasive and non-invasive of ICP pulse
waves monitoring: a — ICP=80 mmHg, b — ICP=60 mmHg, ¢ —
|CP=40 mmHg, d — ICP=20 mmHg

Simultaneous invasive ICP monitoring (Camino
V420 or Codman ICP Express) with the non-invasive
Vittamed monitor was performed on ICU coma patients
with severe, closed head injuries. The clinical results of
simultaneous |CP pulse wave monitoring and long - term
trend monitoring (1 h ... 3 h) areillustrated in Fig. 5 —Fig.
9. Here non-invasively measured transintracranial



ultrasound speed data are converted into absolute ICP
values using invasive ICP monitoring data for such a

conversion.
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Fig. 4. Simultaneous invasive and non-invasive of ICP long —
term monitoring: red line — invasive (Camino V420) ICP
recording; green line — simultaneous non-invasive recording
(Vittamed); yellow line — absolute invasive / non-invasive |ICP
data difference (mmHg). These represent the absolute ICP
monitoring errors of both invasive and non-invasive devices.
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Fig. 5. Simultaneous invasive and non-invasive of ICP long —
term monitoring
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Fig. 6. Simultaneous invasive and non-invasive of ICP long —
term monitoring
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Fig. 7. Simultaneous invasive and non-invasive of ICP long —
term monitoring

The non-invasive ICP indices were calculated from the
ultrasound time-of-flight data using linear conversion after
real-time and in situ compensation of the influence of the
external tissue and skull bones on the measured time-of-
flight data. A linear relationship was demonstrated in
patients with head injuries between the measured
ultrasound speed in the cerebral parenchymal acoustic path
and ICP. The test range was clinically relevant and covered
arange from ICP =0 mmHg up to ICP = 50 mmHg. This
linear relationship covers the critical treatment level of
ICP, believed to be approximately 20 mmHg.
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