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Abstract  Objective:  We developed a new minimally inva-
sive method for intracranial pressure monitoring (ICPMI). 
The objective of this project is to verify the similarities 
between the ICPMI and the invasive method (ICPInv), for 
different components of the intracranial pressure signal—
namely, the mean value (trend) as well as its pulsatile 
component.

Materials and methods:  A 9 kg anesthetized pig was used 
for simultaneous ICP monitoring with both methods. ICP 
was increased by performing ten infusions of 6  ml 0.9% 
saline into the spinal subarachnoid space, using a catheter 
implanted in the lumbar region. For correlation analysis, the 
signals were decomposed into two components—trend and 
pulsatile signals. Pearson correlation coefficient was calcu-
lated between ICPInv and ICPMI.

Results:  During the infusions, the correlation between 
the pulsatile components of the signals was above 0.5 for 
most of the time. The signal trends showed a good agree-
ment (correlation above 0.5) for most of the time during 
infusions.

Conclusions:  The ICPMI signal trends showed a good 
linear agreement with the signal obtained invasively. Based 
on the waveform analysis of the pulsatile component of ICP, 
our results indicate the possibility of using the minimally 
invasive method for assessing the neuroclinical state of the 
patient.
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�Introduction

Intracranial pressure (ICP) is a relevant parameter for the 
management of many neuropathologies [1]. Current proce-
dures to access ICP are invasive and subject to risks of brain 
damage and infections. Increased ICP is commonly seen is 
traumatic brain injury, where the need to know this param-
eter overcomes the risks associated with its assessment. The 
possibility to evaluate ICP non-invasively would be valu-
able in several brain disorders, as it could lead to a better 
management of the patient in a broader variety of clinical 
conditions [2–5].

We present in this work the application of a minimally 
invasive ICP method (ICPMI) based on mechanical exten-
someters in an experimental model of intracranial hyper-
tension. ICPMI basically consists of a strain gauge 
(mechanical extensometer) attached to the parietal region 
laterally to the sagittal suture. The sensor is able to detect 
small skull deformations resulting from changes in ICP. At 
the current state of development, this method does not yield 
pressure values calibrated in millimetres of mercury, but 
provides continuous information about the ICP waveform 
and changes in time.

The objective of this study was to verify the similarities 
between the ICPMI and the invasive method (ICPInv) for 
different components of the ICP signal—namely, the mean 
value (trend) and its pulsatile component.
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�Materials and Methods

�Experimental Protocol

A 9 kg anesthetized pig (n = 1) was used for simultaneous 
ICP monitoring with ICPMI and ICPInv methods. The 
ICPMI (Braincare, São Carlos, Brazil) sensor was glued on 
the parietal bone. The ICPInv (Codman & Shurtleff) micro 
transducer was inserted into the brain parenchyma, in the 
contralateral side of ICPMI (Fig.  1). Both sensors were 
plugged to the device Braincare CR15. All procedures were 
approved by the local Ethics Committee (CEEA/FMRP: 
014/2013). ICP was increased by performing ten 6 ml infu-
sions of 0.9% saline into the spinal subarachnoid space, 
using a catheter implanted in the lumbar region. The ICP 
signals were recorded using the ICP monitor BC Research 
1.5 (Braincare), Braincare BCR software v.1.2 and the data 
were analysed using the Braincare Analytics System.

�Data Analysis

To perform the correlation analysis, the signals were decom-
posed into two components—trend and pulsatile signals. The 
trend signal was defined as the mean value of the signal 
envelope, obtained from the interpolation (cubic spline) [6] 
of the local minima and maxima. To avoid possible drift 
influences in ICPMI signal, we linearly interpolated the sig-
nal before the start of each infusion and subtracted this linear 
trend from the signals before, during and after each corre-
sponding infusion.

Linear correlation coefficient (Pearson) was calculated 
between ICP and minimally invasive ICP within temporal 

windows of 60s, with an overlapping of 50s. We consid-
ered correlations above 0.5 as significant. The analysis was 
performed using custom programs written in Python lan-
guage, using the libraries Scipy [7], Matplotlib [8] and 
Scikit-learn [9].

�Results

During the infusions, the correlation between the pulsatile 
components of the signals was above 0.5 for most of the 
time. The signal trends showed a good agreement (correla-
tion above 0.5) for most of the time during infusions. Figure 2 
shows comparisons between minimally invasive and invasive 
ICP monitoring methods for the first and last infusion proce-
dures, respectively.

�Discussion

In this work, skull deformations could be associated with 
changes in ICPInv using ICPMI. Nevertheless, the calibra-
tion in absolute values (mmHg) for the minimally invasive 
ICP measurement still needs to be developed.

Our findings suggest that the minimally invasive method 
can be safely used as a simple and cost-effective alternative 
tool for ICP monitoring. Translated to clinical practice, the 
ICPMI could be applied where ICP monitoring has been lim-
ited due to the risks associated with the invasive procedures.

A potential limitation of this study is associated with the 
insertion of the needle into the spinal canal without external-
izing the animal spine; thus, adequate control of the dural 
puncture was not feasible and leakage of saline possibly 

Fig. 1  The minimally invasive 
sensor placed on the parietal 
region of the pig skull (black 
arrow)
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occurred after reaching a certain pressure threshold. The 
occurrence of a plateau phase for both methods indicates the 
moment when the pressure caused the balance between the 
volume of fluid infused and the fluid leaking through the lum-
bar puncture. The drift presented by the ICPMI sensor signal 
is mainly caused by the variation in temperature over the 
extensometer is subjected. This may have caused a mismatch 
in the correlation coefficients, as ICPInv is less influenced by 
temperature once it is in contact with the brain parenchyma.

�Conclusions

The ICPMI signal trends showed a good linear agreement 
with the signal obtained invasively, despite occasional drifts 
caused by temperature variations or other sources of interfer-
ence that might influence the minimally invasive sensor’s 
performance. Based on the waveform analysis of the pulsa-
tile component of ICP, our results indicate the possibility of 
using the minimally invasive method for monitoring changes 
of ICP.
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Fig. 2  Comparison between minimally invasive and invasive ICP 
recording methods. (a, b) Invasive ICP recording. (c, d) Non-invasive 
ICP recording. (e, f) Linear correlations between trend (continuous) 

and pulsatile (dashed) components of the recordings, for the first infu-
sion of the experiment. The green shadow represents the period in 
which the infusion was performed
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