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ABSTRACT Acute cerebral ischemia is an important clinical disease that is usually detected by magnetic
resonance imaging or computed tomography. The magnetic inductive phase shift (MIPS) is a new method
for detecting cerebral diseases, which is non-invasive, miniaturized, and low-cost. A total of 25 rabbits were
studied using a two-coil sensor with a 0.3–200 MHz frequency range, and all the subjects were measured
for 1 hour. Based on the rabbit acute cerebral ischemia model, the rabbits were divided into unilateral
ligation, bilateral ligation, and non-ligation groups. The results showed that the average MIPS values of
the non-ligation, unilateral ligation, and bilateral ligation group were −0.195 ± 0.079◦, −4.873 ± 1.042◦,
and −9.165 ± 2.862◦ respectively. MIPS distinguished different severities of cerebral ischemia in rabbits
with statistical significance (p < 0.05). Laser Doppler flowmetry (LDF) was used as the gold standard for
collecting cerebral blood flow data. The strong correlation between the LDF measurements and the phase
shift suggested that the phase shift reflects blood flow changes in the brain. Overall, these results suggest
that the MIPS detection method has the potential to provide early detection of global cerebral ischemia.
Furthermore, this method effectively distinguished different severities of cerebral ischemia.

INDEX TERMS Acute cerebral ischemia, magnetic induction phase shift, laser Doppler flowmetry.

I. INTRODUCTION
Cerebral ischemia is a medical condition in which a certain
region of the brain is deprived of oxygen and nutrient-rich
blood [1]. Ischemic stroke accounts for about 90% of all
strokes and can occur in people of all ages, although risk
increases with age [2]. Cerebral ischemia can lead to severe
damage to the central nervous system and eventually causes
paralysis. The Guidelines for the Early Management of
Patients with Acute Ischemic Stroke (AHA/ASA, 2018) have
stated a clear benefit of intravenous thrombolysis within 3 h
for disabled adult stroke patients meeting the screening cri-
teria, regardless of age and stroke severity [3]. Thus, early
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detection and diagnosis are the keys to emergency treatment
and intensive care of patients with cerebral ischemic stroke.

Many noninvasive detection methods are being used to
measure cerebral ischemia, including magnetic resonance
imaging (MRI) [4] and computed tomography (CT) [5]. How-
ever, such methods present many limitations. On the one
hand, these methods are disadvantageous because of their
large size, high expense, and high inspection costs, but CT
and MRI cannot easily detect early acute cerebral ischemia
[4,6]. Moreover, these methods do not help with emergency
on-site and pre-hospital diagnoses.

Magnetic induction phase shift (MIPS), which provides
the advantages of non-contact, noninvasive, inexpensive,
small, and continuous bedside monitoring, is a potential
method to detect cerebrovascular disease. MIPS is based
on electromagnetic induction and reflects the change of
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conductivity in biological tissues. The first measurement
method based onmagnetic inductionwas proposed in 1968 by
Tarjanet et al. [7] and has been applied to study human tumors
and brain impedance. In 1999, Grifffiths et al. measured
saline solutions with conductivities ranging from 0.001 to
6 S·m−1 using a single-channel magnetic induction system.
They established a simple and intuitive mathematical model
for magnetic analysis [8]. In 2007, Gonzalez et al. detected
intraperitoneal fluid in vivo by inductive phase shift mea-
surements, showing that the bulk phase shift increases as a
function of frequency and fluid volume, and the induction
phase shift of 7.5%, a 26.5 cc saline injection, was 1.6◦ [9].
In 2009, they monitored brain ischemia in rats by inductive
phase shift spectroscopy, and the phase shift of the ischemic
group was close to 20◦ 24-hour post-surgery at 50 MHz. That
experiment suggested that inductive phase shift spectroscopy
has the potential to detect the process and level of ischemia in
the brain [10]. In addition, in 2013, they distinguished edema
patients from hematoma patients and healthy volunteers by
establishing a VEPS multi-frequency measurements system
and classifier [11]. In 2014, Jin et al. [12] detected acute
cerebral hemorrhage in rabbits using MIPS, which detected
small changes in blood volume and reflected the severity of
cerebral hemorrhage. The average change in the MIPS was
0.502 ± 0.119◦ with a 3 ml injection. In the same year,
they designed a symmetric cancellation-type sensor based
on the symmetric structure of the brain hemisphere. The
average phase shift difference of a 3 ml injection of blood
was 1.885 ± 0.242◦. Injection speed was 0.33 ml/min, and
the entire amount of time for this experiment was 9 min
[13]. In 2015, Pan et al. [14] established a broadband phase
shift detection system to detect cerebral hemorrhage. The
average phase shift change induced by a 3 ml injection of
autologous blood under FB was −7.75 ± 1.42◦, indicating
greatly improved detection sensitivity. The injection speed
was 0.33 ml/min, and the duration for this experiment was
9 min. Li et al. [15] and Zhao et al. [16] also studied brain
edema in rabbits for 24 hours using a real-time continuous
monitoring system. The average phase shift of 24 hour edema
detection was −13.112 ± 2.395◦, and the system effectively
monitored brain edema and classified the severity of the brain
edema.

In this study, based on preliminary work by our research
group, we established a MIPS detection system to observe
the trend ofMIPS in terms of ischemia severity and to explore
the possibility of early detection of acute cerebral ischemia.
A total of 25 rabbits was studied using a two-coil sensor
with a 0.3–200MHz frequency range. Furthermore, theMIPS
variation trend at the optimal sensitive frequency (CF) was
collected and calculated. Laser Doppler flowmetry (LDF)
was used to obtain blood flow changes as the gold standard
and reference. To demonstrate that the MIPS method can
detect early and acute cerebral ischemia, we designed aMIPS
and LDF synchronous measurement system in brain ischemic
rabbits and analyzed the correlations between the MIPS and
LDF measurements.

FIGURE 1. Phasor diagram representing primary magnetic field B and
secondary magnetic field 1B. The total magnetic field (B+1B) lags the
primary magnetic field by an angle ϕ.

II. MATERIALS AND METHODS
A. MIPS DETECTION PRINCIPLE
In MIPS theory [8], the measured sample is always placed
between the excitation coil and the receiving coil, and a
primary magnetic field (B) is generated by the sinusoidal
excitation current (Iejωt) flowing into the excitation coil.
This primary magnetic field causes induction currents in the
sample, which consequently produce a second magnetic field
(1B). The receiving coil receives the total magnetic field
(B+1B). The primary and secondary fields (B and 1B) are
represented by the phasor diagram (Figure 1). The intensity of
the induced magnetic field is related to the electrical conduc-
tivity of the measured sample, and the changes in electrical
conductivity of the measured sample can be determined by
detecting the induced magnetic field intensity (1B) [17]. The
induced current in the receiving coil can be expressed in a
complex form as: [18]

I (t) = I (cos(ωt + ϕ)+ j sin(ωt + ϕ)) (1)

which can be obtained by the following formula:

ωt + ϕ = tan−1
ImI (t)
ReI (t)

= tan−1
sin(ωt + ϕ)
cos(ωt + ϕ)

(2)

We define a basal-induced current phase in the receiving
coil as (ωt+ϕ), and the phase influenced by the presence
of ischemia as (ωt+ϕ’). The magnetic induction phase shift
(1ϕ) at a specific frequency and time is given by

MIPS = 1ϕ = (ωt + ϕ′)− (ωt + ϕ) = ϕ′ − ϕ (3)

We used the time-difference method to calculate the phase
shift and obtain MIPS. The phase shift was represented as a
relative phase shift by subtracting the phase under ischemic
conditions from the baseline phase.

B. MIPS EXPERIMENTAL SYSTEM
The magnetic induction system to detect acute cerebral
ischemia is shown in Figure 2. The system includes the
following: an RF vector network analyzer (Agilent E5061B;
Agilent Technologies, Inc., Palo Alto, CA, USA), a coaxially
paralleled dual-coil sensor, an intracranial pressure monitor
(Camino MPM-1), laser Doppler flowmetry (LDF, PeriFlux
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FIGURE 2. Schematic diagram of the monitoring system.

5000), a multichannel physiological signal acquisition instru-
ment (Chengdu Instrument Factory, RM6280C) and a per-
sonal computer.

In this study, we used a two-port RF vector network ana-
lyzer. The vector network analyzer was set to simultaneously
measure the amplitude and phase information of the trans-
mission parameter S21. The output power of the signal source
was 10 dBm, and the frequency range of the input signal was
0.3–200 MHz in linear scanning mode.

The two-coil sensor included one excitation coil and one
receiving coil, as shown in Figure 3a. Both coils were wound
with 1 mm diameter copper wire in a Plexiglas mold with
ten turns. Both coils had the same radius of 5.2 cm and were
placed symmetrically and in parallel within a 10.5 cm dis-
tance. The two-coil sensor was connected to a vector network
analyzer through a high frequency coaxial line. We drew
the magnitude-frequency characteristic of the transmission
parameter S21 from 0.3 to 200MHz in Figure 3b. A frequency
point with the maximum amplitude had the highest sensitivity
for detecting MIPS; hence, we defined the optimal frequency
point as the characteristic frequency (CF). The results showed
that the CF of this sensor was 72.32 ± 0.50 MHz. The
amplitude of the primary coil current was 1.2 mA, and max-
imum magnetic intensity was 0.014 A/m under a frequency
of 72.32 MHz and power of 10 dBm, which fully met the
requirements of occupational exposure standards by IEEE
C95.1.

An intracranial pressure (ICP) monitor was used to mea-
sure ICP and reflect changes in rabbit brain edema. To reflect
the change of blood flow in a brain region, we used LDF
to observe local cerebral blood flow (CBF) perfusion of the
rabbits in this study. A multichannel physiological signal
acquisition instrument was used to continuously monitor
ECG and heart rate.

C. EXPERIMENTAL DESIGN
Twenty-five rabbits (2.2 ± 0.2 kg, obtained from Daping
Hospital, Chong Qing, China) were randomly divided into
the experimental groups (unilateral ligation group, n = 10,
and the bilateral ligation group n= 10) and the control group

FIGURE 3. The two-coil sensor(a) and magnitude-frequency characteristic
from 0.3 MHz TO 200 MHz(b).

(non-ligation group, n = 5). All rabbits received humane
care from properly trained hospital professionals. TheAnimal
Experiments and Ethics Committee of the Army Medical
University approved all of the experimental protocols, and
care of the animals was conducted in accordance with the
Declaration of Helsinki and IASP guidelines.

The acute cerebral ischemia rabbit model was established
using the common carotid artery ligation method [19]. The
rabbits were anesthetized through an ear injection of ure-
thane (25%, 5 ml/kg). We removed the hair on the rabbit’s
neck and head. The center of the neck skin was cut off
after disinfection, and the muscles were separated bluntly,
thereby exposing and separating the bilateral common carotid
arteries. A surgical ligation line was placed under the com-
mon carotid arteries. An ICP probe was fixed on the brain
‘‘cross stitch’’ 6 mm left of the coronal suture and 1 mm
below the sagittal suture. The LDF probe was placed on the
brain ‘‘cross stitch’’ 6 mm to the right of the coronal suture
and 1 mm below the sagittal suture. Then, the electrodes of
the physiological signal acquisition instrument were inserted
into the thigh subcutaneously to record the ECG. Finally,
the surgical ligation line was fastened to block the common
carotid arteries unilaterally or bilaterally for the experiment.
The same operations were performed on the three groups, and
the detection time was 1 hour for all rabbits. The observed

32292 VOLUME 8, 2020



W. Zhuang et al.: Preliminary Study on the Feasibility of Detecting Global Acute Cerebral Ischemia by the MIPS Method

FIGURE 4. (a) Spectra of phase shift as a function of frequency
(0.3MHz–200 MHz) for 60min measurement of rabbit No.14. (b) Phase
shift around CF, the frequency is on a linear scale.

durations of cerebral ischemia were mainly divided into eight
time points to express the results concisely.

In this study, all data are expressed as mean ± standard
deviation. We prepared the phase shift spectrum graph of
the transmission parameter S21 using MATLAB (MathWorks
Inc., Natick, MA, USA). Significant differences in the phase
shift data were analyzed by the non-parametric Friedman’s
M-test, and the non-parametric Kruskal–Wallis test We ana-
lyzed the relationship between the phase shift and LDF mea-
surements with Pearson’s correlation analysis. The statistical
analysis was conducted with SPSS12.0 software (SPSS Inc.,
Chicago, IL, USA), A p-value < 0.05 was considered signif-
icant.

III. RESULTS
A. MIPS RESULTS
All rabbits survived the experiment. Notably, the ICP data
of the rabbits remained unchanged. In one (no. 14) of the
bilaterally ligated rabbits, the ICP remained at 15± 2 mmHg,
and heart rate decreased from 330± 5 to 280± 7 after 60 min
of ligation time. Figure 4(a) shows the phase shift in the 0.3–
200MHz frequency band during the ligation time. Figure 4(b)
illustrates that the phase shift changed with ligation time
around the CF. The phase shift increased with the increase of
ligation time in a negative way, indicating a strong correlation
between the phase shift and ligation time. These results are
similar to those reported by Gonzalez et al. [10]
The descriptive statistical results of the experimental data

at the CF are summarized in Table 1. Five animals were in
the non-ligation group, and the unilateral and bilateral groups
comprised 10 rabbits. The average phase shift (mean ± SD)
in 60 min of the non-ligation group was −0.195 ± 0.079◦,
the phase shift of the unilateral ligation group was −4.873 ±
1.042◦, and the phase shift of the bilateral ligation group
was−9.165± 2.862◦. Friedman’s M-test was applied for the
phase shift data analysis of the three groups. The p-value of
the non-ligated group was 0.363. The p-values of the unilat-
eral and bilateral ligation groups were< 0.05, indicating that
the phase shift changed significantly with ligation time. Then,

TABLE 1. Statistical analysis with Friedman’s M-test of average phase
shift for three groups in which a statistically significant difference of
p-value<0.05 was found.

FIGURE 5. (a) Average phase shift of different ligation time for three
groups at CF. (b) Phase shift data of first 30 minutes and last 30 minutes.

we used the Kruskal–Wallis test to analyze the differences in
the average phase shift among the three groups. The results
revealed significant differences among the severe levels of
cerebral ischemia (p < 0.05), suggesting that we can dis-
tinguish different levels of ischemia (non-ligated, unilateral
ligation, and bilateral ligation groups) with a phase shift.
Above all, the MIPS method provided a new method for
detecting early acute cerebral ischemia in rabbits.

Figure 5(a) shows the average phase shift changes of the
different ischemia levels with time at the CF. The phase
shift presented an obvious difference among the three groups.
The phase shift of the non-ligation group was too small and
basically remained unchanged within the 60 min measure-
ment, and the phase shift of the unilateral ligation group
was smaller than that of the bilateral ligation group. Notably,
the curve slope for the first 30 min was larger than the curve
slope for the next 30 min in both the unilateral and bilateral
ligation groups. As shown in Figure 5(b), the phase shift of
the experimental groups in the first 30 min exhibited much
larger changes than that in the last 30 min, particularly in the
bilateral ligation group.

B. COMPARING THE PHASE SHIFT WITH THE LDF
MEASUREMENTS
Figure 6 shows the relationship between the phase shift and
LDF measurements of rabbit no. 14. The trend in the phase
shift and LDF measurements was very similar. The phase
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FIGURE 6. The relationship between phase shift and LDF measurement of
rabbit No.14.

FIGURE 7. The average LDF measurement of three groups.

shift changed gradually with ligation time from −0.12 to
−8.29◦. The LDFmeasurement decreased from 100% to 63%
in 30 min, and remained dynamically stable for the next
30 min. Then, we drew the average LDF measurements of
the three groups in Figure 7. The average LDF measurements
of the three groups were very different; the average LDF
measurement remained essentially unchanged in the non-
ligation group, decreased from 100% to 80% in the unilateral
ligation group, and dropped from 100% to 65% in the bilateral
ligation group.

CBF is the primary variable in cerebral ischemic rabbits,
and a change in CBF can affect whole brain conductivity. This
study analyzed the correlation between the phase shift data
and LDF measurements using Pearson’s correlation coeffi-
cient analysis. Table 2 shows the correlations between the
phase shift data and the LDFmeasurements of 20 rabbits. The
correlation coefficients of the unilateral ligation group were
0.620–0.783, and the correlation coefficients of the bilat-
eral ligation group were 0.849–0.934. The p-values of the
bilateral ligation group were all < 0.05, indicating that the

TABLE 2. Correlation analysis of phase shift and LDF measurement from
unilateral ligation and bilateral ligation group.

phase shift was strongly positively correlated with the LDF
measurement. From Table 2, we can easily determine that the
correlations between the phase shift and LDF measurements
in the bilateral ligation group were much stronger than those
in the unilateral ligation group, demonstrating that the MIPS
method is capable of reflecting the changes in CBF caused by
intracranial lesions.

IV. DISCUSSION
CT and MRI are the most commonly used detection methods
in the clinic for diagnosing cerebral ischemia. However, these
devices are too bulky and immobile and cannot be used for
a pre-hospital diagnosis. Time is the most important indi-
cator when trying to detect and diagnose cerebral ischemia.
According to the guidelines [3], the golden time window of
intravenous thrombolysis for ischemia stroke is 4.5 hours.
However, the detection time resolution of these medical
imaging systems is very low because of the long delivery
and preparation time. Many groups have reported detection
methods for diagnosing brain ischemia, such as near-infrared
spectroscopy (NIRS) and electrical impedance tomography
(EIT). However, NIRS has some disadvantages in detection
depth and invasion. In 2010, Robertson et al. illustrated that
NIRS can only detect intracranial hemorrhages > 3.5 ml at a
depth of 2.5 cm [20]. In 2018, Neeraja et al. reported that the
penetration depth of the sensor is inadequate to compensate
for the increased distance between the sensor and brain tissue,
thereby resulting in inaccurately high values (>80%) [21].
A shortcoming of EIT is that the highly resistant skull has a
natural electrical isolation that limits current penetration and
restricts deep imaging of the brain [22]. The main magnetic
field created by a detection system can easily penetrate the
skull although resistance is very high. According to this
basic biophysical principle, we can detect a certain phase
difference (MIPS) between the induced magnetic field and
the main magnetic field. The change in the phase shift mainly
relates to the electromagnetic properties (electrical conduc-
tivity) of brain tissues during the MIPS measurement [7].
The coaxial parallel dual-coil structure and the relative posi-
tion between the rabbit’s head and the coil determines that
MIPS reflects conductivity changes of the whole rabbit head.
A change in conductivity of the whole brain is related to the
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physiological change and when ischemia occurred. Ischemia
causes changes in the electromagnetic properties of brain
tissues [23]. Serguei et al. studied the dielectric properties
of swine brain tissues with acute ischemia stroke at 1 GHz
using the open-ended coaxial probe measurement technique.
They demonstrated that acute ischemic stroke causes imme-
diate changes in the dielectric properties of brain tissue, and
the degree of such changes depends on the development of
ischemic injury [24].

The cranial cavity can be considered a rigid irregular
sphere with an unchanged volume. The irregular sphere is
filled with brain tissue, cerebrospinal fluid (CSF), and blood.
In this study, we controlled the ligation time to be 1 hour
to simulate early rapid cerebral ischemia. Ligation of the
common carotid artery significantly reduced the CBF and
resulted in a shortage of blood supply. Chen et al. [25] demon-
strated the quantitative relationship between MIPS and CBF
in the rabbit brain hemorrhage model and discussed how CSF
affects the electrical properties of brain tissue. In the present
study, ICP did not change when brain ischemia occurred,
demonstrating that there was no intracranial edema during the
early stage. Therefore, we believe that the reduction in CBF
was the key factor associated with the conductivity changes.
Hence, we used LDF as the gold standard for collecting
the CBF data. The complex impedance of biological tissues
can be categorized into three dielectric dispersion domains
based on the frequency range from KHz to GHz [26]. Three
dielectric dispersion domains are marked α, β, and γ , which
represent 1 Hz–kHz, 0.1–100 MHz, and 0.1–100 GHz fre-
quency range respectively. The β-domain is mainly caused by
a capacitive short circuit of the cell membrane and rotational
relaxation of the biopolymer, which reflects the character-
istics between the extracellular and intracellular fluid [27].
The measuring characteristic frequency in this study was
72.32 MHz and was located in the β-domain. The CBF of
the blood vessels decreased significantlywhen brain ischemia
occurred, which also decreased the exchange of substances
between the blood and brain cells; thus, causing a significant
change in conductivity. As discussed above,MIPS reflects the
change in conductivity of the whole brain.

Gonzalez et al. [10] reported focal cerebral ischemia
results in rats during 24 hours of long-term monitoring.
Unlike them, we detected brain ischemia in rabbits over
1 hour to obtain an early rapid diagnosis and observe global
cerebral ischemia, which might be helpful for diagnosing
ischemia in elderly patients. As shown in Figure 4, the phase
shift at the CF changed significantly, which was similar with
the results of Pan et al. [14] The power transfer efficiency at
CF of the detection system was maximum, and the stronger
mainmagnetic field stimulated the stronger disturbance in the
magnetic field of the brain lesions, resulting in a greater mea-
sured phase shift. As shown in Figure 5, the phase shift of the
non-ligation group remained basically unchanged, whereas
the phase shift of the unilateral and bilateral ligation groups
changed significantly. The phase shift declined rapidly during
the previous period and then decreased much slower during

the later period, demonstrating thatMIPS has early sensitivity
for detecting brain ischemia in rabbits. The strong correlation
between the MIPS and LDF measurements illustrates that
the MIPS detection method reflects changes in CBF during
ischemia (Table 2). The MIPS decreased correspondingly
when CBF decreased, and the more the CBF decreased,
the more MIPS decreased. We believe that CBF decreased
significantly mainly due to ligation of the common carotid
artery and the resulting change in conductivity of the whole
brain. The changes in brain conductivity were reflected by
MIPS. As a consequence, the correlation between the MIPS
and LDF measurements demonstrated the feasibility of mea-
suring brain ischemia in rabbits using the MIPS detection
method. Taken together, the MIPS method shows the poten-
tial for detecting brain ischemia during the early stage and to
reflect different levels of ischemia.

The detection method used in this study was completely
non-invasive. The MIPS data analysis completely demon-
strated the feasibility of this method for early detection
of acute cerebral ischemia in rabbits. We were able to
clearly distinguish differences in healthy rabbits (non-ligation
group), generally ischemic rabbits (unilateral ligation group),
and severely ischemic rabbits (bilateral ligation group) to
achieve rapid detection and diagnosis of acute cerebral
ischemia. The changes in CBF and MIPS showed a certain
degree of correlation, indicating the validity of our experi-
mental results.

The results of this study show that the MIPS method
provides a new way to detect and diagnose the severity of
global acute cerebral ischemia. However, some limitations,
should be mentioned; we only preliminarily discussed the
relationship between the change in MIPS and CBF, without
studying changes in other brain tissues. More parameters,
such as imaging data, need to be collected for further com-
prehensive and in-depth analyses.

V. CONCLUSION
We developed the MIPS method to detect acute cerebral
ischemia in rabbits. Our experimental results show the possi-
bility of early detection of global acute cerebral ischemia and
the potential to distinguish the severity of cerebral ischemia in
rabbits. This preliminary study was mainly based on a rabbit
model, so further experiments with large animals, such as
monkeys, are required as the next stage. Given that current
experiments were focused on global acute cerebral ischemia,
further research remains necessary to study local cerebral
ischemia, which is closer to the actual clinical situation. We
also need to analyze the MIPS data and study the imaging
algorithm to obtain imaging data for clinical needs. Although
clinical cerebral ischemia is a highly complex process, this
preliminary study provides the feasibility of detecting global
acute cerebral ischemia using the MIPS method.
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