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Abstract The search for a completely noninvasive
intracranial pressure (ICPni) monitoring technique capa-
ble of real-time digitalized monitoring is the Holy Grail of
brain research. If available, it may facilitate many funda-
mental questions within the range of ample applications in
neurosurgery, neurosciences and translational medicine,
from pharmaceutical clinical trials, exercise physiology,
and space applications. In this work we compare invasive
measurements with noninvasive measurements obtained
using the proposed new noninvasive method. Saline was
infused into the spinal channel of seven rats to produce
ICP changes and the simultaneous acquisition of both
methods was performed. The similarity in the invasive and
noninvasive methods of ICP monitoring was calculated
using Pearson’s correlation coefficients (r). Good agree-
ment between measures<r>= 0.8+0.2 with a range
0.28-0.96 was shown.
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Introduction

Intracranial pressure (ICP) is the pressure inside the cranial
cavity and is directly associated with three components of
this space: the parenchymal component consisting of the
brain structures, the cerebrospinal fluid (CSF) component
consisting of the CSF of the ventricles and the subarachnoid
space, and the vascular component characterized by the cir-
culating blood in the brain. The ratio of pressure among
these three components is constantly adjusted to maintain a
balance in the intracranial system, and ICP maintenance
within its normal values depends on the preservation of intra-
cranial volume. ICP monitoring is a very important topic in
neurology and neurosurgery and can be used in the diagnosis
and prognosis of various disorders, for example, stroke,
hydrocephalus, tumors, and trauma.

In the case of hydrocephalus, for instance, which is a
pathological process that interferes with the production, cir-
culation and absorption of CSF, with serious consequences,
such as intracranial hypertension [1], the main difficulty is
the late diagnosis of the disease, since the symptoms of brain
degeneration (mainly manifested by symptoms of dementia)
can be similar to those of Alzheimer’s disease. However,
normal-pressure hydrocephalus is a treatable disease and vir-
tually reversible, if diagnosed early. The use of an ICP moni-
tor can facilitate medical decisions in these and other cases.

In the 1960s, Lundberg introduced continuous intraven-
tricular pressure monitoring in the neurointensive clinic.
This method, based on an intraventricular catheter connected
to a pressure transducer at the level of the external auditory
meatus, has remained the gold standard ever since [2]. The
main limitation of this method is the risk of infection, which
increases over time and is within the range of 6-11 % [3, 4].
Owing to the traumatic nature of the method, difficulties
concerning the surgical procedure, especially when the cere-
bral ventricles are compressed, and the relatively high infec-
tion rate, other methods have been introduced. These include
an epidural transducer, a subdural bolt via a burr hole, a
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subdural catheter, preoperative placement of a subdural nee-
dle, and intraparenchymal transducer, lumbar spinal fluid
pressure, and lumbar epidural pressure [2]. The idea of a
noninvasive method of measuring ICP is captivating, as com-
plications seen in relation to the invasive methods of ICP
measurement, that is, hemorrhage and infection, are avoid-
able [5].

The search for a completely noninvasive intracranial pres-
sure (ICPni) monitoring technique capable of real-time digi-
talized monitoring is the Holy Grail of brain research. If
available, the range of ample applications in neurosurgery,
neurosciences, and translational medicine, from pharmaceu-
tical clinical trials, exercise physiology, and space applica-
tions, are some of the unique challenges in this field. This
study is aimed at measuring the correlation coefficient
between invasive and noninvasive measurements of ICP in
rats. The new noninvasive monitoring method consists of a
strain gauge fixed on a mechanical device that touches the
surface of the scalp in the parietal region lateral to the sagit-
tal suture. The equipment is able to detect small changes in
the dimensions of the skull resulting from pressure changes
inside, without the need for surgery or shaving the patient’s
head. This new noninvasive sensor opens new avenues in the
field of ICP and brain monitoring, mainly in clinical pictures
where ICP monitoring had been previously impossible owing
to the invasiveness of the current methods.

Materials and Methods

The ICPni system (Braincare Corp.) associates the skull
deformation with ICP detection and changes [6], and it
includes a signal amplifier and an analog-to-digital converter.
The noninvasive sensor (Fig. 1) consists of a support for a
sensor bar for the detection of local skull bone deformations,

Fig.1 Schematic drawing of all components of the noninvasive sytem.
(a) Support for sensor bar, (b) strain gauge sensor, (c) cantilever bar
(sensor bar). (d) Pin

adapted with strain sensors. Detection of these deformations
is obtained by a cantilever bar modeled by finite elements
calculations. To this bar, strain gauges are attached for strain
detection. Noninvasive contact with the skull is obtained by
adequate pressure directly on the scalp by a pin.

Changes in ICP cause deformations in the skull bone
detected by the sensor bar. Variations in ICP lead to deforma-
tions in the bar, which are captured by the strain sensors. The
equipment filters, amplifies, and digitalizes the signal from
the sensor, and sends the data to a computer.

To induce dynamic changes for a direct comparison of the
time series response for the invasive (intraparenchymatous —
Codman) and ICPni methods, 0.9 % saline infusions into the
spinal channel were performed. The animals (n=7, 300-
350 g) were anesthetized with ketamine (95 mg/kg) and
xylasine (12 mg/kg) and the noninvasive sensor was posi-
tioned on the skin of the animals, in the parietal region oppo-
site the invasive sensor. The baseline was monitored and then
saline bolus injection was started until the invasive sensor
presented substantial changes in ICP (20-40 mmHg). The
number of infusions for each animal is shown in (Table 1).

Time series were obtained with the acquisition rate of
200 Hz. Data smoothing was implemented with a 10-s mov-
ing average window. Data analysis was performed using the
ICM+ (Cambridge Enterprises) and MatLab® software.

Results

To measure the similarity in the responses of the invasive and
noninvasive methods to the increase in ICP, Pearson’s correla-
tion coefficients (r) were calculated. Figures 2 and 3 present
typical time series for the two methods. Mean r value results
showed good agreement, <r>=0.8+0.2 with arange 0.28-0.96.
The values of the noninvasive measure (mV) are related to the
invasive measure (mmHg) according to the slopes and inter-
cepts of regression lines between ICPi and ICPni. The values
obtained ranged from 25 to 1073 (mmHg/mV), showing some
variability owing to noninvasive sensor installation. Regarding
infusion procedures, because of the variable experimental con-
ditions among the animals (mainly movement artifacts due to
the short anesthesia time), it was not possible to perform the
same infusion protocol in all experiments. The last column of
(Table 1) shows the number of infusions for each animal.

Discussion

It has been reported in the literature that one of the main
disadvantages of noninvasive techniques is the lack of accu-
racy compared with their invasive counterparts. Additionally,
another marked disadvantage is that noninvasive ICP
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Table 1 Correlation coefficient values of the invasive and noninvasive methods, calibration factors (mmHg/mV) obtained through linear regres-

sion, and the number of infusions performed

Animal Pearson’s correlation coefficient Slope (mmHg/mV) Infusions
NIO1 0.77 70 1
NI 02 0.90 31 3
NI 03 0.74 34 1
NI 04a 0.96 1,008 1
NI 04b 0.94 1,013 1
NI O4c 0.94 897 1
NI 04d 0.83 1,073 1
NI 05 0.28 25 5
NI 06 0.93 264 2
NI 07a 0.63 117 3
NI 07b 0.84 357 3
10; ,.Rat 02 . . -1.45 25 - Rat 06. - 1.92
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Fig.2 Time series of intracranial pressure (/CP) values obtained using
invasive (ICPi) and noninvasive (/CPni) methods during the infusion
procedure for animal NI102

monitoring cannot be carried out on a large percentage of
patients owing to anatomical variations, leading us to con-
clude that current noninvasive techniques cannot be used as
alternatives to the invasive techniques [5]. However, from the
above results, we were able to demonstrate experimentally
that this novel ICPni method is capable of monitoring with
good sensitivity and agreement the mean value dynamics of
ICP when simultaneously compared with an invasive tech-
nique. Nevertheless, other aspects such as calibration meth-
odology for ICPni measurement and clinical applications of
this method still need to be developed in further studies.
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