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ABSTRACT

Cerebral edema (CE) is a non-specific pathological swelling of the brain secondary to
any type of neurological injury. The real-time monitoring of focal CE mostly found in
early stage is of great significance to reduce mortality and disability. Magnetic Induction
Phase Shift (MIPS) is expected to achieve non-invasive continuous monitoring of
CE. However, most existing MIPS sensors are made of hard materials which makes it
difficult to accurately retrieve CE information. In this article, we designed a conformal
two-coil structure and a single-coil structure, and studied their sensitivity map using
finite element method (FEM). After that, the conformal MIPS sensor that is preferable
for local CE monitoring was fabricated by flexible printed circuit (FPC). Next, physical
experiments were conducted to investigate its performance on different levels of
simulated CE solution volume, measurement distance, and bending. Subsequently,
14 rabbits were chosen to establish CE model and another three rabbits were selected as
controls. The 24-hour MIPS real-time monitoring experiments was carried out to verify
that the feasibility. Results showed a gentler attenuation trend of the conformal two-
coil structure, compared with the single-coil structure. In addition, the novel flexible
conformal MIPS sensor has a characteristic of being robust to bending according to the
physical experiments. The results of animal experiments showed that the sensor can be
used for CE monitoring. It can be concluded that this flexible conformal MIPS sensor
is desirable for local focusing measurement of CE and subsequent multidimensional
information extraction for predicting model. Also, it enables a much more comfortable
environment for long-time bedside monitoring.

Subjects Bioengineering, Biophysics, Neurology, Computational Science

Keywords Cerebral edema, Magnetic Induction Phase Shift, Conformal two-coil structure,
Flexible conformal mips sensor, Local focusing measurement, Bedside monitoring

INTRODUCTION

Cerebral edema (CE), which can be defined as an accumulation of excessive fluid within
either brain cells or extracellular spaces, is a non-specific pathological swelling of the brain
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secondary to any type of neurological injury like hemorrhage, ischemia, and traumatic brain
injury (TBI) (Cook et al., 2020). CE is one of the highest risk factors for mortality and poor
outcome, which occurs in more than 60% of patients with mass brain lesions and nearly
15% in those patients who showed no sign from their imaging diagnosis (Jha, Kochanek
¢ Simard, 2019). The main physical effect of an uncontrolled increase of intracerebral
volume is the rise of Intracranial Pressure (ICP), which causes insufficient cerebral blood
flow (CBF), herniation of brain tissue and a subsequent brain death. CE complicates stroke
and contributes to early neurological deterioration and poor outcome. A retrospective
single-center study of 139 patients found that perihematomal edema (PHE) expansion rate
in the first 24 h on admission was a significant predictor of 90-day mortality (Parry-Jones et
al., 2015). Another study in 596 patients found that the increasing PHE expansion rate in
the first 72 h after ICH is associated with higher mortality (Murthy et al., 2015). The change
rate of CE growth is a new, emerging parameter and might represent a better indicator
for poor outcome, compared with the commonly image-based diagnosis (Selin ¢ Norton,
2020).

According to the Guidelines for the Early Management of Patients with Acute Ischemic
Stroke (the American heart association/American Stroke association, AHA/ASA, 2018),
there is still no fully acceptable method that can monitor and predict the progression of CE
(Powers et al., 2018). Brain imaging methods, especially CT & MRI, are the gold standard
to diagnose the development of CE (Olindo ¢ Sibon, 2017). Routinely, CT scans (Dhar et
al., 2018) can measure the progress of CE. However, those devices are heavy and fixed,
which means they cannot carry out continuous bedside diagnosis. The progression of
CE is difficult to retrieve timely by those traditional imaging modalities. The limitations
of hospital medical resources also lead to patients not being able to repeatedly perform
imaging examinations (Kalkonde et al., 2018). In practical terms, it is based on doctors’
experience whether to carry out imaging examination and further consultation. Thus,
there is a certain blindness of imaging method considering individual differences between
patients. Multi-modal Bedside monitoring which can be integrated into the ICU can serve as
a supplement to imaging equipment and, in some cases, provide more guidance for medical
staff (Kumar, Athar & Kamran, 2017). ICP is the most direct and widely used means of
intracranial monitoring at present (Vanaclocha et al., 2017). Cerebral perfusion pressure
(CPP), calculated by subtracting ICP from mean arterial pressure (MAP), reflects the
pressure level of the blood reaching the brain, which represents the level of compensatory
mechanisms. In fact, invasively and directly monitoring ICP can effectively reflect the
severity of brain condition. However, that requires a probe being inserted into brain
parenchyma, subarachnoid or dura matter, which bring secondary damage to patients. A
portable, non-invasive method is needed (Rao et al., 2018).

Non-invasive monitoring methods have great potential advantages such as lower
risk of infection and bleeding, mobility and safety (Vinciguerra ¢» Bosel, 2017). Various
non-invasive monitoring methods are gradually becoming new types of neurosurgical
monitoring and have made many promising achievements. Transcranial Doppler (TCD)
sonography can be used for cerebral monitoring via measuring cerebral blood flow
in real time using high-frequency (2 MHz) acoustic waves (Rasulo et al., 2017). But
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continuous TCD is still under improvement. Electrical Impedance Tomography (EIT)
has been proposed as a possible method to detect cerebral injuries (Song et al., 2018).
Yet EIT requires current injection through a series of electrodes precisely placing on the
corresponding position on the head, not mention that the current is “blocked” by the high
resistivity skull which in turns may reduce the detection precision (Yan et al., 2017). Near
Infrared Spectroscopy (NIRS) can detect brain injuries by using the near-infrared spectrum
of light to penetrate brain tissue so as to estimate oxy/deoxy-hemoglobin concentration
change (Yang et al., 2019b). But NIRS may fail to detect deep or early brain injuries due to
its limited detection distance.

Electromagnetic induction theory provides a possible method for non-invasive bedside
monitoring (Hopfer et al., 2017), considering the fact that skull does not block wide
frequency range of electromagnetic waves compared to current and light. Monitoring
the phase shift between excitation field and disturbing field generated by the induced
current in brain tissue can theoretically reflect intracranial pathophysiological changes
after CE (Griffiths, Stewart & Gough, 1999). Gonzilez & Rubinsky (2006) built a simple
mathematical model of electromagnetic induction in tissue and proved that it was
possible to achieve non-contact detection of edema and hemorrhage in brain and other
tissues. Subsequently, they carried out animal experiments and successfully proved that
inductive bulk measurements of phase shift have the potential to detect changes in
intraperitoneal fluid (Gonzdlez, Horowitz ¢ Rubinsky, 2007). In 2013, they proposed
that it is possible to successfully differentiate brain states through multi-frequency
electromagnetic measurements and a Volumetric Electromagnetic Phase Shift Spectroscopy
(VEPS) classifier-based technology (Gonzalez et al., 2013). Kellner et al. (2018) had applied
a Volumetric Impedance Phase-shift Spectroscopy (VIPS) device (Cerebrotech Medical
Systems, USA) and induced a bioimpedance asymmetry score to assess the severity of
stroke. In 2020, Oziel et al. used a simple single coil device to detect changes due to fluid
volume alteration in the brain, they had proved a sensitivity of 2 ml change in tissue/blood
ratio (Oziel et al., 2020; Oziel, Korenstein ¢ Rubinsky, 2020). Our research group has been
focusing on the diagnosis of brain injuries via Magnetic Induction Phase Shift (MIPS)
method. Jin et al. (2014) built a novel sensor structure and dramatically improved the
sensitivity compared with the single excitation-receiving coil structure. In 2015, Pan et al.
(2015) established a cerebral hemorrhage Magnetic Induction Phase Shift Spectroscopy
(MIPSS) detection system and successfully distinguished the five states (pre-operation,
post-operation, Blood injection 1 ml/2 ml/3 ml) of cerebral hemorrhage in rabbits. Sun
etal. (2016) deduced the relationship between MIPS and ICP. In 2017, Li et al. built a
real-time continuous CE monitoring system and the system is capable of monitoring the
process of CE and reveal its severity (Li et al., 2017a; Li et al., 2017c). We also built a cerebral
hemorrhage test system and proved that it can monitor the progressive development of
cerebral hemorrhage in real-time (Li et al., 2017b). In 2019, we proved that our MIPS
system can achieve the detection of early functional changes in Closed cerebral hemorrhage
(CCH) as well as distinguish different severities of CCH, combined with CCH pathological
mechanisms (Yang et al., 2019a).
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Although the listed researches above provide sufficient evidence for the effective
monitoring of cerebral edema by MIPS, it is difficult to accurately obtain CE information
without considering the specific coil sensor design targeting specific subtypes and detection
needs. The coil sensor is an important part of the MIPS detection system. Its structure
and relative position to the lesion are the main factors affecting the measurement results.
The studies on biological tissue Magnetic Induction Tomography (MIT) are based on the
theory of the single-exciting single-induction coaxial coil. This structure is the most widely
used to verify the effectiveness of the MIPS method. However, this structure is sensitive to
those disturbance either near excitation coil or sensing coil (Rosell, Casanas & Scharfetter,
2001), which brings about a problem that it is hard to locate the lesion. Meanwhile, it
cannot capture the exact physiological changes of edema in specific brain tissue or regions
due to considering the brain as a whole measured object. More importantly, this structure
needs hard materials to accurately fix the geometric relative position of the two coil
sensors (Riedel et al., 2004; Xu et al., 2008) and it is unrealistic to move the patient’s head,
especially critically ill patients, to the area with high sensitivity. For example, Gonzdilez
etal. (2010) and Gonzalez et al. (2013) fabricated the excitation and sensing coils on a
plastic harness specifically designed for human head to detect over-hydration. He et al.
(2010) used plastic to fix sensors and put the sensor arrays into a closed and transparent
container (He et al., 2010; Luo et al., 2012). From the perspective of clinical application,
those sensors should be easy to wear and cause no difficulties to patients and medical
staff (Qusba et al., 2014; Chen et al., 2017). Using printed circuit board (PCB) can reduce
the use of hard materials (Zakaria et al., 2012), but PCB is still not suitable for direct
clinical applications. Recently, Teichmann integrated a single-coil magnetic induction
sensor into a shirt for cardiorespiratory activity monitoring using high frequency litz
wire (Teichmann et al., 2013a; Teichmann et al., 2013b; Teichmann et al., 2014). But the
sensitivity map of the single-coil sensor-which showed the sensitivity of the sensor to the
measured object in different positions-was not discussed in those works. Hye Ran Koo
built a wearable system for vital sign monitoring utilizing a textile-based inductive coil
sensor (Koo ef al., 20145 Sun et al., 2015). Results indicated that the inductive coil sensor is
capable of heart rate monitoring and the position of the sensor significantly affected the
quality of the measurement results. However, the sensitivity map of the single-coil sensor
was unknown. As a derivative type of coaxial coil, conformal two-coil structure enables
direct textile or flexible printed circuit (FPC) integration but its sensitivity map similarly
remains to be studied. It is unclear which one is more suitable for MIPS-based CE detection
and monitoring. Furthermore, the effect of the measurement-induced deformation after
flexible fabrication on the results needs investigation.

In this article, we designed a conformal two-coil structure and a single-coil structure
according to skull size of rabbits, and studied their sensitivity map using finite element
method (FEM). Combined with the pathological features of local CE, we selected the
conformal structure with high local focus performance and fabricated the coil sensor by
FPC. Then, the physical experiments were conducted to investigate its performance on
different levels of simulated cerebral edema solution volume, measurement distance, and
bending. After that, the model of rabbit cerebral edema was established and the 24-hour
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Figure 1 Schematic diagram of magnetic induction phase shift system.
Full-size &l DOI: 10.7717/peerj.10079/fig-1

MIPS real-time monitoring experiment was carried out to verify its feasibility. This work
paves the way for providing a highly practicality sensor solution for the clinical application
of MIPS theory.

MATERIALS & METHODS

Detection principle

Magnetic Induction Phase Shift (MIPS) monitoring is a non-invasive, real-time, continuous
method to measure the conductivity change of an object. This method is based on the
magnetic induction between the excitation-sensing coils and an object in its vicinity.
Figure 1 sketched its basic physical principle. The signal source generates a sinusoidal
signal and splits into two equivalent signals, one as reference signal and the other one as
excitation signal sending to the excitation coil. The current-driven excitation coil sends out
a primary alternating magnetic field (B) where this field penetrates the biological tissue in
its vicinity and induces an eddy current. The secondary magnetic field (AB) generated by
the eddy current is collected by the sensing coil, together with the primary magnetic field.
There is a phase difference between the reference signal and detection signal. According to
Griffiths, Stewart & Gough (1999), AB is related to B as follows:

AB/B= Quwpuo[weo (e —1) —io ]+ R(p, — 1) (1)

where o is the signal frequency, o, &, and w, are the electrical conductivity, relative
permittivity and relative permeability of the sample, separately. gy and p( are the
permittivity and permeability of free space. Q and R are geometrical constants. Also,
the magnetic field can be characterized by the voltage (V, AV) in the excitation and
sensing coil (Griffiths, 2001; Griffiths, Stewart & Gough, 1999):

AV /V = AB/B. (2)

Thus, the total signal (V 4+ AV) collected by the sensing coil lags the primary signal by
an angle 6. The change of phase angle 6 is MIPS. The magnitude of ¢, in the MHz range
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is much lower than o. Thus, there is a relationship between 6 and the signal frequency w
and o (Griffiths, 2001; Griffiths, Stewart & Gough, 1999):

0 xwo. (3)

Finite element method simulations

In target to investigate the sensitivity map of the conformal two-coil and the single-
coil structure, through which selecting a suitable coil designment for CE monitoring,
simulation using the FEM was conducted using commercial software (HFSS, ANSYS
Electronics Desktop 2018.0, USA). Two spiral coils were used to resemble a conformal
two-coil structure, where the inner ring is excitation coil and the outer ring is sensing coil.
Conformal refers specifically to the structure in which multiple coils are located on the
same geometric plane, which comes from the planar compact Wireless Power Transfer
(WPT) systems (Jonah, Geogakopoulos ¢ Tentzeris, 2013; Hu ¢ Georgakopoulos, 2017). The
inner radius of excitation coil and sensing coil is 9 mm and 19 mm, separately (Fig. 2A).
Each coil has 15 turns and with wire diameter (w) of 0.15 mm and line spacing (d) of
0.25 mm. Considering the skin effect of metal, the coil model in the simulation uses a
plane model without thickness instead of a volume model. The boundary condition of
coil was set as PEC. The sensor was developed on a 0.1-mm-thick (¢) polyamide substrate,
whose relative permittivity (¢,) and loss tangent are 3.2 and 0.003. Two coils were driven
by lumped port excitation at 55 MHz. When cerebral edema occurs, the CSF will first be
discharged from the cranial cavity due to compensation and followed by a certain range of
brain blood compensation (Wykes ¢» Vindlacheruvu, 2015). In the 1-100 MHz frequency
band, the conductivity of intracranial cerebrospinal fluid (CSF) is the highest, followed
by blood. Choosing the frequency of the system in this frequency band can better reflect
the pathological process of CE. At the same time, the selection of this frequency is close
to our previous work, in which we’ve conducted experiments using 65.5 MHz (Pan et al.,
2015), 64.1 MHz (Zhao et al., 2019), 67.1 MHz (Yang et al., 2019a; Yang et al., 2019b). The
two-coil sensor at the same lateral is a kind of traditional structure whereas it overcomes
the disadvantages of using rigid materials to control the relative distance between excitation
coil and sensing coil in practical applications. The conformal structure enables direct textile
or FPC integration without affecting the relative position of coils. Subsequently, the outer
coil was deleted and thus constructed a single-coil sensor (Fig. 2B), consistent with the
structure used by Teichmann et al. (2015) and Teichmann et al. (2014). In both sensors, a
10 ml cylinder (radius r = 15 mm, height h ~26.31 mm) was placed in the front center
of the sensors. The initial distance between the center of beaker and center of substrates
was D=d +r =20 mm, as shown in Fig. 3. The boundary condition of the boundary of
the analyzed domain was set as radiation. This cylinder was used to simulate the 1% saline
solution with conductivity of 1.71 S/m.

Simulation investigation was carried out by displacing the 10 ml saline solution cylinder
with a step of 1 mm from (0, 20) along the x axis and z axis. Through subtracting the phase
of S21 at 55 MHz in free-space condition from those at all positions, MIPS sensitivity of the
two-coil sensor at each position can be obtained. Likewise, through subtracting the phase
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Figure 2 3D Simulation model for MIPS sensitivity map investigation. Conformal two-coil structure
and single-coil structure.
Full-size Gl DOI: 10.7717/peer;j.10079/fig-2
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Figure 3 3D Simulation model for MIPS sensitivity map investigation. (A) Conformal two-coil struc-
ture. (B) Single-coil structure
Full-size Gl DOI: 10.7717/peerj.10079/fig-3

of S11 at 55 MHz in free-space condition from those at all positions, MIPS sensitivity of
the single-coil sensor can be obtained.

Physical experiments

To investigate the effect of sensor bending on MIPS, flexible MIPS sensor was fabricated
using FPC, as shown in Fig. 4. In this paper, a RF vector network analyzer (VNA, Agilent
E5061B, USA) was utilized to realize MIPS detection. The output power of the VNA was
10dBm. The frequency band was set from 1 MHz to 100 MHz, with 1601 sample points
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Figure 4 The flexible conformal MIPS sensor. (A) The geometric size is about 60 mm * 50 mm. (B)
Bending deformation of sensors.
Full-size & DOI: 10.7717/peerj.10079/fig-4

and intermediate frequency bandwidth of 30 kHz. MIPS data were obtained from the
phase of S21 at its characteristic frequency (53.7 MHz), where the transmission coefficient
reach its maximum. The selection method of characteristic frequency comes from previous
researches (Pan et al., 2015; Li et al., 2017a; Li et al., 2017b; Li et al., 2017c; Oziel et al.,
2016). Physical and subsequent animal experiments were both carried out under those
parameter settings. The characteristic frequency of animal experiments appeared at 57.7
MHez. In the three experiments, the system measurement frequency was slightly different.
The detailed discussion on this phenomenon was arranged in the discussion part.

The physical experiments were shown in Fig. 5. In this scenario, four 3D-printed
substrates with different bending radius (flat, 100 mm, 75 mm, 50 mm) made of
photosensitive resin were used for sensor fixing. Saline solution (1%) was used as
the measured object. A beaker was fixed in front of the sensor to load the solution.
Measurements utilizing each of those substrates was successively done while the distance
between the outer ring of beaker and center point of substrates was kept at 5 mm (There
was 4 mm between the mouth of the beaker and its inner wall), consistent with the settings
of simulation experiments. Saline solution was injected into the beaker via injection pump
(Longer, LSP01-1A, UK) from 0 ml to 10 ml with an increment of 1 ml, during which
the MIPS data could be obtained. In each bending condition, the injection procedure was
repeated for 20 times to get 20 sets of measurement data.

Subsequently, to verify the relationship between detection distance and sensor’s
sensitivity, beaker was placed at another two positions for same measurements where
the outer ring of the beaker is 10 mm and 15 mm from the center of the sensor, while the
sensor was kept flat (using substrate 1).

Animal experiments

In order to verify that the conformal MIPS sensor can monitor the development of
CE, seventeen rabbits (available from Daping Hospital, 2.0-3.0 kg) were enrolled in the
animal experiments. Rabbits were arrived one day before experiments and housed under
ambient conditions (22 °C, 50% relative humidity, and a 12-h light/dark cycle), with
free access to water and chow. These experiments were conducted under the guidance
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Figure 5 Experiments setup of physical experiments. (A) Physical experiment environment. (B) 3D-
printed substrates with different bending radius.
Full-size G DOI: 10.7717/peer;j.10079/fig-5

of the Administration of Animal Experiments for Medical Research Purpose issued by
the Ministry of Health of China. The protocol was reviewed and approved by the Animal
Experiments and Ethical Committee of Army Medical University (AMU, Chongqing,
China), approval number AMUWEC2019237. All procedures were conducted while
minimizing the suffering of rabbits. The rabbits were randomly divided into experimental
group (n=14) and control group (n=23).

Although it is of great practical significance to conduct research and data analysis on
clinical CE patients, the complex pathological conditions and possible observation and
treatment procedure shadows the data of clinical scenario. Thus, this experiment conduct
animal models under controlled pathological conditions to better simulate the pathological
progression of CE in a repeatable manner. Our previous researches had proved the validity
of the CE model established by epidural freezing method (Kawai et al., 2003; Li et al.,
2017ay Li et al., 2017b; Li et al., 2017¢; Li et al., 2019). Rabbits were first anesthetized with
pentobarbital (3%, 1 ml/kg) via ear vein. During surgery and monitoring, rabbits were
given inhalation anesthesia (isoflurane, 1.5%) to maintain adequate anesthesia depth. After
sedation, head and neck hair was removed. Then, rabbits underwent tracheal intubation
for long-term monitoring purpose. After intubation, rabbits’ scalp was cut to expose the
skull. Next, a bone window was drilled to expose the dura matter at 2 mm on the right
side of sagittal suture and 2 mm on the posterior side of coronal suture. During drilling,
the cryo-pencil was immersed into liquid nitrogen (—196 °C). After sufficient cold, the
cryo-pencil were vertically put on the bone window for 120s. Then, the bone window was
sealed using dental cement. In contrast, rabbits in control group experienced the same
procedure but without freezing. After the establishment of CE and control model, rabbits
were fit on the board and monitored for 24 h while the conformal MIPS sensor was placed
close to the freezing point of the head. The characteristic frequency appeared at 57.7 MHz.
The initial sampling rate was 12 times per hour. Rabbits in both groups were euthanized
via IV pentobarbital overdose at the end of monitoring. Experimental arrangement was
shown in Fig. 6.
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Figure 6 24 h real-time continuous monitoring experiments in rabbits.
Full-size G4l DOI: 10.7717/peerj.10079/fig-6

Signal processing and statistical analysis

Sensitivity results in simulation experiments was normalized to 0-1 for mapping and
comparsion purpose. S; Represented the normalized sensitivity of two-coil structure and
Ss represented the normalized sensitivity of single-coil structure. The calculation formula
of normalized sensitivity was given by:

Si(x,y)
S = L =0,1,...,20,y=0,1,...,20 4
t(x’y) max(S’t“)—min(S’t“) |x y )
Si(x,y)
S = S =|x=0,1,...,20,y=0,1,...,20 5
s(x,y) max(Sf)—min(Sg“) |x o 4 ®)

where S} and S} represents sensitivity values of two-coil structure and single-coil structure,
respectively.

In order to quantitatively analyze the change trend of sensitivity, R, and R, were used
to represent the ratio of the coordinate points of the normalized sensitivity in a specific
interval to all the measured coordinate points. The value of R, and R, were given by:

Ry = > +100%, i=1,2,...,n[S(x,y) >a (©)
n 0 .
Rszm*loo/o, i=1,2,...,n|S(x,y) >a @)

where 1 represents the total number higher than the threshold a.

In animal experiments, the initial sampling rate of the MIPS signal was 12 times/h.
Considering that the original signal was mixed with heart and lung activities plus
external interference, a wavelet transform was used to reduce noise. Data processing
was performed by MATLAB R2015a (MathWorks, Inc., USA). Moreover, The physical
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Figure 7 Normalized sensitivity map of conformal two-coil sensor structure. (A) 2D-view of the sensi-
tivity distribution. (B) 3D-view of the sensitivity distribution.
Full-size G4l DOI: 10.7717/peerj.10079/fig-7

and animal experimental data were statistically analyzed utilizing nonparametric multi-
independent/independent sample test and two-sample independent ¢-test, seperately.
Statistical analyses were performed by SPSS 19.0 (SPSS Inc., Chicago, IL, USA). The
significance level was set at p < 0.05.

RESULTS

Results of simulation experiments

Figure 7 shows the normalized sensitivity map of the conformal two-coil sensor structure
(S; €[0,1]). It can be found that this structure had the characteristic of local focus, where
the sensitivity got higher when close to the center. The highest sensitivity (S; = 1) appeared
at (x,z) =(3,20). S, gradually attenuated form the center outward. Figure 8 shows the
normalized sensitivity map of the single-coil sensor structure (S; € [0, 1]). The highest
sensitivity (S, =1) also appeared at (x,z) = (3,20). Both sensitivity map of the two sensor
structures showed a manner of elliptical shape, where their sensitivity attenuated sharper
axially. Especially, S; attenuated faster both axially and radially than that of two-coil
structure. Moreover, as shown in Fig. 7, S; is better distributed while there are many burrs
in Fig. 8. Table 1 lists the sensitivity attenuation trend in both two sensor structures, which
further confirmed the fact that the S, was more concentrated near the center and attenuated
quickly. In comparison, R; is gentler, with more proportion up to > 0.3 level. Due to the
burrs in the low-sensitivity area of Fig. 8, Ry in >0.1 interval was higher. It can be concluded
that single-coil structure also has the characteristic of local focus whereas its flatness and
uniformity of sensitivity map is poorer. Based on this conclusion, MIPS sensor with the
two-colil structure was selected and fabricated in physical experiments.

Results of physical experiments
Figure 9 demonstrates the MIPS at 53.7 MHz as a function of injection volume (mean
=+ SD), in which four color lines indicated four bending radius conditions, respectively.
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Table 1 Proportion of normalized sensitivity at each interval.

Sensitivity R, R,
range
>0.9 0.91% 1.59%
>0.7 3.18% 4.54%
>0.5 7.03% 9.75%
>0.3 16.10% 21.32%
>0.1 68.03% 50.79%
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Figure 9 Results of MIPS vs injection volume under different bending radius.
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Obviously, the MIPS data showed a downward trend with increasing volume, indicating
that MIPS can reflect the conductivity change of the measured object.

To quantitatively study whether bending is related to the sensor’s performance, the
MIPS data under three volumes (3 ml, 6 ml, 9 ml) were extracted for statistical analysis.
First, those data were enrolled for nonparametric multi-independent sample test (Kruskal
Wallis test), as shown in Table S1. It can be found that MIPS under different bending
radius in all of the three volumes were statistically significant (p < 0.05). This shows that at
any volume, there was a significant difference in those data. But the relationship between
the data within each group remains unclear. Thus, Non-parametric independent sample
test was conducted between each bending radius (Table 52).

Statistical data shows that, in all of the three volume, there was no significant
difference between different bending radius (2-3/2-4/3-4) (p > 0.05), which means that the
performance of the sensor is independent of its bending degree. Besides, MIPS in each of the
three bending cases was significantly different from the flat one (1-2/1-3/1-4) (p < 0.05).
That can also be found in Fig. 9 that the MIPS data under those bending conditions was
slightly larger. This may be caused by the reduced gap between the sensor and beaker, as a
result of bending. Smaller gaps were provided with higher S;. Figure 10 shows the MIPS
changes under three detection distance (using substrate 1). As shown below, the sensitivity
of the MIPS did decay with increasing distance, consistent with the simulation results
where S; attenuated quickly along its axial direction.
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Results of animal experiments

Figure 11 shows the MIPS data at 57.7 MHz of the 9th rabbit in the experimental group.
There was a clear upward trend over time. Also, it can be found that the raw data was doped
with breathing, head movement and external interference, which influenced the actual
trend of MIPS-characterized CE. Therefore, the original data is processed through wavelet
transform. Figure 12 shows the MIPS change at 57.7 MHz in 24 h monitoring of rabbits in
experimental group and control group. For mapping needs, the initial MIPS value of all data
was normalized to 0. Rabbits in experimental group all showed a significant upward trend
with maximum change at 24th hour (15.66£2.41°). After the same surgical procedures,
the development of CE seemed to have individual differences. In contrast, rabbits in control
group merely had a slight increase in MIPS and kept stable with insignificant variation in
the whole 24 h measurement (0.78 +0.47° at 24th hour). Our previous finding showed a
24 h downward trend of the MIPS with largest change of —13.112142.3953° at the 24th
hour in CE group and no obvious trend in the control group (—0.8779541.5146° at 24th
hour). This conformal MIPS sensor is consistent with previous studies in monitoring and
distinguishing CE (Li et al., 2017a; Li et al., 2017b; Li et al., 2017¢; Zhao et al., 2019; Li et al.,
2019), whereas the change trend of MIPS in the experimental group was opposite.

Then, the differences between the experimental group and the control group were
statistically analyzed (Table 2). Through two-sample independent t-test, it can be found
that those two groups showed significant difference from the 1st hour. The early diagnostic
ability of the conformal MIPS sensor in this study was the same as that in previous study
by Li et al. (2017a), Li et al. (2017b) and Li et al. (2017c).
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Table 2 Two-sample independent ¢-test of experimental group & control group.

Time Sample Variances F Significance T Significance 95% Confidence interval
(Two-tailed) of the difference
Lower Upper
'h Equal variances assumed 4.39 0.05 5.83 3.29¢73 0.26 0.57
Equal variances not assumed 12.34 3.50e~° 0.34 0.49
sh Equal variances assumed 4.29 0.05 6.26 1.52¢7° 3.14 6.39
. Equal variances not assumed 13.19 1.32¢7° 4.00 5.54
Experiment . —6
Equal variances assumed 3.78 0.07 7.32 2.52e 6.28 11.43
12h group vs
Control group Equal variances not assumed 15.23 1.59¢10 7.62 10.09
18h Equal variances assumed 3.15 0.09 8.81 2.57¢77 9.28 15.19
Equal variances not assumed 17.95 1.67¢ ! 10.78 13.69
24h Equal variances assumed 2.75 0.12 10.00 4.97¢78 11.71 18.05
Equal variances not assumed 19.93 6.38e712 13.29 16.48

DISCUSSION

As stroke is governed by many factors, such as blood gas concentrations, blood—brain barrier

(BBB), reperfusion, underlying vascular anatomy (Howells et al., 2010), investigating the

whole brain’s conductivity change may also introduce too much irrelevant physiological

information which affects the pertinence between the MIPS data with pathophysiological
changes of the lesions. MIPS sensor or multi-sensor array has seldomly tackled the problem
that to achieve local focus measurement. Based on this, we designed a flexible conformal
MIPS sensor that is better suited for targeting local change of dielectric properties which
reflects the CE progression. More importantly, Selim ¢» Norton (2020) have suggested that
investigation and interventions targeting CE should be conducted in the early stage (within
hours of ICH onset) and maintained for several days. A user-friendly solution between
monitoring modality and patients is critical for long-term practice. Nevertheless, most
MIPS sensors previously reported were made of hard materials, which is not suitable to
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monitor CE in long time, especially for critically ill patients. For these, the flexible MIPS
sensor was manufactured by FPC materials. This sensor is not only consistent with the
requirements of clinical CE monitoring, but also can be more trouble-free for medical staff
without relevant expertise in engineering.

In simulation and physical experiments, both single-coil structure and two-coil
structure have the characteristic of local focus. But with the increase of axial distance
or radial distance, S; decays faster than S;. That infers that the two-coil structure can
achieve deeper measurement depth under the same geometric parameter design, which
provides an optimized choice for subsequent sensor design targeting different brain regions
considering the measurement depth of single-coil structure is hindered by its characteristic.
In addition, to accurately obtain CE information, it’s a better choice to explore several
specific brain regions. The MIPS sensors with local focus characteristics provides more
specific information if sensor or multi-sensor array was placed at proper measure position.
Especially, in clinical application scenarios, cerebral stroke has several subtypes and there
are complex transformation mechanisms between those various subtypes. A specific coil
design or coil array study may have high applicability to certain disease subtypes and even
some other detections of vital signs or diseases. Xiao, Tan ¢ Dong (2019) proposed an
open cambered MIT system, in which they rearranged the coil array and optimized the
near-subsurface sensing, specifically improved the sensitivity of extra axial hemorrhage.
In order to investigate the impedance change of cervical tissue during pregnancy, Wang et
al. (2017) developed a ferrite-cored coaxial gradiometer magnetic probe which eliminate
the interfere signals from surrounding tissue and eventually confined the sensitivity to
the volume defined by the gap between the ferrite core and outer tube. Furthermore,
the flexible conformal MIPS sensor enables clinical readiness. Flexible sensors benefit
from their material properties and are therefore suitable as clinical sensor carriers. The
FPC-based conformal sensor can be “attached” to the patient’s head without being fixed
by rigid materials like the conventional coaxial coil which is susceptible to head movement.
On the premise of imaging data acquisition, the relative position of sensors can be adjusted
flexibly through which accurately extracting the information of CE. Plus, it’s necessary to
investigate the influence of the sensor’s geometric parameters and shape on the sensitivity
map, through which we can select the appropriate parameters to design a sensor that meets
clinical requirements.

As with the development of CE, the intracranial components, volume, and cellular
metabolism level happens to change, which, in turns, gradually result in the increase of
the conductivity of the brain tissue (Fujita, Ueda ¢ Yagi, 1972). Theoretically, MIPS is
negatively correlated with conductivity, as shown in those results of physical experiments.
However, The MIPS data obtained by this sensor showed an upward trend, which was
positively correlated with the severity of cerebral edema in rabbits. That apparently was
opposite with that of physical experiment. This, on the one hand, may be caused by
different measurement frequencies. In 2003, Goss et al. discussed that there were various
inductive and capacitive coupling mechanisms in electromagnetic tomography (Goss et
al., 2003). Different measured objects had different coupling parameters in this two-port
network structure. In physical experiments, the characteristic frequency appeared at 53.7
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MHz, at which the signal transmission power was the largest. In animal experiments, the
characteristic frequency appeared at 57.7 MHz. Flores, Rubinsky ¢ Gonzalez (2008) had
reported that there were frequencies where the phase shift may turn to opposite way. On
the other hand, Whether the measured object is a single or a multilayer medium also
has an effect on the trend of the result. In 2004, Hollaus et al. found that the imaginary
part of the sensitivity showed opposite trend when the agar sphere was in free space and
immersed in the saline (Hollaus et al., 2004). In point of fact, magnetic induction models
for multilayer medium may require more complex derivation and verification. In physical
experiments, a measurement model with a single controllable independent variable was
used to test and verify the sensor. Effective measurement data showed the correlation
between MIPS measurement method and the change of dielectric parameters. But it is true
that the actual brain edema model is controlled by multiple parameters. Analyzing the
data characteristics of a specific cellular damage type in the brain may also require a large
amount of measurement data, and the use of data algorithms such as machine learning.

The CE model we built based on epidural freezing method mainly triggered vasogenic CE
accompanied by cytotoxic CE. Current non-invasive monitoring method (MIPS, VIPS, EIT
etc.) mainly focus on the differentiation of cerebral hemorrhage/cerebral ischemia, stroke
diagnosis and monitoring, etc. Few studies focused on identifying CE subtypes. Different
CE types have different treatment options (Michinaga ¢ Koyama, 2015). Vasogenic edema
is defined as extracellular accumulation of fluid resulting from disruption of the BBB and
extravasations of serum proteins, while cytotoxic edema mainly expresses as cell swelling
caused by intracellular accumulation of fluid. Because BBB disruption is a reversible process,
it is possible to recover under medical treatment (VEGFs, MMP9, and other inhibitors).
On the other hand, anti-cytotoxic edema drugs are also expected to improve the abnormal
outflow of intravascular fluid. Obviously, it would be valuable for the distinction between
vasogenic & cytotoxic CE. Due to the limitation of experimental scale and CE model, this
study has not conducted in-depth study on this issue, but the distinction between different
CE subtypes based on MIPS data is a promising research direction.

Early identification of cerebral edema is a tough problem amid there is no fully accepted
method for bedside, early-stage diagnosis method. Proper clinical intervention in early
stage of CE helps improve prognosis and prevent complications. Our previous researches
illustrated that the MIPS method can achieve early identification of ICP rising and the
pathophysiological changes of the brain (Sun et al., 2019; Li et al., 2019; Zhao et al., 2019).
Subsequent studies will focus on establishing the predicting model for CE based on
advanced data processing and machine learning.

CONCLUSIONS

MIPS technology has advantages of noninvasiveness, noncontact, good portability, and
real-time continuous bedside monitoring. Based on its theory, this study proposed a
flexible conformal MIPS sensor for collecting accurate information of reginal CE. In the
simulation experiment, conformal two-coil structure is more suitable for detection of
regional CE compared with single-coil structure on account of its better flatness and
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uniformity of sensitivity map. Physical experiment results showed that the flexible MIPS
sensor fabricated based on this structure has a high focusing performance. In addition,
its ability of being robust to bending makes it possible to freely adjust placement to the
optimal detection area for the intracranial lesion without moving the patient’s head, which
contributes to improving the accuracy and consistency of clinical CE monitoring. The
24-hour data of MIPS in rabbits indicated that the flexible conformal MIPS sensor can
monitor local CE effectively in long-time. However, this is only a preliminary study. We
will devote to the design of flexible multi-coil sensor array for extracting more precise
and plentiful information in multiple specific brain regions. Furthermore, it is expected to
establish a predicting model of CE using advanced data processing and machine learning
methods on the basis of the follow-up studies.
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