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INTRODUCTION

Intracranial pressure (ICP) is measured for monitor-
ing in severe clinical central nervous system conditions 
such as head injury and cerebrovascular disease. In 
such neurological monitoring, ICP measurements are 
performed at the bedside in the intensive care unit, 
and real-time monitoring would be ideal for this pur-
pose. Currently, routine ICP monitoring uses a pres-
sure transducer introduced into the cerebral ventricle, 
cerebral parenchyma, and subdural space. Indeed this 
type of monitoring technique is invasive, but simulta-
neous bedside monitoring is needed and unavoidable 
to improve outcome of critical care. Some patients 
exhibit gradual increases in ICP, e.g., as a result of 
progressive tumor growth, meningitis, and pseudo-
tumor cerebri. These patients＇ ICP increase becomes 
chronic. Such chronic increase is also recognized in 
patients with hydrocephalus, in which enlargement 
of the ventricular system occurs. Measurement of ICP 
is important for the diagnosis and management of 
chronic conditions. For such patients, there is consid-
erable interest in �nding a noninvasive way to estimate 
ICP. To clarify the cause of chronic increase in ICP, not 
only morphological assessment but also estimation of 
ICP itself is very helpful. 

Recently, various technologies have been designed 
to determine ICP noninvasively. Schmidt et al. mea-

sured arterial flow velocity in the middle cerebral 
artery using ultrasound to predict relative increases in 
ICP wave forms noninvasively [1]. Schoser et al. dem-
onstrated a linear relationship between mean ICP and 
maximum venous blood �ow velocity in the deep vein 
structures [2]. Shakhnovich et al. [3] and Ueno et al. [4] 
estimated ICP by ultrasound as well. In 2000, Alperin 
et al. �rst developed an MRI method of measuring ICP 
as well as a brain compliance (BC) indexes [5]. They 
estimated pressure gradient (PG) rather than ICP 
using phase-contrast (PC) magnetic resonance (MR) 
imaging of the cerebrospinal fluid (CSF) flow and 
the Navier-Stokes＇ equation. After they demonstrated 
that PG correlate well with ICP, which was measured 
by an invasive pressure probe, they derived BC index 
by using the monoexponential relationship between 
PG and intracranial compartment volume change 
over a cardiac cycle obtained also by the PC-based 
arterial and venous blood flow quantification. As an 
alternative approach, we have proposed a noninvasive 
technique to evaluate ICP index and brain compliance 
(BC) index based on an inverse analysis of a brain-
circulation-equivalent electrical circuit model, in which 
MR-measured CSF �ow and blood �ow rates are used 
as electrical currents [5]. Although the validity of the 
technique was assessed by phantom experiments fol-
lowed by volunteer experiments, the relationships of 
the ICP and BC indexes with corresponding results ob-
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tained by the Navier-Stokes-based approach remained 
unclear.

Thus in the present work, the equivalent circuit 
technique and the Navier-Stokes＇ equation technique 
will be directly compared and complementary use 
of these techniques will be examined. All the human 
studies were approved by the internal review board of 
our institution and appropriate informed consent was 
obtained from the volunteers.

METHODS

Image acqusition
Quantitative phase contrast flow measurements 

were performed in 25 healthy volunteers (23-63 years 
of age) and 23 patients (8-78 years of age) with chron-
ic increase in ICP due to brain tumors using a 1.5-T 
scanner (Gyroscan, Philips; Best, The Netherlands) 
with the following settings: TR/TE/FA, 20.1 ms/12.7 
ms/10 degrees; slice thickness, 10 mm; FOV, 160 × 
160 mm2; spatial matrix, 256 × 256; VENC, 80-100 
cm/s for blood, and 5-10 cm/s for CSF. Scanning was 
performed with a single oblique slice placed to be 
perpendicular to the celebrospinal space at the level 
of the foramen magnum of each volunteer. Data were 
acquired continuously with peripheral monitoring of 
cardiac pulse form, and then sorted retrospectively 
to reconstruct a set of velocity images at 16 cardiac 
phases. 

In addition to the above mentioned experiments 
with the volunteers normally ventilating, another ex-
periments on six volunteers (21-25 years of age, male) 
with hyper-ventilating condition were examined, in or-
der to observe changes of the indexes. During similar 
�ow acquisitions described above, each volunteer was 
�rst requested to relax but to keep awake. Before this 
observation, the volunteers sit at least for 30 minuits 
in the MRI stuite to have good rest. In the following 
observation, the patients were requested to have deep 
and continuous breathing (15-20 times/min) to be 
slightly hyperventilated. The volunteers then relaxed 
and kept awake again during scanning. The acquisi-
tion settings were identical with the above.

To examine the effect of pre-experimental condi-
tions of the volunteers, each patient was also requested 
to have walking exercise (going up and down stairs 
with around 400 steps) immediately before scanning 
in the separate experiments.

Image processing
The voxels with arterial, venous and CSF �ows were 

differentiated to each other and segmented from the 
surrounding stationary tissues by using a pulsatility-
based segmentation (PUBS) technique [6]. The refer-
ence points for PUBS processing were manually set 
and the segmentation result was visually assessed by 
skilled neurosurgents (MM or AH). The velocities of 
the �ows at each voxel were then multiplied with the 
cross sectional area of a voxel (0.875 × 0.875 mm2) to 
calculate the �ow volume per an unit time. Then the 
time seriese of the total �ow rates at the carotid and 
vertebral arteries, the internal jugular veins, and the 
CSF space were obtained.

Equivalent circuit technique
To understand the physiological parameter such as 

pressure gradient of the CSF is very useful to deter-
mind the cause CSF abnormal distribution in the skull. 
To calculate a pressure gradient of CSF from the data 
of MRI, we have to rearrange several factors such as 
arterial pulsation, venous circulation, brain pulsation 
into simple electrical circuit model. To make the sim-
ple electrical circuit model is necessary to clarify the 
value of pressure gradient. The equivalent circuit tech-
nique, with two major brain circulation systems includ-
ing blood and CSF �ows, was modeled by the electrical 
circuit shown in Fig. 1. Relationships between the cir-
cuit components of the �uid and the electrical systems 
are shown in Table. The brain circulation was analyzed 
by inversely determining the circuit elements at the 
second side circuit (X2, R2, M) based on the currents 
given by the arterial blood �ow rate (I1) and the CSF 
�ow rate (I3). In this inverse analysis, the above men-
tioned �ow rates were used after Fourier transforma-
tion from time domain to frequency domain in order 
to perform the circuit analysis by so called complex 
calculation technique known in electrical engineering. 
The estimation function of the inverse analysis was the 
sum of the square error of the estimated CSF �ow rate 
from the measured one. The parameters, X2, R2 and M 
were estimated by the simplex method. One thousand 
sets of the initial conditions were given to the param-
eters, and the estimated values were mapped in the 
X2-R2-M space.

Brain circulation was analyzed inversely by deter-
mining the circuit elements at the second-order side of 
the circuit (X2, R2, M) based on the currents obtained 
as the arterial blood �ow rate (I1) and CSF �ow rate (I2). 
The BC index (BCI) was defined as M/X2, while the 
ICP index (ICPI) was de�ned as the voltage (V2 = (R2 + 
jX2)I2 ≈ jX2 ・ I2 (R2 << X2)) of the circuit. 

Navier-Stokes’ equation technique
In the Navier-Stokes technique, the same data sets 

were used for calculating the pressure gradient in the 
CSF �ow appearing in the following equation;

Δ

p = － t 
uv
u t  － t(v・

Δ

)v + μ

Δ2
v  [1]

where p is pressure, v is CSF �ow velocity, t is den-
sity and μ is viscosity. Because of the low viscosity and 
non-convective properties of the CSF �ow, the second 
and third term of the right side of the equation could 
be neglected. Correlation between the resultant pres-
sure gradient obtained by this equation and ICP index 
obtained by the equivalent circuit technique was evalu-
ated.

RESULTS

Fig. 2 shows the relationship between the peak-to-
peak CSF (CSFpp) and the peak-to-peak intracranial 
pressure index obtained as the second-order side volt-
age (V2) in the equivalent circuit model (EC-ICPIpp). 
Fig. 3 shows the relationship between the peak-to-peak 
CSF flow and the peak-to-peak pressure gradient ob-
tained by the Navier-Stokes equation (NS-PGpp). Fig. 4 
shows relationships between peak-to-peak intracranial 
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pressure index (EC-ICPIpp) and the pressure gradient 
(NS-PGpp). Fig. 5 shows relationships between the ratio 
of peak-to-peak CSF (CSFpp) and arterial blood (Artpp) 
�ows and the brain compliance index de�ned as the 
ratio of the mutual inductance (M) over the reactance 
(X2) in the equivalent circuit model (EC-BCI).

The ICP index obtained by the equivalent circuit 
technique (EC-ICPI) correlated well with the pressure 
gradient obtained by the Navier-Stokes Technique 
(NS-PG) for both healthy and patient volunteers. The 
NS-PG was more directly calculated with CSF flow 
data. For the BC index, venous �ow must be used in 

NS-PG to calculate the total fluid volume change. In 
the equivalent circuit technique, venous �ow was not 
required since the BC index (EC-BCI) was calculated 
as the ratio between the mutual inductance (M) and 
the reactance (X2). EC-BCI correlated with the ratio of 
the CSF �ow and the blood �ow. Based on these �nd-
ings, the combination of NS-PG and EC-BCI appeared 
to be appropriate for characterizing the brain circula-
tion status of the volunteers. Fig. 6 shows sequential 
changes of EC-BCI in a healthy volunteer, while Fig. 7 
shows age-related change in EC-ICPIpp. Fig. 8 shows 
age-related change in NS-PGpp. BCI tended to decrease 
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with age. Moreover, EC-ICPIpp and NS-PGpp were nega-
tively correlated with age. For comparison between 
physiological and non-physiological conditions, hyper-
ventilation was performed by the healthy volunteers. 
Five of the 6 volunteers exhibited dramatic decrease 
in BCI after the hyperventilation task (Fig. 9). Three 
volunteers exhibited decrease in BCI without any 
changes in ICPI (Fig. 9), and 2 volunteers exhibited 
decreases in both BCI and ICPI. One volunteer exhib-
ited increased BCI without changes in ICPI (Fig. 9). 
Compared with the healthy volunteers, the patient 
group tended to exhibit slight increases in ICPI and 

decreases in BCI. However, most of the patients and 
healthy volunteers had overlapping values. In par-
ticular, 3 patients who had exceeded pressure index 
above 0.015, exhibited dramatic increases in ICPI with 
decrease in BCI. These patients complained headache, 
nausea, and some dif�culty of patient＇s daily life at the 
time of MRI study. Patients MRI showed that massive 
volume of brain tumor in the intracranial parenchyma 
with severe perifocal edema. Clinically and morpho-
logically those patients classify into a chronic increased 
ICP condition. 
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Table	 Relationships between the circuit components of the �uid (left 
side) and the electrical systems (right side).

Fluid Electrical

Blood circulation 1st order circuit

CSF circulation 2nd order circuit

Ventricle wall Transformer

Heart Current source

Arterial �ow rate

Venous �ow rate

CSF �ow rate

Current I1

I2(= I1)

I3

Atmospheric pressure Ground voltage, G

Pressure on the brain tissue side

Pressure on the ventricle side

Voltage, V1

V2

Compliance and intertance

for the blood circulation

for the CSF circulation

Reactance

X1

X2

Resistance

for the blood circulation

for the CSF circulation

Resistance

R1

R2

Fig. 2	 Relationships between the peak-to-peak CSF �ow (CSFpp) and the 
peak-to-peak of the intracranial pressure index obtained as the 
second-order side voltage (V2) in the equivalent circuit model 
(EC-ICPIpp). Triangle and dot line indicates patients data. Black 
dot and continuous line indicates healthy volunteer＇s data.
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Fig. 3	 Relationships between the peak-to-peak CSF flow (CSFpp) and 
the peak-to-peak pressure gradient obtained by the Navier-Stokes 
equation (NS-PGpp). Black dot and continuous line indicates 
healthy volunteer＇s data.
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sure index (EC-ICPIpp) and the pressure gradient (NS-PGpp). 
Black dot and continuous line indicates healthy volunteer＇s data.
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Fig. 5	 Relationships between the ratio of peak-to-peak CSF (CSFpp) 
and arterial blood (Artpp) �ows and the brain compliance index 
de�ned as the ratio of the mutual inductance (M) over the reac-
tance (X2) in the equivalent circuit model (EC-BCI). Black dot 
and continuous line indicates healthy volunteer＇s data.
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Fig. 7	 Age-related change of the peak-to-peak of the intracranial pres-
sure index (EC-ICPIpp). Black dot and continuous line indicates 
healthy volunteer＇s data.
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Fig. 8	 Age-related change of the peak-to-peak of the pressure gradient 
(NS-PGpp). Black dot and continuous line indicates healthy vol-
unteer＇s data.
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DISCUSSION

The ICP index obtained by EC-ICPI correlated well 
with the pressure gradient obtained by NS-PG for 
both healthy volunteers and patients. NS-PG was more 
directly calculated with CSF �ow data. For BC index, 
artery and venous �ows must be used in NS-PG to cal-
culate the total �uid volume change. In the equivalent 
circuit technique, the venous flow was not required, 
since EC-BCI was calculated as the ratio between the 
mutual inductance (M) and the reactance (X2). EC-
BCI correlated with the ratio of the CSF �ow and the 
blood �ow. Based on these �ndings, the combination 
of NS-PG and EC-BCI appeared to be appropriate 
for characterizing the brain circulation status of the 
volunteers. Using EC-ICPI and EC-BCI, we found some 
clinical differences between healthy volunteers and 
patients with chronically increased ICP. In particular, 
6 of 9 patients had increased EC-ICPI with decreased 
EC-BCI. This result provides significant noninvasive 
physiological information. Four of 9 patients exhibited 
slightly decreased EC-BCI but overlapping EC-ICPI. 
We have excluded patients into MR scanner those who 
severely increased ICP in clinically. This is the reason 
why 4 of 9 patients overlapped their EC-ICPI and EC-
BCI. This is a limitation of our study.

O＇Connell emphasized the contribution of the 
cardiac and respiratory pulses in the CSF pressure to 
the mixing of cranial and spinal fluid [7]. Pulsatile 
movement in the ventricular system was particularly 
observed in the IIIrd ventricle, providing a pump 
action that consisted largely of a rhythmic squeezing 
in the IIIrd ventricle. In 1977, Ekstedt reported the 
relationship between CSF pressure and CSF �ow in a 

human subject [8]. The results clearly demonstrated 
an approximately linear relationship. We could there-
fore estimate CSF pressure using CSF �ow determined 
by MR. It is known that decrease in CO2 tension in the 
blood induced by hyperventilation causes a moder-
ate decrease in cerebral blood flow. The decrease in 
cerebral blood �ow is explained by vasoconstriction of 
cerebral vessels. In the present study, the decrease in 
arterial �ow in one cardiac cycle averaged from 17% 
to 40% during hyperventilation. All healthy volunteers 
except one in the present study exhibited decreases in 
BCI during hyperventilation, and after hyperventila-
tion EC-BCI returned to within normal range. This 
may explain the vasoconstriction in brain parenchyma. 
Interestingly, 3 patients exhibited increased ICPI with 
dramatic decrease in EC-BCI. These 3 patients had 
huge meningiomas and obstructive hydrocephalus. 
These patients complained of headache and nausea 
with papilledema. Clinically, these 3 patients were clas-
si�ed as having moderately increased ICP. Therefore, 
the electrical equivalent circuit method may provide 
the useful information to assess the fine intracranial 
condition between physiological and pathological con-
dition. 

This noninvasive measurement of EC-ICPI and EC-
BCI by MR enables understanding of the intracranial 
environment. Clinically, the role of MR-based ICP 
measurement may differ from that of the current inva-
sive technique. Whereas invasive monitoring provides 
continuous ICP measurements usually obtained in the 
intensive care unit for patients with severe neurologi-
cal disease, MR assessment of ICP is not continuous. 
There are several clinical advantages to use of this 
noninvasive ICP measurement technique by MRI in 

Fig. 9	 Changes of the brain compliance and ICP index after the hyperventilation. The arrows 
indicate the changes of the indexes with hyperventilation. Black dot indicates healthy 
volunteer＇s data before hyperventilation task. White circle indicates healthy volunteer＇s 
data after hyperventilation.
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understanding the intracranial environment, especially 
in patients with moderate neurological disease. Using 
the phase contast MR technique, we measure a detail 
of blood �ow and CSF �ow during one cardiac cycle. 
Based on these data, we estimate the intracranial pres-
sure index and brain compliance index by electrical 
equivalent circuit method. We show that these index 
changes to response of intracranial condition with 
physiological and pathological condition. In order to 
assess the pathological condition using these indexes 
for clinical decision making, we will continue this re-
search for understanding a normal rage of �ows in the 
physiological condition not only one cardiac cycle but 
also respiration state. Moreover we apply this simple 
brain-circulation-equivalent electrical circuit model to 
understanding the velocity and pressure gradient of 
CSF in normal volunteer and patient [9].
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