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Abstract 
 
Introduction 
Measuring magnetic induction phase shift (MIPS) changes as a function of cerebral hemorrhage volume has 

the potential for being a simple method for primary and non-contact detection of the occurrence and progress 

of cerebral hemorrhage. Our previous MIPS study showed that the intracranial pressure (ICP) was used as a 

contrast index and found the primary correlation between MIPS and ICP.  

Materials and Methods 

In this study，we theoretically deduced the approximate relationship between MIPS and ICP and carried out 

a comparison study between MIPS and ICP on cerebral hemorrhage in rabbits in this study. Acute cerebral 

hemorrhage was induced by injecting autologous blood (3 to 6mL) into the brain of rabbits in the 

experimental group (n=7).  

Results 
The animal experiment results showed that the MIPS decreased significantly as a function of injection 

volume in the experimental group and the changes of ICP and MIPS of rabbits from experimental group 

presented a negative correlation. We also found that the MIPS slopes of all experimental samples had a 

change trend from fastness to slowness with a reverse of the change of ICP.  

Conclusion 

These observations suggested that the non-contact MIPS method might be valuable and potential for 

monitoring acute cerebral hemorrhage and obtaining the ICP information. 
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1. Introduction 
Magnetic induction phase shift (MIPS) has 

been used to study the water content of the 

brain, dielectric constant, brain hematoma, and 

cardiopulmonary activities [1-4]. As shown by 

Tarjan and McFee [5], electrodeless 

measurement of changing impedance in the 

human body may be facilitated by analyzing 

the effect of induced eddy currents.  

According to the literature, different biological 

tissues have diverse electromagnetic 

properties, which allow them to be 

distinguished from each other [6]. A method 

for measuring changes in electromagnetic 

properties is to employ two non-contact 

induction coils placed around the tissue; this 

technique could be an alternative approach for 

the detection of clinical changes [7, 8].  

In particular, MIPS changes across time after 

the occurrence of a suspected clinical episode 

could serve as a first-order clinical warning 

sign for detecting the presence and progression 

of such changes [9]. In the literature, 

volumetric inductive phase shift method has 

been used for breast cancer detection. The 

results suggest that this technique has the 

potential to detect pathological conditions 

associated with cancer in breast tissues 

through non-invasive monitoring [10]. 

In the present research, the purpose of MIPS 

study was to assess the electromagnetic 

properties of biological tissues. In previous 

research, we conducted a systematic study of 

brain monitoring through MIPS method, which 

comprised of theoretical calculations, use of an 

excitation source, detection sensor, and phase 

detector, a cerebral edema nerve cell model, a 

physical model of cerebral edema, and 

utilization of an experimental system. By 

using the detection system and the physical 

model of cerebral edema, an experimental 

simulation was performed to detect cerebral 

edema [11, 12].  

According to the findings of the above-

mentioned studies, MIPS was directly 

proportional to the volume, conductivity, and 

frequency in the physical model of cerebral 

edema. The MIPS method was suggested to 

have the potential for cerebral edema 

detection. Furthermore, in 2014, a special 

phase detector was designed for MIPS 

measurement of cerebral hemorrhage, which 

could distinguish minimal cerebral 

hemorrhage with a volume of approximately 

0.5 ml [13].  

In addition, in a previous study, considering 

the symmetry between the two brain 

hemispheres, a symmetric cancellation-type 

sensor detection system was designed to 

improve the detection sensitivity of MIPS 

[14]. In this study, the average phase drift 

induced by a 3-ml injection of autologous 

blood was 1.885° [14].  

In order to study a wider band of MIPS 

detection and to provide more useful 

information for the measurement of cerebral 

hemorrhage, we established an MIPS 

spectroscopy (MIPSS) detection system for 

cerebral hemorrhage. The average phase shift 

induced by the 3-ml injection of autologous 

blood under the feature band was -

7.7503±1.4204°, which was considerably 

higher than the value reported in our previous 

study [15]. 

In 2014, based on the abovementioned study, 

we carried out an experiment for the detection 

of acute cerebral hemorrhage (ACH) [16]. In 

this experiment, ACH was induced in six 

rabbits by injecting autologous blood at a 

speed of 0.33 ml/min. The intracranial 

pressure (ICP) and heart rate (HR) of subjects 

were monitored for about 1 h. Our results 

showed a significant increase in MIPS as a 

function of injection volume, which was 

consistent with the simulation test results.  

In our previous study [16], ICP measurement 

was used as an important criterion in animal 

experiments. Based on the findings, MIPS was 

significantly related to ICP. For further 

clarification, we attempted to provide a 

theoretical explanation by utilizing non-

contact measurement of the electromagnetic 

properties of the brain. A relationship was 

identified between MIPS and ICP by 

performing experiments on induced ACH in 

the rabbit brain. In addition, we discussed the 

possibility that MIPS could reflect ICP-related 

information. 



Magnetic Induction Measurement 

Iran J Med Phys., Vol. 13, No. 2, June 2016 127 

While ICP monitoring has been used for 

decades as the most important index of patient 

condition in fields of neurosurgery and 

neurology, this type of bedside monitoring is 

invasive and expensive for patients. Therefore, 

a new cost-effective and non-contact method 

could be used for determining patient 

condition in neurosurgery and neurology if a 

relationship between MIPS and ICP could be 

established. In this study, we aimed to describe 

the theoretical calculations, experimental 

devices, and results obtained by evaluating 

ACH in the brain of rabbits.  

 

2. Materials and Methods 
2.1. Relationship between MIPS and ICP 

A head model was built upon an anatomic base 

(Figure 1). The volume and total average 

conductivity of the model are denoted by V 

and  , respectively. The head model was 

divided into three parts: skull, cerebrospinal 

fluid (CSF), and combination of cerebral blood 

and brain (BB).  

 

 
 
Figure 1. The electrical conductivity distribution in the 

rabbit head model; we developed the head conductivity 

model (V denotes the volume). The head is divided into 

three parts: skull (V1, σ1), cerebrospinal fluid (V2, σ2), 

and the combination of cerebral blood, brain white 

matter, and gray matter (V3, σ3). Under normal 

conditions of the brain, the total volume of the head 

model and its average conductivity remain unchanged. 

 

Under normal conditions of the brain, the total 

volume of the head model and its total average 

conductivity remained unchanged. In this 

model, it was assumed that the average 

conductivity in each part is uniformly 

distributed. The total average conductivity 

of the model was calculated as follows: 

31 2
1 2 3

VV V

V V V
     

                              (1) 

where V1, V2, and V3 denote the volume of the 

skull, CSF, and BB, respectively, and 

conductivity in the skull, CSF, and BB is 

denoted by σ1, σ2, and σ3, respectively.   

According to Harvey Cushing’ doctrine of an 

intact skull [17], increased ΔV in the bleeding 

volume of ACH causes a decline in ΔV of 

CSF. Therefore, the total average conductivity 

of the ACH model was calculated as follows: 

' 31 2
1 2 3

V VV V V

V V V
   


  

           (2) 

Also, the total average conductivity change
  of the model was calculated as follows: 

'

3 2

V V

V V
    

 
    

                     (3) 

The constant C was defined as: 

3 2

V
C

 



                                                  (4) 

By integrating Equation (4) into Equation (3), 

the bleeding volume was expressed as: 
V C                                                       (5) 

According to Cushing’s doctrine, the volume-

pressure curve could be approximately 

expressed as:  

0

K VP P e 
                                                    (6) 

When the content volume of the cavity showed 

an increment in ΔV, ICP and volume showed 

the above relations which was shown in 

Equation (6). In Equation (6), P0 is the normal 

ICP and K is a constant value.    

By integrating Equation (5) into Equation (6), 

the relationship between ICP and the change in 

total average conductivity was described as 

follows: 

0

KCP P e 
                                                   (7) 

The volume-pressure and volume-conductivity 

curves are presented in Figure 2 after 

incorporating the electrical properties of brain 

tissues into Cushing’s doctrine [17]. 

According to Griffiths [18], MIPS (∆θ) is 

proportional to   and is calculated as 

follows: 
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B

B
  


   

                                         (8) 

where B and ∆B are the primary and 

secondary magnetic fields, respectively, and ω 

is the angular frequency of a sinusoidal 

excitation. 

 

 

 
Figure 2. The relationship between volume, ICP, and brain 

conductivity. The ICP curve is characterized by an increase 

due to elevated blood volume; however, the change in the 

average conductivity of the brain is the opposite. When the 

content volume of cranial cavity showed a small increment 

in ΔV, the average conductivity 
' would fall   

according to Equation (3).  

 

Equation (8) was integrated into Equation (7):  

0

KAP P e 
                                                  (9) 

where P0 is the normal ICP and K and A are 

constant values.  

As MIPS (∆θ) was measured experimentally 

with our detection system, MIPS corresponded 

to ICP in Formula (9). The difference between 

the two measured MIPS values was used if a 

dynamic change was observed in MIPS. 

According to Formula (3) and the lower 

conductivity of BB (σ3), compared to CSF 

(σ2),  was determined to be below zero. 

Therefore, when the content volume of cranial 

cavity showed a small increment in ΔV, the 

average conductivity 
' would fall   

according to Equation (3).  

As presented in Figure 2, the increase in ICP 

was categorized as follows: Phase I, Phase II, 

and Phase III.  

In classes I and II, the change in brain 

conductivity was significant, while the shift in 

ICP was trivial. However, in class III, the change 

in brain conductivity was slow, while the change 

in ICP was major. As stated in Harvey 

Cushing’s doctrine, such observation is 

attributed to the compensatory effect of the 

intracranial material balancing the ICP increase 

in areas I and II, while the compensatory effect 

was not reported in area III.  

2.2. MIPS experimental setup 

The MIPS experimental setup was designed 

and constructed, consisting of seven modules: 

signal generator, excitation coil, detection coil, 

phase detector, personal computer (PC), and 

parts responsible for biological signal 

collecting and processing. The system block 

diagram is presented in Figure 3.  

 

The signal generator (self-made) supplied a 

sinusoid signal Ve of 5 V at 10.7 MHz. The 

magnetic strength was weak for our coils. In 

the present study, rabbit brains were assessed, 

and consequently, the coils fitted the 

corresponding size of the brain. The excitation 

and detection coils were coaxially placed. The 

two coils comprised of ten turns of magnetic 

wire with a radius of 5 cm, and the distance 

between the coils was 11 cm.  

The excitation coil induced a current in the 

detection coil through magnetic induction. The 

phase shift between the excitation and 

detection signals was measured by our phase 

detector, which integrated a pre-amplifier 

(range: 0-33 dB) and a filter. The signal-to-

noise ratio was improved and we were able to 

detect very weak signals.  

Performance measurements confirmed that the 

phase noise and drift were very low, thus 

satisfying the requirements of this study. The 

electrocardiograph (ECG) and ICP data 

collection device (Model 6280C, Chengdu 

Instrument Factory, CHINA) were controlled 

by the PC (Dimension 8300, Dell Inc., USA).  

app:ds:formula
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Figure 3. The system block diagram of the MIPS detection method. The data obtained from the rabbits included MIPS, 

HR, and ICP. These data were synchronously collected for comparing MIPS with ICP.  

 

 
 

Figure 4. The rabbit model of acute cerebral hemorrhage (ACH). The model was established by means of stereotactic 

methods [16]. 

 

2.3. Surgical Procedure and Data 

Processing 

Seven rabbits from the experimental group 

(weight range: 2.2-3.5 kg, mean weight: 

2.5±0.2 kg) and four rabbits from the control 

group (weight range: 2.3-2.7 kg, average 

weight: 2.4±0.2 kg) were anaesthetized with 

urethane (25%, 5 ml/kg) through the ear vein.  

We established the ACH model, using 

stereotactic methods [16]. Autologous blood 

(3-6 mL) was injected in the rabbits of the 

experimental group at a speed of 0.33 ml/min. 

The physiological signal collection device 

(RM6280C, Chengdu Instrument Factory) was 

used to measure the changes in ICP and HR, as 

shown in Figure 4 [16]. The Animal Ethics  
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Figure 5. The experimental setup for the detection of ACH in rabbits through the MIPS method. The excitation and 

detection coils were coaxially placed. (1) Excitation source, (2) phase detector, (3) sensor, (4) ICP monitor, (5) signal 

collecting device. 

 

Committee of the university approved all 

experimental protocols, and the procedures 

were carried out in accordance with the 

Declaration of Helsinki and the International 

Association for the Study of Pain (IASP) 

guidelines [19, 20]. 

Figure 5 shows the experimental setup for the 

detection of ACH in rabbits. ICP, HR, and 

MIPS were synchronously collected for the 

comparison of the results. Changes in MIPS 

were recorded with respect to the baseline 

obtained under normal conditions for rabbits 

after the surgical procedure. Experimental 

excitation and detection coils were coaxially 

placed around their heads. In all experiments, 

the head was centered between the excitation 

and detection coils. 

Figure 6 shows the obtained data related to 

ACH in a rabbit (S20121213) in a typical 

experimental process. These signals were 

continuously monitored for 866 s. Injection of 

autologous blood into the brain started at 120 s 

until the end of the experiment; the injection 

speed was 0.33 ml/min. The ICP and ECG 

sampling rate was 1000 Hz, whereas that of 

MIPS was approximately 0.2 Hz.  

The phase detector measured MIPS for 3 min 

and collected about 36 data points as each 1 

mL blood injection was completed. To 

facilitate data analysis, the HR and ICP signals 

were down-sampled at 1 Hz, and the MIPS 

signal was re-sampled with a cubic spline 

interpolation.  

 

 

3. Results  
As presented in Figures 6 and 7, the signals were 

divided into four phases: I, II, III, and IV. HR 

was stable from 0 to 500 s. In phase I (from 0 to 

120 s), ICP and MIPS in the experimental and 

control groups showed similar changes (±1 

mmHg and ±0.005 degrees, respectively). In 

stage II (from 120 to 250 s), ICP changed from 9 

to 20 mmHg, corresponding to the change in 

MIPS from 0.4 to 0.2 degrees.  
 

 
 

Figure 6. Data on the experimental setup for the detection 

of MIPS and the physiological signal collecting device 

(ACH rabbit S20121213 of the experimental group). The 

data obtained from the rabbits included MIPS, HR, and 

ICP. These data were synchronously collected for 

comparing MIPS with ICP. 

 



Magnetic Induction Measurement 

Iran J Med Phys., Vol. 13, No. 2, June 2016 131 

 
Figure 7. Data on the experimental setup and the 

physiological signal acquisition device (HR, MIPS, and 

ICP; normal rabbit S20130114 of the sham-operated 

control group) 

 

For the experimental group (e.g., subject 

S20121213), the injection volume was nearly 0.7 

mL (from 120 to 250 s). Due to CSF regulation 

by the intracranial material compensatory effect, 

ICP increased, while MIPS declined. With the 

increase in the injection volume, ICP began to 

rise and CSF started to exit the brain. 

Considering the compensatory effect of CSF, 

ICP only showed a small rise. However, MIPS 

was highly sensitive in this range and the slope 

greatly changed.  

As presented in Figures 6 and 7, the signals were 

divided into four phases: I, II, III, and IV. HR 

was stable from 0 to 500 s. In phase I (from 0 to 

120 s), ICP and MIPS in the experimental and 

control groups showed similar changes (±1 

mmHg and ±0.005 degrees, respectively). In 

stage II (from 120 to 250 s), ICP changed from 9 

to 20 mmHg, corresponding to the change in 

MIPS from 0.4 to 0.2 degrees.  

For the experimental group (e.g., subject 

S20121213), the injection volume was nearly 0.7 

mL (from 120 to 250 s). Due to CSF regulation 

by the intracranial material compensatory effect, 

ICP increased, while MIPS declined. With the 

increase in the injection volume, ICP began to 

rise and CSF started to exit the brain. 

Considering the compensatory effect of CSF, 

ICP only showed a small rise. However, MIPS 

was highly sensitive in this range and the slope 

greatly changed.  

Since CSF showed the highest conductivity in 

the brain, CSF compensation regulation had a 

significant effect on the overall average 

conductivity. With the decline in CSF volume, 

the overall average conductivity of the brain 

began to reduce and MIPS showed a major 

decline. Phase III was the range of cerebral 

blood volume compensation regulation (from 

250 to 520 s).The ICP began to rise rapidly to 60 

mmHg and MIPS changed from 0.2 to 0.1 

degrees.  

In the experimental group (e.g., subject 

S20121213), the injection volume was nearly 1.4 

mL (from 250 to 520 s). Cerebral blood volume 

regulation dominated this compensatory range 

and its regulatory ability was obviously less 

significant than CSF. Since compensatory 

regulation was eventually exceeded, ICP showed 

a major rise with the increase in injection 

volume.  

Given the less significant change in the cranial 

content and the smaller conductivity of cerebral 

blood than CSF, the sensitivity of MIPS 

subsequently decreased and its slope began to 

slowly change. As the findings revealed, phase 

IV was more complicated (from 500 s to the 

end). As shown in Figure 6,  HR abruptly 

increased and fell, and the vital signs became 

unstable. Therefore, ICP showed a dramatic 

fluctuation, whereas the MIPS slope changed 

steadily. 

We performed paired t-test for the evaluation of 

ICP and MIPS of seven rabbits from the 

experimental group. The corresponding t-values 

of MIPS and ICP were 4.923 and 7.405 with 

probabilities of PICP = 0.008 and PMIPS = 0.002, 

respectively (P=0.01). Both MIPS and ICP of 

the experimental group were significantly 

different from the control group. Figure 8 shows 

the MRI results in the experimental and control 

groups. The ACH regions are circled in red at 

the brain parenchyma in Figure 8B. 
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(A) 

(B) 

Figure 8. A) Brain MRI of one rabbit from the control group. B) Brain MRI of a rabbit with ACH. ACH regions are circled in 

red at the brain parenchyma. 
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Figure 9. The change of MIPS in the experimental and 

control groups. The average value of MIPS in seven rabbits 

from the experimental group fell from 0.37 to 0.16 degrees, 

with the injection volume increasing from zero to about 

2.22 ml. For the control group, MIPS changed from 0.08 to 

0.1 degrees. 

 

 
Figure 10. The change of ICP in the experimental and 

control groups. The average ICP in seven rabbits from the 

experimental group rose from 11 to 58 mmHg with the 

injection volume rising from zero to about 2.22 ml. In the 

control group, ICP changed from 11 to 13 mmHg. 

 

 

The MIPS and ICP data were analyzed when HR 

was stable in rabbits. Changes in MIPS and ICP 

in the experimental and control groups are 

shown in Figures 9 and 10. The average MIPS 

of seven rabbits from the experimental group fell 

from 0.37 to nearly 0.16 degrees, while the 

injection volume rose from 0 to about 2.22 ml, 

as demonstrated in Figure 9. Therefore, MIPS 

dropped by 0.095 degrees, while ICP increased 

by 21.17 mmHg (1 ml bleeding). 

Figures 9 and 10 also show that MIPS changed 

from 0.08 to 0.1 degrees in four rabbits from the 

control group due to a temperature drift. The 

slow increase in the ICP of the control group 

could have been caused by a spontaneous 

intracerebral hemorrhage or cerebral edema in 

the craniotomy; accordingly, MIPS might have 

dropped by 0.095±0.0035 degrees (1 ml 

bleeding). By excluding the influence of 

temperature drift from the MIPS detection 

system, the MIPS value would be larger.  

 

4. Discussion 
Figure 11 shows the MIPS slope in the 

experimental group. It is clear that the MIPS 

slope in all the samples ran from high to low. 

This tendency supports our assumption that 

MIPS is more sensitive in the early stage of 

ACH. The slope of ICP changed from  

moderate to steep and was contrary to the 

change in MIPS. We can draw the conclusion 

that our method may be used to monitor ACH. 

Changes in ICP and MIPS in seven rabbits of 

the experimental group had a negative 

correlation, and the corresponding values 

ranged from 0.50804 to 0.90914. 

 
Figure 11. The slope of MIPS in the experimental 

group. The average slope for seven rabbits ranges from 

1.6079 *10
-4 

to 1.9076*10
-4

. 
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The shift in MIPS might reflect a change in 

CSF and cerebral blood volume, as previously 

reported in the literature [9-16]. Our MIPS 

system was able to detect the volume of ACH 

with a non-invasive and non-contact method. 

The comparison of analytical and experimental 

results with previous studies [7-9] suggests 

that various physiological conditions in the 

brain, such as edema and ischemia, can be 

distinguished through the analysis of MIPS 

change at specific frequencies. 

Edema development after ACH can elevate 

ICP and cause herniation, brain stem 

compression, and death [17]. Clinical studies 

have demonstrated that the maximum rate of 

ACH-induced death occurs within the first few 

days following ictus and is likely to be 

associated with progressive edema 

development [21-24]. Since edema is nearly 

maximal at 24 h after ACH, therapy directed at 

reducing edema formation must be initiated on 

the first day [25]. 

In our experiments, the volume of edema 

changed insignificantly within a short time 

span (about 900 s) and there were no 

noticeable changes in MIPS in the control 

group; therefore, the change in MIPS was 

mainly a consequence of ACH. Considering 

the brain damage, spontaneous cerebral 

hemorrhage, and cerebral edema, the blood 

volume flow rate was approximately 100-300 

µl (individual differences) in less than 1 h after 

craniotomy [26]. Overall, an animal 

hemorrhage model should consider 

spontaneous intracerebral hemorrhage; it 

should be noted that the cerebral perfusion 

pressure remained mainly unchanged. 

We also performed simulation studies, using 

the finite element method (FEM). MIPS 

dropped by 0.026 degrees with 2.22 mL 

bleeding. The results showed that MIPS 

changes were a function of volume for the 

simulated hemorrhage conditions. The 

experimental results were not on the same 

order of magnitude as the simulation results. 

While the observed difference could be 

attributed to various factors, the main reason is 

the use of a simplified brain model. The 

comparison with FEM simulation and our 

previous salt simulation studies [15, 16] 

suggests that a simple brain model could show 

similar MIPS changes and the results would be 

still different from the actual findings. 

Accordingly, in future studies, we aim to 

develop a more comprehensive brain model. 

 

5. Conclusion 
Measurement of MIPS changes is potentially a 

simple method for primary and non-contact 

detection of the occurrence and progression of 

cerebral hemorrhage. This method is useful in 

emergency medicine, critical care, and other 

clinical fields; additionally, the applied device 

is small and portable.  

This study sought to reveal the relationship 

between MIPS and ICP changes, using an 

animal model. We deduced the theoretical 

relationship between conductivity and ICP (

0

KAP P e 
), based on the brain model. We 

verified our observations according to the 

experimental results. In this study, we 

proposed a novel hypothesis, which still has 

some deficiencies. Biological tissues lack 

uniform conductivity distribution, and the 

geometric size determining the surrounding 

electromagnetic field is not static. Therefore, 

the next step is to improve the theoretical 

model and attempt to solve this shortcoming.  

In this study, the curve of changes in MIPS 

was significantly related to the changes in ICP. 

This observation suggests that the applied 

method could be valuable in emergency 

medicine as an early indicator. Moreover, this 

method could be applied in geriatric medicine 

for homebound debilitated individuals, 

diagnostic ultrasound imaging of the fetus, 

ICP measurements and continuous monitoring 

in critical care units, and assessment of 

unconscious patients in ICUs. This study also 

suggests that MIPS could be used in studies on 

monkeys and dogs.  

Numerous factors are involved in the increase 

in ICP. The MIPS method could not identify 

all intracranial pressure factors, which need to 
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be assessed. Therefore, we need to perform a 

comparative study of cerebral hemorrhage and 

cerebral edema. We hope to improve the 

operating speed of the phase detector in order 

to achieve real-time monitoring of MIPS (<5 

ms), based on the National Instruments-PCI 

Extensions for Instrumentation (NI-PXI).  

To improve the rabbit experiments, we need to 

examine different bleeding positions, induce 

cerebral edema, and use large samples. We 

plan to use imaging methods to demonstrate 

the regulating effects of CSF and cerebral 

blood. This experiment was only a theoretical 

research into conductivity and ICP change. In 

future studies, we aim to identify feature 

points of slow to rapid changes in ICP and 

calculate the threshold in order to facilitate the 

use of these findings in clinical applications. 

This study was a preliminary research, and 

further analysis is required to confirm our 

observations. 
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