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Abstract -- In hydrocephalus and severe brain injuries,
Intracranial Pressure (ICP) monitoring is commonly used for
neurological care, as raised ICP affects cerebral perfusion besides
compressing brain tissues. There is a compelling demand of the
biomechanical parameters estimation for clinical use and their
impact on ICP. Several models have been reported to simulate
certain aspects of ICP. However, there are very few models that
encompass so many parameters and still remain simple. A versatile
system modeling technique of power balance has been employed to
develop a biomechanical model of ICP for its possible application
in the clinical parameter estimation. The model has been validated
employing reported data.
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[. INTRODUCTION

IN hydrocephalus and severe brain injuries ICP monitoring
is commonly used for neurological care (Becker 1977, Miller
1987), as raised ICP affects cerebral perfusion (Ursino, et al.
1997) and also compresses brain tissues (Hakim ef al. 1984).
The prevailing views regarding the genesis of ICP can be found
in the literature (Agarwal ef al. 1969, Berman et al. 1984;
Guinane 1972, Czosnyyka 2000; Ursino 1988; Ursino et al.
1997). The present study proposes a more realistic and yet
tractable model involving important clinical parameters and
correlates of the ICP. The present model developed applying
fluid power balance to CSF system also incorporates additional
features like visco-elasticity of the brain tissues.

II. MODEL FORMULATION

Cranio-spinal system, the contents of cranial and spinal cavity
is divided into dual flow system namely: Blood flow and CSF
flow systems. The later is of the primary interest for present
study. CSF system is in the state of power balance (exchange)
with: (i) cerebral blood volume perturbation through cerebral
vascular system from within, (ii) spinal epidural volume
perturbation via dural membrane exteriorly and (iii) CSF
volume accumulation itself. Therefore, capturing minute details
of ICP’s fluid dynamic behavior, fluid power balance is thought
to be most appropriate one along with certain simplifying but
valid assumptions.
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A. Power Balance Model Structure

Let at any instant 7, £ and Pf be respectively instantaneous
spatial mean ICP and lateral ventricular ICP in supine position
of the adult human. Let these pressures be related through a

spatial pressure distribution factor, k s as follows

Py =k, P, (1)

The pressure Pf resists to the total volume changes namely:

dh
dv—b), CSF volume (£
dr dt

crano-spinal-space and additionally, subdural blood volume

cerebral blood volume ( /) within

perturbations (62’_f ).
1

dv P dv .
+
dt dt
deform the CNS tissue complex is utilized to: (i) deform CNS
tissues and dural membrane and (ii) meet-out viscoelastic power
losses of brain tissue complex.

. . - av,
Total fluid power available £ ( ar + to

However, rate of change of deformational potential energy
du
(—) ofthe CNS tissue complex and its viscoelastic power
t

losses (Ff ), fluid power balance gives
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B. Elastance Coefficient and Its Significance

Equation (2) can be simplified if P_f is assumed to be related
as follows

_ dP, 0P, gy _dP,
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where 7 = , is a pressure energy gradient of the CNS

tissue complex which is related to elastance coefficient as
proposed by Avezaat et al. (1979).
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C. Viscoelastic Aspects of Brain Tissue Complex
Assuming, the brain-tissue complex be pieces-wise linear-

viscoelastic. The spatial mean of viscoelastic stress (0. ) of

Vis

o . de
brain tissue complex and corresponding shear rate (— )

de

are related as follows 5 = 7, —
Vi t dl’

is

4)

where 7y, is viscoelastic coefficient of brain tissue and & is
mean shear strain of the brain tissue complex.

Let viscoelastic energy loss for infinitesimal change in shear

strain d& due to viscoelastic stress O, of brain tissue with

volume vbz be dw.

Then, from the concept of elastic potential energy

de
=MV (E)2

Further, mean shear strain & is approximated by the relative
CSF volume perturbation within the CSF System.

)
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where vV, and

f

CSF volumes.

v, are respectively instantaneous and mean

S

Therefore, equations (5) and (6) give
dr
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D. CSF Balance

q 7 (ml/s) is the CSF secreted actively in the ventricles /,,

mock CSF being infused in lateral ventricle in supline position
and g p (ml/s) is CSF drained into superior saggital sinuous with
blood pressure P s (mmHg) via arachnoid villi, and hydraulic

resistance offered, R S (mmHg.s/ml) then,

(Pf_
R

PVS )
95 = :
f

Thus, applying CSF fluid balance gives

®)

dv
dt

i
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But equations (1-3 & 7) give
a5 _
dt

ah
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However, elastance of the CSF system Ef (mmHg/ml) is
defined as

dp, (10)
E, =
‘ av,
Therefore equations (9) and (10) give
dar dy dy B .
E =L =2 P+ 4+~ +)-A B +q,+P,
T dy A Y dy R,.r) LB, +q5 4 Ry) (11)
where B, = il
kf

E. Predictions of Proposed Model

The equation (11) predicts four important things: 1) the
elastance—pressure relationship is linear for given constant

infusion /, and other parameters involved, vary insignificantly.

2) Elastance-pressure line’s £, =aP, —b slope (a)and

intercept (b ) are negatively correlated for infusion tests with
common factor of A r -

d B
L_F_f)

v, R,

b,
v,

b=A,B,(I,+q,+P,/R,)

Where and

a=A,(1+

A prolonged constant rate CSF infusion in animals produces
plateau pressure wave, which attains constant steady state
value of ICP.

The value of steady state plateau pressure Pﬁ is obtained by
solving equation (11) for pressure:

Py

_(E 2+ B,(I;+q,+P, /R,)
v, - dv, B,

e + _)
dvf v, R,

(11)

1+

This equation clearly indicates Pﬁ include both viscous as well

elastic components smaller the value of /, more dominant the
later one will be.

4) Pﬁ is affected by viscoelastic behavior of the brain
tissues and other parameters as well. Subsequent section
validates the proposed model, employing reported human
clinical data.



III. MODEL VALIDATION AND DISCUSSION

The power balance biomechanical model of ICP predicts
that CSF elastance (Ef) in elastance-ICP plane can be
approximated by line with a positive slope and negative
intercept for a constant infusion rate, which has been reported
in experimental studies (Avejaat ef al. 1979). Present model
also spells clearly that there is a common multiplying factor
A r between the slope and the intercept with opposite sign.

A. Validation of Key Model Predicted Features

These predictive features of the proposed model will be
authenticated employing clinical data in human reported by
Paltsev et al. (1982). Paltsev et al. (1982) in their clinical
study measured the ICP at the level of ventricle (left) in
supine position of the brain tumors patients post operatively
by ventricle fluid injection method.

The slopes and intercepts of elastance-ICP line reported by the
same investigator for two groups (I & II) comprising of sixteen
human of subjects each are analyzed for possible correlation
using MATLAB software. A matrix 16x2 consisting of two
columns of the slopes and the intercepts as variables with
sixteen entries each are evaluated for possible correlation for
every group separately. The MATLAB xcorr(slope; intercepts)
returns correlation matrix (R) along with corresponding p-value
matrix. If the p-value of corresponding entry of R matrix is
smaller, correlation is considered to be stronger. The diagonal
value gives the auto-correlation coefficient and whereas off-
diagonal entry of R matrix gives cross-correlation between
slope and intercept variables. The R and p-value matrices for
two set of data as obtained are presented as follows.

Group -1
1.000  -0.4576] 44 1.0000 0.074
= p-value
—-04576 1.000 0.0746 1.0000

In the R with diagonal values are autocorrelations of the
slope and intercept entry with corresponding p-value being
unity (high) implies that slopes and intercepts data are not
correlated to them self. However, off-diagonal entries (-0.8271)
shows cross correlation between slope and intercept variables
corresponding p-value (0.0746) which is strong and negative.

Group -II
- 1.0000 0.074
_[ 1000 ~04576] ang ), e
—-04576  1.000 0.0746 1.0000

Similarly for second group as well the correlation between
slope and intercept is very strong and negative.

The (mean * variance) values of slopes and intercepts for both
the groups are respectively
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Group —I Slope =0.075 + 0.011 and Intercept = 0.83 + 0.12
Group —II Slope =0.117 + 0.018 and Intercept = 0.76 + .05

The possible application of this model is in calculation of
dynamic blood volume change by measuring the ICP alone,
which is otherwise quite involved and tedious measurement.

However, its accuracy is limited by A e If the CSF infusion
rate is constant and continues for duration sufficiently larger
then the cardiac synchronous blood volume changes and other
artifacts are averaged out, the resultant ICP will be purely
CSF accumulation. Hence, under such condition, it can be
used to measure other parameters optimally by varying model
parameters to best fit the measured ICP dynamically.

IV. CONCLUSION

The proposed model is validated through its critical predictions.
These predictions are found in conformity to reported results.
The plateau ICP wave’s dependence on several parameters
has been revealed by the present model which is also reported
in experimental studies. This model integrated most of the
significant features such as visco-elasticity without adding
complexity to the model, which is a significant aspect. This
model also gives the physical significance of the elastance-
coefficient more precisely and above all the model can be
employed for real time parameter estimation of elastance-
coefficient CSF out flow resistance, and also used for blood
volume perturbation measurement.
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