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Abstract. Most attempts to study intracranial pressure using lumped-parameter models
have adopted the classical “Kellie-Monro Doctrine,” which considers the intracranial space
to be a closed system that is confined within the nearly-rigid skull, conserves mass, and has
equal inflow and outflow. The present work revokes this Doctrine and develops a mathe-
matical model for the dynamics of intracranial pressures, volumes, and flows that embeds
the intracranial system in extensive whole-body physiology. The new model consistently
introduces compartments representing the tissues and vasculature of the extradural portions
of the body, including both the thoracic region and the lower extremities. In addition to
vascular connections, a spinal-subarachnoid cerebrospinal fluid (CSF) compartment bridges
intracranial and extracranial physiology allowing explict buffering of intracranial pressure
fluctuations by the spinal theca. The model contains cerebrovascular autoregulation, regu-
lation of systemic vascular pressures by the sympathetic nervous system, regulation of CSF
production in the choroid plexus, a lymphatic system, colloid osmotic pressure effects, and
realistic descriptions of cardiac output. To validate the model in situations involving nor-
mal physiology, the model’s response to a realistic pulsatile cardiac output is examined. A
well-known experimentally-derived intracranial pressure-volume relationship is recovered
by using the model to simulate CSF infusion tests, and the effect on cerebral blood flow
of a change in body position is also examined. Cardiac arrest and hemorrhagic shock are
simulated to demonstrate the predictive capabilities of the model in pathological conditions.

1. Introduction

Lumped-parameter models represent an attractive method for examining pressure
dynamics involving complicated human physiology. In this modeling approach, the
physiological system is subdivided into a number of linked, interacting subunits
termed “compartments.” In general, each compartment will contain a single phys-
ical constituent, such as blood, cerebrospinal fluid (CSF), or tissue and interstitial
fluid. However, depending on the model’s complexity, a given constituent may ap-
pear in more than one compartment of the model. Dynamics in each compartment
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is specified by lumped, time-dependent functions giving compartmental pressures,
while incremental changes in flows and compartmental volumes are obtained by
associating resistance and compliance parameters with adjacent compartments. In
particular, interaction between adjacent subunits is assumed to take place at the
interfaces of the model’s compartments.

Models of this type have been used to study intracranial pressure for more than
200 years. However, with few exceptions, previous models have adopted restric-
tions known as the“Kellie-Monro Doctrine” to reduce complexity. The Kellie-Mon-
ro framework considers the intracranial system to be completely enclosed within
the intracranial vault, which is assumed to be rigid. A specified inflow of blood
to the intracranial arteries provides a forcing for the system, and outflow from the
Jugular Bulb is assumed to instantaneously equate to this inflow. These restrictions
yield a closed system with constant total volume. Strictly intracranial models have
produced a number of important results that illuminate the mechanisms of intracra-
nial pressure adjustments in situations involving both normal and pathophysiology.
However, the ability of these closed-system models to incorporate the influence of
important extracranial factors on intracranial pressure dynamics is clearly limited.
For example, the important buffering effects of the spinal CSF space on intracra-
nial pressure cannot be directly included. From a mathematical point of view, the
constant-volume constraint also produces an overdetermined system of equations
that requires special handling to avoid singular behavior.

The present model revokes the Kellie-Monro Doctrine by consistently embed-
ding the intracranial system within whole-body physiology. It involves 16 inter-
acting compartments, of which 9 lie entirely outside of the intracranial vault. Two
distinct compartments are defined to distinguish ventricular from extraventricular
CSF. The vasculature of the intracranial system within the cranial vault is also sub-
divided into five compartments representing fluid in the intracranial arteries, cap-
illaries, choroid plexus, veins, and venous sinus. The body’s extracranial systemic
vasculature is divided into six compartments representing the arteries, capillaries,
and veins of the central body and the lower body. Tissue and the associated intersti-
tial fluid in the intracranial and lower regions is divided into two compartments. A
composite compartment involving the tissues, organs, and pulmonary circulation
of the central body and an implicit compartment representing the external envi-
ronment complete the model. Since the time-dependent compartmental pressure
functions are obtained from physical pressures through a “lumping” procedure that
involves space-averaging over the physical extent of a compartment, the subdivision
of physical constituents into distinct spatially-limited compartments is necessary
to provide spatial resolution in this modeling approach.

In addition to allowing direct flows (e.g. arteries to capillaries to veins) between
adjacent compartments, the present work includes the extracranial transfer of fluid
between capillaries and tissue by filtration.An extracranial lymphatic system is also
included in the model. Components of the model allow regulation of systemic vas-
cular pressures by the sympathetic nervous system, and, at less than extreme (high
or low) pressures, autoregulation mechanisms provide constant blood flow to the
cerebrovascular capillaries and the choroid plexus as well as constant production
of CSF in the choroid plexus. Fluid intake, renal output of fluid, and adjustment
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of body volume in response to changes in ambient environmental pressure are al-
lowed. A realistic representation for cardiac uptake and cardiac output provides the
forcing for this system.

The form of the present model is a system of governing differential equations
for the fully time-dependent compartmental pressure functions. A key component
of the present work is determining appropriate forms for the non-constant resistance
and compliance parameters in the model, which may be functions of both pressures
and time. Calibration of physically-realistic scale values for parameters and flows
is also a key step in the simulation process.

2. Methods

In the present mathematical model, the human body is divided into 16 distinct com-
partments, as depicted in Figure 1. To help delineate the intracranial system, the
thick line in Figure 1 represents the cranial vault which differentiates intracranial
from extra-cranial compartments. The “lower” compartments represent the region
below the pelvis. The “central” compartments in the model represent the region
between the lower body and the clavicles and also include extracranial body com-
ponents above the clavicles but outside of the cranial wall. Eight compartments
in Figure 1 lie completely outside of the cranial vault, and a ninth compartment
includes both intracranial and extracranial physiology.

The majority of the compartments in the current model are vascular. The 11
vascular compartments can be subdivided spatially into three groups: intracranial
(compartments A, C, P, V, and S), central (I, J, and O) and lower (Z, D, and X).
There are 4 strictly non-vascular model subunits. These compartments represent
tissue matter and interstitial fluid (lower compartment G and brain compartment
B), as well as two cerebrospinal fluid compartments: Ventricular (F) and extra-ven-
tricular (T). It should be noted that compartment T is both an intracranial and a
central compartment. The rest-of-body compartment (Y) is a composite compart-
ment consisting of the pulmonary circulation, organs, tissue matter and interstitial
fluid. The external environment (compartment M) is also an implicit 17-th subunit
in the model. No attempt has been made to depict relative volumes in Figure 1, and
hence the relative sizes of these compartments in the figure do not reflect relative
volumes.

The pressure dynamics of the lumped-parameter model are described by a sys-
tem of differential equations derived below in section 2.1. Prior to solving these
equations, it is necessary to determine appropriate forms and approximate scale val-
ues for various model parameters. These parameters are calibrated in section 2.2.
Furthermore, the model contains cardiac forcing and autoregulatory mechanisms
for cardiac uptake, arterial pressure, intracranial blood supply, CSF production, and
lymphatic flow. These are described in section 2.3

2.1. Derivation of the governing equations

Four basic assumptions lead to the equations describing the pressure dynamics of
this system:
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Fig. 1. The 16 compartment model. A filled arrow indicates a one-way flow and a hollow
arrow indicates a pressure dependent resistance. Compartment labels are enclosed in paren-
theses with the spatially-averaged mean pressures in square brackets. The thick line indicates
the cranial wall.

• All fluids are considered incompressible and isothermal.
• Pressure driven flows are laminar and related to pressure differences by

Qij = Pi − Pj

Rij

= Zij (Pi − Pj ) = ZijPij , (1)

where Qij is the flow from compartment i into compartment j , Pi and Pj are
the spatially-averaged pressures of compartments i and j respectively, Rij is the
lumped resistance, Zij is the fluidity (inverse of Rij ), the pressure difference
Pij = Pi − Pj , and Rij = −Rji .
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• In the case of fluid filtration from the capillaries into the interstitial space, the
flow is governed by the Starling-Landis Equation

Filtration = Kct ((Pc − Pt) − σct (πc − πt )) = Kct (Pct − σct πct ), (2)

where Pc is the capillary pressure, Pt is the interstitial fluid pressure, πc is the
blood plasma colloid osmotic pressure, πt is the interstitial fluid colloid osmot-
ic pressure, Kct is the filtration coefficient, and σct is the capillary membrane
reflection coefficient. The notation for pressure difference has been extended to
osmotic pressure differences by defining πct = πc − πt .

• The deformation of the membrane between adjacent compartments is a function
of the change in pressure difference between these compartments;

dVij

dt
= Cij

d(Pi − Pj )

dt
= Cij

d(Pij )

dt
, (3)

where Vij denotes the instantaneous volume of the ‘cup’formed in the membrane
at the interface of compartments i and j , Cij denotes the compliance between
these two compartments, and Cij = Cji

The system of governing equations is now obtained by invoking the conserva-
tion law

flow rate in − flow rate out = rate of volume change (4)

in each compartment. In terms of pressure differences, this relation yields the fol-
lowing system of 13 differential equations and 3 scalar equations for the 16 body
compartments:

- Central Artery Compartment (I):

QHI − (ZIJ PIJ + ZIZPIZ + ZIAPIA) = CIT

dPIT

dt
− dVYI

dt
. (5)

- Central Capillary Compartment (J):

ZIJ PIJ − (KJY (PJY − σJY πJY ) + ZJOPJO) = 0. (6)

- Rest of Body Compartment (Y):

QW +KJY (PJY −σJY πJY )− (QYO +QK) = CYM

dPYM

dt
+ dVYI

dt
+ dVYO

dt
.

(7)
- Central Venous Compartment (O):

ZJ0PJO + ZXOPXO + ZSOPSO + ZT OPT O + QGO + QYO − QOH

= CT O

dPOT

dt
− dVYO

dt
. (8)

- Lower Artery Compartment (Z):

ZIZPIZ − ZZDPZD = CZG

dPZG

dt
. (9)
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- Lower Capillary Compartment (D):

ZZDPZD − (ZDXPDX + KDG(PDG − σDGπDG)) = 0. (10)

- Lower Tissue Compartment (G):

KDG(PDG − σDGπDG) − QGO = CZG

dPGZ

dt
+ CGX

dPGX

dt
+ CGM

dPGM

dt
.

(11)
- Lower Venous Compartment (X):

ZDXPDX − ZX0PXO = CGX

dPXG

dt
. (12)

- Intracranial Artery Compartment (A):

ZIAPIA − (ZACPAC + ZAP PAP ) = CAB

dPAB

dt
+ CAF

dPAF

dt
. (13)

- Intracranial Capillary Compartment (C):

ZACPAC − (ZCBPCB + ZCV PCV ) = 0. (14)

- Choroid Plexus Compartment (P):

ZAP PAP − (ZPF PPF + ZPV PPV ) = CPF

dPPF

dt
. (15)

- Intracranial Veins Compartment (V):

ZCV PCV + ZPV PPV + ZBV PBV − ZV SPV S = CBV

dPV B

dt
+ CFV

dPV F

dt
.

(16)
- Venous Sinus - Jugular Veins Compartment (S):

ZV SPV S + ZT SPT S − ZSOPSO = CT S

dPST

dt
. (17)

- Ventricular CSF Compartment (F):

ZPF PPF − (ZFBPFB + ZFT PFT )

= CAF

dPFA

dt
+ CPF

dPFP

dt
+ CFB

dPFB

dt
+ CFV

dPFV

dt
. (18)

- Extra-Ventricular CSF Compartment (T):

ZFT PFT + ZBT PBT − (ZT SPT S + ZT OPT O)

= CT S

dPT S

dt
+ CBT

dPT B

dt
+ CT O

dPT O

dt
+ CIT

dPT I

dt
. (19)

- Brain Compartment (B):

ZCBPCB + ZFBPFB − (ZBV PBV + ZBT PBT )

= CAB

dPBA

dt
+ CBV

dPBV

dt
+ CFB

dPBF

dt
+ CBT

dPBT

dt
. (20)
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The terms dVYI /dt and dVYO/dt in the conservation equations for compart-
ments Y, I, and O have been left intact in (5), (7), and (8). These volume changes
include components that reflect the regulation of arterial pressure by the sympa-
thetic nervous system. They are considered in section 2.3.3. The terms involving
dPM/dt in the conservation equations for compartments Y, and G (equations (7)
and (11)) denote a volume change for which there is no compensation through an
equal but opposite volume change in an adjacent body compartment. Specifically,
these terms reflect volume increases (or decreases) into the ambient environment,
which is considered infinitely large and unaffected by pressure changes within the
body. This additional Ambient Environment compartment (M) is similar to the
ground in an electrical circuit model. It will be maintained at a constant pressure
value in exactly the same way that the ground voltage in a circuit model is given
a prescribed value relative to which all other values are gauged. Accordingly, the
ambient environmental pressure PM is fixed here at a constant reference value of
zero mmHg. If this is not appropriate for a situation being studied, or if the ambient
pressure changes with time, then PM must be considered as a forcing term in the
system of equations.

The set of governing equations may be summed to derive the following con-
straint regarding compliances between the body and the external environment:

(QW − QK) + (QHI − QOH ) = CYM

dPYM

dt
+ CGM

dPGM

dt
. (21)

If cardiac output equals cardiac uptake (QHI = QOH ) and the atmospheric pres-
sure is constant, equation (21) simplifies to

QW − QK = CYM

dPY

dt
+ CGM

dPG

dt
. (22)

If, in addition, QW = QK = 0 or fluid intake equals fluid discharge (QW = QK ),
then (22) implies as expected that the net volume change of the entire body system
must be zero. Furthermore, if QW > QK , as will initially be the case when a glass
of water is consumed, the net volume of the body will increase. By (22), one of
the internal compartmental pressures: PG, or most likely PY , must now increase.
However, if as will be the case, CYM is large, the resultant pressure increase in
compartment Y due to the volume input from the ambient environment will be
small.

2.2. Parameter expressions and calibrations

The fluidities in equation (1) that relate flows to pressure differences are derived in
section 2.2.1. The filtration and reflection coefficients of equation (2) are calibrated
in section 2.2.2. The compliances in equation (3) that relate pressure differences
and volume adjustments are calibrated in section 2.2.3.
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2.2.1. Fluidities
Each constant fluidity Zij between arbitrary adjacent compartments i and j may
be calculated by substituting the mean pressures and the mean flow rates into equa-
tion (1) and solving for Zij , giving

Zij = Qij

P i − P j

. (23)

Therefore, once the mean flows and pressures are estimated from physical data,
the associated constant fluidities may be calculated from (23). Some model fluid-
ities are pressure dependent, and a discussion of appropriate expressions for these
fluidities will be postponed until sections 2.3.2, 2.3.3, and 2.3.4 where CSF, cere-
brovascular, sympathetic nervous system, and cardiac autoregulation mechanisms
are modeled. However, even for a non-constant fluidity, a mean scale value may
still be calculated from (23). In the calibrations that follow, mean flows and pres-
sures reflect physiological values for an average human in a lying down (supine)
position. Mean pressures (in mmHg) for this state are displayed in square brackets
in Figure 1.

To estimate mean flows, it will be assumed that compartmental volumes re-
main constant in the mean state. Compartmental pressures are certainly pulsatile,
so the system will have a mean state, but not a steady state. However, since vol-
ume changes are related to pressure differences between adjacent compartments,
if pressures in adjacent compartments move in tandem in the mean state, volumes
will remain unchanged. Therefore, for a given compartment, if all but one of the
mean flows are known, the final mean flow may be determined from maintaining
constant volume. Further, once mean flows into and out of a given compartment
are determined, these values provide data for flows in the adjacent compartments.
While many flows can be estimated from data available in published literature, most
mean flow calibrations must make use of the constant volume assumption.

As a starting point for the calibration of mean flows, consider the percentages
of cardiac output QHI that exit the central arteries into the three peripheral vascular
systems: A, J or Z. These percentages, in decimal form, are given below with data
references noted in square brackets.

pia = .15, = % of cardiac output into intracranial region [11] (24)

piz = .25, .35, = % of cardiac output into lower region [7,24] (25)

pij = 1 − (pia + piz), = % of cardiac output into rest of body (26)

Additional helpful percentages and ratios include

ppf = .70, = % of CSF formation from the choroid plexus [32] (27)

λ = 250, = QAC / QAP [16] (28)

pts = .80, = % of CSF drained into venous sinus [41] (29)

Literature values give the following mean flows in ml/min:

QHI = 5000, 6600, 6900, Cardiac output [11,24,26] (30)
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QCF = 2, Total capillary filtration (with 2/3 from liver and intestines) [11]

(31)

QJY = QCF

(
2

3
+ 1

3

pij

pij + piz

)
,

Total capillary filtration into central tissue [11] (32)

QDG = 1

3

piz

pij + piz

QCF , Total capillary filtration into lower tissue [11] (33)

QF = .35, Total CSF formation [11,32] (34)

QBV = .001, Imbalance of diffusion on venule side of cerebrovasculature [36]

(35)

QFB = .044, Flow of CSF through the Virkow-Robins Space [36] (36)

All of the remaining mean flows in the model may now be calibrated based on
equations (24) through (36) by invoking the constant volume assumption in each
compartment during the mean state. The calibration procedure yields the mean
flows:
Central Body Mean Flows

QOH = QHI from cardiac output = cardiac input [11] (37)

QIA = pia QHI from equation (24) (38)

QIZ = piz QHI from equation (25) (39)

QIJ = QHI − (QIA + QIZ) from constant volume in I (40)

QJO = QIJ − QJY from constant volume in J (41)

QYO = QJY from constant volume in Y (42)

Lower Body Mean Flows

QZD = QIZ from constant volume in Z (43)

QGO = QDG from constant volume in G (44)

QDX = QZD − QDG from constant volume in D (45)

QXO = QDX from constant volume in X (46)

Intracranial Mean Flows

QAP = QIA/(λ + 1) from constant volume in A and equation (28) (47)

QAC = λ QAP from equation (28) (48)

QPF = ppf QF from equation (27) (49)

QCB = (1 − ppf ) QF + QBV from QCB − QBV = (1 − ppf ) QF (50)

QCV = QAC − QCB from constant volume in C (51)

QPV = QAP − QPF from constant volume in P (52)

QV S = QCV + QPV + QBV from constant volume in V (53)

QBT = QCB + QFB − QBV from constant volume in B (54)
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QFT = QPF − QFB from constant volume in F (55)

QT S = ptsQF from equation (29) (56)

QT O = (1 − pts)QF from constant volume in T (57)

QSO = QV S + QT S from constant volume in S (58)

Equation (49) states that 70 % of the CSF formation comes from the choroid
plexus [32] and equation (50) states that the remaining CSF formation comes as a
filtrate from the capillaries through the brain via the Virchow-Robins system [32]
minus the amount reabsorbed at the venule side of the capillaries (QBV ). Notice
that, as should be the case, QBT + QFT = QF .

2.2.2. Reflection and filtration coefficients
There are two locations in the model where fluid flow is governed by the Starling-
Landis equation (2). These flows in the central and lower body are

QJY = KJY ((PJ − PY ) − σJY (πJ − πY )) (59)

QDG = KDG ((PD − PG) − σDG(πD − πG)) , (60)

denoting the flow from the capillaries into the tissue subunits of the central and low-
er body regions, respectively. Solving these relations for the filtration coefficients
in the mean state implies

KJY = QJY(
(P J − P Y ) − σJY (πJ − πY )

) (61)

KDG = QDG(
(P D − P G) − σDG(πD − πG)

) . (62)

The mean flows on the right hand side of these equations have been calculated in the
previous section, and the mean values adopted for the compartmental pressures PJ ,
PY , PD , and PG are indicated in square brackets in Figure 1. Thus, to determine the
filtration coefficients KJY and KDG, it is only necessary to calibrate scale values
for the mean colloid osmotic pressures and the reflection coefficients.

Mean interstitial fluid colloid osmotic pressure is given by

πY = πG = 8 mmHg [11,31]. (63)

and blood plasma colloid osmotic pressure by

πJ = πD = 28 mmHg [11,31]. (64)

Notice that these values are invariant with respect to central or lower regions. This
is not the case, however, with the reflection coefficients σJY and σDG. The reflec-
tion coefficient in the legs is estimated to be approximately 0.9 [34,40] while the
coefficient of the upper body is less than this value [31]. This is reflected by the
assignments

σJY = .8 (65)

σDG = .9 (66)

The filtration coefficients KJY and KDG in equations (61) and (62) are now readily
determined.
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2.2.3. Compliances
In this section, the various compliances in equation (3) that relate volume adjust-
ments to pressure differences will be calculated. In the intracranial region, com-
partmental volume increases are restricted by the rigid cranial wall. Consequently,
compartmental compliances must be pressure dependent and diminish to zero as
pressure differences become large. On the other hand, in extracranial regions, to
lowest order compliances may consistently be considered constant, approximating
a linear relationship between pressure differences and volume adjustments. The
present intracranial pressure-dependent compliances are extensions of those de-
rived in [38], while the constant extra-cranial compliances will be derived from
estimations of the volume and distensibility of each compartment.

Intracranial, Pressure-Dependent Compliances: In the simplified 4-compartment
whole-body model for CSF dynamics described in [38], there are only two pres-
sure difference-dependent compliances. They allow volume adjustments between
the CSF and arterial blood and between the CSF and venous blood. These compli-
ances have the general form described by the relation

C4
ij (Pij ) = Co

ij e
−rij |Pij |αij

, (67)

where Pij = Pi − Pj , and the subscripts i and j take the values C4
af (for arteri-

al/CSF compliance) and C4
f v (for CSF/venous compliance). For both pairs of index

values, coefficients and parameters in equation (67) are given by

Co
f v = 6.5333, rf v = 0.633431 αf v = 0.604229 (68)

Co
af = 1.82745, raf = 0.817102 αaf = 0.869393 (69)

This 4-compartment model contains an additional constant compliance between
the CSF and the rest of the body (g), which is approximated as

C4
fg = 0.13333. (70)

This feature represents the interface of extra-cranial CSF in the spinal theca with
the rest of the body. It also acts as a background compliance so that the total CSF
compliance can never reach machine zero in simulations.

In the present 16 compartment model, the division of the body’s cerebrosp-
inalfluid space is considerably more refined. Hence, the three CSF compliances
in the simple four compartment model of [38] must be appropriately apportioned
among the compliances of the present model. Three decimal percentages may be
introduced to describe this allocation of C4

f v:

pf v = .164 percentage of C4
f v allocated to CFV (71)

pto = .214 percentage of C4
f v allocated to CT O (72)

pts = .622 percentage of C4
f v allocated to CT S (73)

Equations (71–73) reflect the fact that total CSF volume is approximately 140 ml, 23
of which is found in the ventricles, 30 in the spinal cord subarachnoid space (theca)
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and the remainder in the cerebral cisterns and subarachnoid space [32]. Thus, if
the distensibility of the membrane is similar in these three different components
of CSF, then Cf v is 23/140 = .164 of C4

f v as indicated by pf v in equation (71).
This same technique yields the values in equations (72) and (73). The compliance
CPF is excluded in this division of C4

f v as the choroid plexus capillaries are known
to dilate and constrict in order to maintain a constant pressure difference between
these capillaries and ventricular CSF [11]. This maintains a constant generation
rate of CSF from the choroid plexus at normal pressure values [39]. Consequently,
a value for the compliance CPF is irrelevant in the absence of a pressure-difference
change.

The ratios that lead to equations (71)–(73) also imply the following percentages
describing the allocation of C4

af from [38]:

paf = .786 percentage of C4
af allocated to CAF (74)

pit = .214 percentage of C4
af allocated to CIT (75)

The background compliance C4
fg from [38] is now divided between venous

and arterial interfaces based on systemic venous volume being four times that of
arterial volume [11], giving

Cvenous = .8 C4
fg (76)

Carterial = .2 C4
fg (77)

The CSF-related compliances may now be calculated based on the above per-
centages as:

CFV (PFV ) = .95 pf v (C4
f v(PFV ) + Cvenous) CFV = 0.557868 ml/mmHg

CFB(PFB) = .05 pf v (C4
f v(PFB) + Cvenous) CFB = 0.036255 ml/mmHg

CT S(PT S) = 0.95 pts (C4
f v(PT S) + Cvenous) CT S = 1.27626 ml/mmHg

CBT (PBT ) = 0.05 pts (C4
f v(PBT ) + Cvenous) CBT = 0.137057 ml/mmHg

CT O(PT O) = pto (C4
f v(PT O) + Cvenous) CT O = 0.200936 ml/mmHg

CAF (PAF ) = paf (C4
af (PAF ) + Carterial) CAF = 0.0261999 ml/mmHg

CIT (PIT ) = pit (C4
af (PIT ) + Carterial) CIT = 0.00571427 ml/mmHg

where again, the pressure difference Pi − Pj is denoted Pij and the scale value
Cij = Cij (P i − P j ) = Cij (P ij ). The compliance CBT , introduced to incorporate
volume adjustments between the brain and subarachnoid CSF, is allocated 5% of
CT S . This states that of the bulk intracranial compliance in compartment T, 95% is
allocated to the interface with the highly distensible venous sinus veins and only
5% to the interface with the less distensible brain tissue. A similar allocation is
made for the bulk intracranial compliance of the ventricular CSF compartment F
with respect to the intracranial veins and the brain tissue.

Finally, brain/vascular compliances CAB(PAB) and CBV (PBV ) are defined by
reference to similar CSF/vascular compliances as:

CAB(PAB) = CAF (PAB) CAB = 0.0209523 ml/mmHg
CBV (PBV ) = CFV (PBV ) CBV = 0.688845 ml/mmHg.



Modeling intracranial pressure dynamics 359

Extra-cranial Compliances: When calculating extra-cranial compliances it is ad-
vantageous to first determine the total compliance of each compartment. This quan-
tity will be denoted by Ci with the subscript indicating the compartment. This type
of compliance can be described by the relation

Total Compartmental Compliance = Increase in Compartmental Volume

Increase in Compartmental Pressure
(78)

and may be experimentally determined by measuring the pressure change that is
induced by an estimated volume change and then taking the inverse of this ratio.
Unfortunately, clinical data does not exist for determination of all of the compli-
ances required for the current model. However, there is information in the literature
regarding volumes and distensibilities. These are related to compliance by

Compliance = Distensibility · Volume. (79)

Therefore, total compartmental compliance may be calculated from total compart-
mental volume (denoted Vi) and compartmental distensibility (denoted Di) through
equation (79). However, before calculating compartmental volumes and distensi-
bilities it is useful to describe how the resulting total compartmental compliances
will be allocated to the local inter-compartmental compliances.

Estimations of the local compliances are made by requiring that the sum of the
relevant local compliances must equal the total compliance being apportioned. With
this restriction, the model’s predicted compartmental pressure changes induced by
known volume changes should agree with experimental data. Based on this princi-
ple, the apportionment of total compliances among local compliances is described
by
Central, Local Compliances:

CIY = Max[CI − CIT , 0] ml/mmHg (80)

CYO = Max[CO − CT O, 0] ml/mmHg (81)

CYM = Max[CY − (CIY + CYO), 0] ml/mmHg (82)

Lower, Local Compliances:

CZG = CZ ml/mmHg (83)

CGX = CX ml/mmHg (84)

CGM = Max[CG − (CZG + CGX), 0] ml/mmHg (85)

Here, the Max[ , ] function is used to ensure that no negative compliances occur
in the model. For the particular choices of total compliances here, this function is
not needed, but it is included above as it may be required if total tissue compliances
are calculated to be much smaller.



360 W.D. Lakin et al.

Volumes: Total blood volume (Vblood ) is estimated at 5000 ml [11] and 5600
ml [24], where blood plasma makes up about 60% of this [11]. The relative vol-
umes of systemic veins, arteries and capillaries are [11]

Vsa = .16 Vblood systemic artery volume (86)

Vsv = .64 Vblood systemic vein volume (87)

Vsc = .04 Vblood systemic capillary volume (88)

Vpulm = .09 Vblood pulmonary system volume (89)

Vheart = .07 Vblood heart-blood volume (90)

These values are based on estimates that the systemic arteries comprise 13% of
the blood volume while the systemic arterioles and capillaries comprise 7%. In the
present model, arteriole volume is lumped with the arteries, and hence 3% of the
arteriole/capillary space in [11] is shifted here into the artery compartment resulting
in the percentages above. It should also be noted that these percentages imply that
systemic venous volume is four times that of systemic artery volume.

As a next step, arterial and venous volumes must be allocated between the intra-
cranial, lower, and central compartments. Estimates for this distribution are given
below. It should be emphasized that these are percentages of the systemic blood
and exclude the blood volumes in the heart and pulmonary system.

pVcran = .07 percentage of systemic blood, intracranial region [7] (91)

pVlower = .40 percentage of systemic blood, lower region [28] (92)

pVcentral = .53 percentage of systemic blood, central region [28] (93)

The above percentages lead to the following volumes for the extra-cranial, vascular
compartments:

VZ = pVlower Vsa = lower artery volume (94)

VI = pVcentral Vsa = central artery volume (95)

VX = pVlower Vsv = lower vein volume (96)

VO = pVcentral Vsv = central vein volume (97)

VD = pVlower Vsc = lower capillary volume (98)

VJ = pVcentral Vsc = central capillary volume. (99)

The volumes of the tissue and rest of body compartments are now calculated
based on interstitial fluid volume and intracellular fluid volume. Total interstitial
fluid volume is estimated in [11] to be 12 L, while total intracellular fluid volume is
estimated to be 28 L. Considering that approximately 2 L of the intracellular fluid
is contained in the blood cells, the following volume assignments can be made:

Vinter = 12000 ml = interstitial fluid volume (100)

Vintra = 26000 ml = intracellular fluid volume (101)
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With these volume assignments and the percentages in equations (92)–(93),
estimates for lower tissue and rest-of-body volumes become:

VG = pVlower (Vinter + Vintra) = lower tissue volume (102)

VY = pVcentral(Vinter + Vintra) + Vpulm = rest of body volume (103)

Distensibilities: Estimations for the pressure-strain modulus are given by Mil-
nor [24] and Nichols and O’Rourke [27] for various branches of the systemic
arteries. From this data, the distensibility of the various vessels can be calculated.
Of interest here are the calculated distensibilities for the ascending aorta and the
femoral artery, represented in the model by DI and DZ . Milnor’s data [24] suggests
that DI is 0.0036225 mmHg−1 and DZ is 0.00101 mmHg−1 while Nichols and
O’Rourke data [27] suggests DI is 0.00320141 mmHg−1 and DZ is 0.00237912
mmHg−1. Averaging these values results in the assignments

DI = 0.00341196 (104)

DZ = 0.00169456 . (105)

Since the central veins are 8 times as distensible as central arteries [11], DO is
calculated accordingly by

DO = 8 DI . (106)

There are some suggestions [42] that the upper venous distensibility may be larger
that of the lower leg, but these results are inconclusive. Therefore, lower venous
distensibility is set to

DX = DO. (107)

Consistent with [35], the capillary compartments C, J, and D are considered non-
deformable.

The distensibility of the lower tissue compartment is assigned a weighted aver-
age of the interfacing vein and artery distensibilities. Since the veins have 4 times
the volume of the arteries, these weights are used in

DG = DZ + 4 DX

5
= 0.0221754 (ml/mmHg)/ml (108)

Finally, the distensibility of the rest-of-body compartment (Y) is also a weighted
average based on its composition:

DY = pVcentral(Vinter + Vintra)DG + ( 4
5 Vpulm)DO + ( 1

5 Vpulm)DI

VY

= 0.0221838 (ml/mmHg)/ml (109)

The distensibilities of the extra-cranial compartments have now been deter-
mined. Combined with the volumes of the previous section, each extra-cranial
compartment now has an associated total compliance equal to the product of its
associated volume and distensibility.
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Fig. 2. The relationship between interstitial fluid pressure and relative lymph flow.

2.3. Forcing and regulatory mechanisms

2.3.1. Lymphatic autoregulation
The lymphatic system is represented in the present model through the flows QYO

and QGO . These flows provide pathways through which interstitial fluid can move
directly from the interstitium to the central venous system. Unlike the flows between
adjacent compartments, which are driven by pressure differences, the lymphatic
flow is governed almost exclusively by the interstitial fluid pressure [11]. This flow
increases 20 fold at interstitial fluid pressures near 4 mmHg from the corresponding
flow at an interstitial pressure of -6 mmHg. Below this interstitial fluid pressure
value, lymphatic flow ceases [11]. The relative lymphatic curve is modeled by the
logistic expression

Plymph(x) = M

1 + (M − 1)e−r(x+6)
, where M = 20 and r = 1 (110)

This function, depicted in Figure 2, defines the relative lymph flow in terms of inter-
stitial pressure. The large dot in Figure 2 denotes the mean pressure of interstitial
fluid in the model. Conversion of this relationship to the actual lymphatic flows
QGO and QYO is accomplished by defining

QGO(t) = Plymph(PG)QGO

Plymph(P G)
, (111)

QYO(t) = Plymph(PY )QYO

Plymph(P Y )
. (112)

In this manner, the mean flow is maintained at the mean pressure and can increase
or decrease accordingly. Based on equation (110), QGO can increase from a mean
flow of about 0.24 ml/min to 4.7 ml/min while QYO can increase from 1.76 ml/min
to 35 ml/min.
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Fig. 3. The percent reduction in QAC with respect to PA.

2.3.2. Intracranial autoregulation
Blood supply and CSF production is well regulated in the human intracranial sys-
tem [11,32]. This auto-regulation is achieved by the dilation and constriction of the
blood vessels induced by factors such as carbon dioxide concentration, hydrogen
ion concentration, oxygen concentration and intracranial pressures. The model in-
corporates such auto-regulation in the form of pressure sensitive fluidities depicting
either vessel constriction in the form of a reduced fluidity or dilation in form of
increased fluidity.

Blood flow into the cerebral capillaries is auto-regulated by a pressure depen-
dent fluidity ZAC defined by

ZAC = F(PA)

PA − PC

, (113)

where F(PA) is a logistic expression defined by

F(PA) = QAC

M

1 + (M − 1)er(P A−PA)
with M = 1.00001 and r = 0.25.

(114)
This implies that QAC = ZAC(PA −PC) = F(PA) and cerebral blood flow is thus
determined almost entirely by intracranial artery pressure and does not diminish
significantly until this pressure drops below 50 mmHg. The relationship between
QAC and PA is displayed in Figure 3.

Blood flow into the choroid plexus is regulated by a pressure-difference depen-
dent fluidity ZAP defined by

ZAP = QAP

(PA − PP )
· G(Pperf ) (115)

where the multiplier G(Pperf ) in (115) is a function of the perfusion pressure
Pperf = PA − PB that is unity when Pperf exceeds 55 mmHg and then falls
linearly to zero below this value. This implies that

QAP = ZAP · (PA − PP ) = QAP · G(Pperf ). (116)
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The multiplier G has been included in (115) to model the fact that CSF production
in the choroid plexus scales with blood flow, remains nearly constant over a wide
range of pressures, and is decreased as a function of the magnitude of the perfusion
pressure when Pperf falls below 50 to 60 mmHg [39]. From (116), blood flow into
the choroid plexus remains constant unless perfusion pressure falls to a low level.

Over the wide range of normal pressures, the production of CSF is auto-regu-
lated at the venous side of the choroid plexus capillaries by the pressure dependent
fluidity ZPV defined by

ZPV = QAP · G(Pperf ) − ZPF · (PP − PF )

PP − PV

. (117)

When Pperf ≥ 55, this expression for ZPV will maintain a constant pressure dif-
ference between the choroid plexus and the ventricular CSF. Substituting ZPV with
G = 1 into the governing equation for the choroid plexus, equation (15) reduces to

CPF

dPPF

dt
= 0. (118)

Since the compliance CPF must be non-zero to account for the known ability of
the Choroid Plexus to transmit pressure pulsations to the ventricular CSF [35], the
governing equation for the choroid plexus compartment becomes simply

dPPF

dt
= 0. (119)

This implies a constant pressure difference between the choroid plexus and ven-
tricular CSF is maintained by (117) for Pperf ≥ 55 mmHg. Therefore

QPF = ZPF · (PP − PF ) = ZPF (P P − P F ) = QPF . (120)

Since for pressures in the normal range, CSF production in the choroid plexus is
proportional to PPF [39], constant CSF production from the choroid plexus is thus
achieved. Equation (119) also eliminates the need to estimate CPF in this mod-
el as occurrences of this parameter are always multiplied by either dPPF /dt or
dPFP /dt .

Using the above results, it can now be demonstrated how ZPV autoregulates
CSF production for Pperf ≥ 55 mmHg. Substituting QPF for ZPF · (PP − PF )

in equation (117) and noting that QAP − QPF = QPV results in the equalities:

ZPV = QPV

PP − PV

= QPV

(PP − PF ) + (PF − PV )
= QPV

QPF / ZPF + (PF − PV )
.

(121)
The last term in this expression reveals the relationship between ZPV and PF .
Physiologically, ZPV should decrease with increasing CSF pressure (PF ) causing
an increase in choroid plexus pressure and maintaining constant CSF production
across ZPF . It is quite clear from the last equality in (121) that this is indeed the
case.

These autoregulatory mechanisms may be substituted into (13) to (16) and (18)
to obtain the governing equations for compartments A, C, P, V, and F.
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2.3.3. Regulation by the sympathetic nervous system (SNS)
The sympathetic nervous system (SNS) is associated with reflex mechanisms that
act to maintain levels of arterial pressure and cardiac output if arterial pressure falls.
This section deals with the portions of the model that represent the capacity of the
SNS to rapidly increase arterial pressure by constricting both the arterioles and the
large vascular vessels. The model’s regulation of cardiac output by the SNS will be
developed in section 2.3.4.

The Large Vessel Constrictive Response (SNSc):

As noted in [11], if arterial pressure falls, the large vessels of the circulation in the
central body, especially the veins, strongly constrict to cause a rapid increase in ar-
terial pressure. This mechanism is included in the current model by placing active
interfaces between the central compartment Y and the central vascular compart-
ments I and O. Forcing terms in the conservation equation for compartment Y now
force the volume cups at the interfaces to push into the I and O compartments when
arterial pressure diminishes, modeling the SNS large vessel constriction mecha-
nism.

The conservation equation in compartment Y is described by

dVY

dt
= dVYO

dt
+ dVYI

dt
+ dVYM

dt
= QJY − QYO (122)

where the second equality determines the equation. Here, the volume change
dVYM/dt between compartment Y and the external environment M, as in (3),
is simply proportional to the change in pressure difference dPYM/dt . However,
dVYO/dt and dVYI /dt involve both changes in the pressure differences dPYO/dt

and dPYI /dt , respectively, and a forcing term describing the active compliance
between Y and O and between Y and I, respectively. In particular,

dVYO

dt
= CYO

dPYO

dt
+ FYO(t) with FYO(t) = −24P ′

I (123)

and
dVYI

dt
= CYI

dPYI

dt
+ FYI (t) with FYI (t) = −8P ′

I (124)

The governing differential equation in compartmentY is now obtained by replacing
dVYO/dt and dVYI /dt in equation (7) by the expressions (123) and (124). Simi-
larly, for the governing equations in compartments O and I, dVYO/dt is replaced
in (8) by (123) and dVYI /dt is replaced in (5) by (124), respectively.

The Arteriole Constrictive Response (SNSz):

A second SNS pressure regulation mechanism involves constriction of the arteri-
oles in most parts of the body (excluding the brain and heart) when central artery
pressure drops. This causes an increase in arterial pressure through an increase in
the total peripheral resistance. When the arterial pressure drop is severe enough to
compromise blood flow to the brain, this regulatory response is extreme, and has
been termed a “last-ditch stand” in [11].
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To model this portion of the SNS regulatory response, two multipliers are de-
fined for the artery-capillary fluidities ZIJ and ZZD . These variable resistances are
of the form

ZIJ = QIJ

P I − P J

· SNSz1(PI ) · SNSz(QAC). (125)

and

ZZD = QZD

P Z − P D

· SNSz1(PI ) · SNSz(QAC). (126)

The first multiplier,

SNSz1(PI ) = PI

P I

, (127)

is a function of central body artery pressure that increases resistance if PI falls
below its mean level. The second multiplier, which is a function of the cerebral
blood flow QAC , is defined by

SNSz(QAC) = M

1 + (M − 1)er(QAC−QAC)
where M = 1.1 and r = 0.02.

(128)
This multiplier models the last-ditch stand when cerebral blood flow is significantly
reduced. SNSz remains close to unity (not activated) until arterial pressure drops
to a level where QAC is affected. At this point, SNSz drops sharply, dramatically
increasing the resistances RIJ and RZD .

2.3.4. Cardiac forcing and regulation
The major source of forcing in the present whole-body model comes from the heart
and involves the cardiac output QHI and cardiac uptake QOH . As noted in [11], “..
all the extra blood that flows into the heart is automatically pumped without delay
into the aorta and flows again through the circulation”. Based on this statement,
cardiac output will be set equal to cardiac uptake, so that QHI = QOH . It is further
noted in [11] that “.. the normal heart, functioning without any special stimulation,
can pump an amount of venous return up to 2.5 times the normal venous return
before the heart becomes the limiting factor ..” Therefore, a venous return function
R is defined that incorporates all of the flow into the central venous compartment

R = QYO + QGO + ZJO(PJ − PO) + ZT O(PT − PO)

+ ZSO(PS − PO) + ZXO(PX − PO). (129)

The cardiac uptake QOH is now defined in terms of this venous return and two
regulatory multipliers SNSo and OV P by

QOH = SNSo (P ′
I ) · OV P(PO) · R (130)

where P ′
I denotes the time derivative of the arterial pressure function PI . Since

QHI = QOH , cardiac output is now based on the venous return through equa-
tion (130).
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The multiplier SNSo in (130) is associated with cardiac regulation by the sym-
pathetic nervous system (SNS). It models an SNS mechanism that increases or de-
creases the heart rate in response to a change in arterial pressure. As noted in [11], a
decrease in arterial pressure can markedly increase heart activity, with the heart rate
increasing to as high as 160–180 bpm from the normal value of 72 bpm. A linear
model for the SNSo multiplier as a function of the instantaneous time derivative
P ′

I is

SNSo (P ′
I ) = 1 − P ′

I

10
. (131)

This relationship produces an increase in heart rate to about twice the normal level
as the result of a pressure drop of 20 mmHg. Note that SNSo (0) = 1, so that this
regulatory mechanism is only active when PI is changing.

The OV P function in equation (130) insures that if venous pressure drops,
then so does cardiac uptake. It corresponds to the cardiac output versus right atrial
pressure curve in [11] and is defined by

OV P(PO) = M

1 + (M − 1)er(P O−PO)
where M = 2.5 and r = 0.5 .

(132)
Since OV P(P̄O) = 1, this regulatory mechanism is not active when central venous
pressure remains at its mean value.

Using the above cardiac forcing terms leads to a system of equations that de-
scribe mean pressures in the sense that the oscillations that occur about a mean
pressure value are removed and the mean pressure may be considered a tempo-
ral average over one cardiac cycle. However, when trying to resolve circulatory
pressure pulsations caused by cardiac output, a more instantaneous description of
cardiac output is necessary. For this purpose, the cardiac function utilized in the
present model is that described in [37]. Again in this case, cardiac output is set
equal to cardiac uptake.

2.4. Model validation tests and applications to pathology

To validate the present whole-body model for intracranial pressure dynamics, sev-
eral types of simulations assuming normal physiology were carried out and the
results compared to clinical observations. In the first type of simulation, a pulsatile
form for cardiac output was introduced as forcing so that the model’s predicted
pressure responses could be compared to clinically measured pressure pulsations
in healthy humans. The pulsatile cardiac output function described in [37] (with
parameter values n = 11, φ = .27882, and σ = 5.958) was used as the cardi-
ac forcing function (QHI ) in the model’s governing equations. This function is
depicted in Figure 4 and represents the cardiac output over two cycles. A similar
curve for the cardiac output of a dog has been given in [11]. A mean value for
central artery pressure of 96 mmHg was prescribed as an initial condition for the
first simulation. In the second type of simulation, a constant flow infusion test was
used to validate the model’s representations for variable intracranial compliances
and intracranial fluid dynamics. In these simulations, the governing equation for
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Fig. 4. The pulsatile cardiac forcing in ml/min (top), the 120/80 central artery pressure re-
sponse (solid curve, bottom) and the 100/65 intracranial artery pressure response (dashed
curve, bottom).

the extra-ventricular CSF compartment (T) was augmented by adding a constant
infusion term to model the clinical infusion of mock CSF into the lower lumbar
space.

With the lower body region explicitly represented by separate compartments
in the present model, the effect of orthostatic forces on cerebral blood flow as the
body changes position can be considered. Two additional types of simulations were
now run to validate the modeling of the regulatory mechanisms associated with the
systemic nervous system. The normal physiology value for the resistance RXO was
increased twofold and RIZ was decreased by one half to simulate a change in body
position from lying down to standing up, and the behavior of the cerebral blood flow
QAC was then examined. These resistance changes were made instantaneously and
the modeled effect on cerebral blood flow was determined for the next 30 seconds.
In the first simulation of this type, the model equations included all of the SNS
reflexes described in Sections 2.3.3 and 2.3.4. In the second simulation, the SNS
terms were removed from the governing equations.

To examine the potential predictive capabilities of the model in pathological
conditions, simulations were run where all cardiac forcing in the model was sud-
denly stopped to simulate cardiac arrest, i.e. QHi and QOH were suddenly set
equal to zero. A blood volume of 5600 ml was assumed in these simulations, and
the response of pressures in the model’s circulatory compartments was determined.
This behavior, and the predicted final circulatory compartmental pressure values,
were then compared to clinical results associated with cardiac arrest and the filling
pressure of the circulation.

As a second example of pathology, simulations of hemorrhagic shock were car-
ried out. Hemorrhage was modelled by the inclusion of an outflow path, denoted
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QXM , from the lower venous compartment (X) into the ambient atmosphere (M).
This flow was calculated so as to achieve a 45% loss in blood volume at the end of
the simulation. The percent changes in central artery pressure, cardiac output, and
cerebral blood flow were then calculated with respect to percent blood loss.

In all of these simulations, the model’s system of differential equations was
solved numerically using the symbolic mathematical software package Mathem-
atica employing maximum accuracy settings. Specifically, the program NDSolve
was used for this task. It was determined that increasing the AccuracyGoal or Pre-
cisionGoal options in this program did not change the results from the default
setting.

3. Results

3.1. The pulsatile forcing simulation

The usual systolic and diastolic values of pulsatile central artery pressure are per-
haps the best-known values in human physiology. Figure 4 shows the behavior of
central artery pressure predicted by the present model in response to the pulsatile
cardiac forcing developed in [37]. The model’s predicted response to a mean value
of 96 mmHg, prescribed as an initial condition, reproduces a peak systolic pressure
of 120 mmHg and a diastolic pressure of 80 mmHg. Figure 4 also depicts the intra-
cranial artery pressure response. Here, the predicted systolic and diastolic pressures
are “100 over 65.” These values are typical of those in the small arteries [11].

3.2. The CSF infusion simulation

The results of these simulations are depicted in Figure 5.

3.2.1. The CSF pressure-volume relation
The pressure-volume relation obtained by using the present model to simulate CSF
infusion tests is given in Figure 5. The pressure in this figure is the pressure PT of
the extra-ventricular CSF compartment since this compartment contains the low-
er lumber portion of CSF space where clinical pressure recordings were made.
The volume change in Figure 5 represents the net change of both ventricular and
extra-ventricular CSF volumes combined, as this is the quantity calculated in the ex-
periments. The logistic-like shape of the predicted pressure-volume relationship is
maintained until CSF pressures reach high values comparable to the systolic blood
pressure. At this point, the curve turns upward and compliance rapidly decreases.

3.2.2. The conductance of CSF outflow
The same infusion simulations that led to the pressure-volume relationship in Fig-
ure 5 may also be used to calculate a relationship between CSF pressure increases
and CSF absorption. The slope of this relationship is known as the conductance
of CSF outflow and is denoted by Cout . In model simulations, this value is easily
calculated by

Cm
out (t) = ZT S(PT (t) − PS(t)) + ZT O(PT (t) − PO(t)) − (QT S + QT O)

PT (t) − P T
(133)
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Fig. 5. The predicted CSF pressure/volume curve (top) and the model conductance to CSF
output (bottom).

where the superscript m denotes the model calculation and t denotes the time in
minutes from the start of the simulated infusion. The bottom plot in Figure 5 displays
the predicted conductance of CSF outflow throughout ten minutes of an infusion
simulation.

3.3. Position change and cerebral blood flow

Figure 6 depicts the results of modifying the resistances between the central and
lower body in the model to simulate a change in body position from lying down to
standing up. The solid curve in Figure 6 indicates the response of cerebral blood
flow to this change in position with the SNS reflexes included in the model equa-
tions. The simulation predicts that with all SNS reflexes activated, cerebral blood
flow is maintained at 100% by the model through the change in body position. The
dashed curve in Figure 6 shows the predicted behavior of cerebral blood flow in
the absence of regulation by the SNS. In this case, the change in position results in
a reduced cerebral blood flow that tends to approximately 94% of its prior value.

3.4. Cardiac arrest and mean filling pressure

In this simplified simulation of cardiac arrest, when all cardiac forcing is stopped by
setting QOH = QHI = 0, a rapid equilibration of compartmental pressures occurs.
All circulatory pressures in the simulation tend to 7.5 mmHg after approximately
45 seconds.

3.5. Hemorrhage

The results of these simulations are depicted in Figures 7 and 8.
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Fig. 6. Percentage of QAC drop due to a positional change with all SNS reflexes activated
(solid curve), and without any SNS reflexes included (dashed curve).
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Fig. 7. Percentage decrease of P I (dashed curve) and of QHI (solid curve) as a function of
percentage blood loss due to hemorrhage.
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Fig. 8. Predicted percentage of QAC drop versus percentage of blood loss due to hemor-
rhage with both SNSz reflexes activated (solid curve) and no SNSz reflexes included (dashed
curve).

3.5.1. Arterial pressure and cardiac output
Figure 7 gives the predicted percentage drop in central artery pressure (PI ) and
cardiac output (QHI ) with respect to percent blood loss as a result of a simulated
hemorrhage from the lower venous compartment. In the results of this simulation,
the predicted arterial pressure and cardiac output remain very stable over the first
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10% blood loss and the relative arterial pressure stays above relative cardiac output
during the course of the hemorrhage. Beyond a 30% blood loss, a second plateau
occurs in the arterial pressure curve. The central venous compartment contracts to
less than 50% of its original volume during the simulated hemorrhage. However,
neither arterial pressure nor cardiac output have dropped to zero by the end of the
simulation when a 45% blood loss has occurred.

3.5.2. Cerebral blood flow
Figure 8 depicts the predicted percentage drop in cerebral blood flow (QAC) with
respect to percent blood loss during the simulated hemorrhage. The solid curve
represents results when both SNSz mechanisms in Section 2.3.3 are intact, and the
dashed curve represents results when both SNSz mechanisms are disabled. Both
simulations predict that a 25% blood loss can be tolerated without a significant
reduction in cerebral blood flow. Above this degree of blood loss, with the SNS
mechanisms intact, the blood supply to the brain remains above 75% of its original
value. However, without these SNS regulatory mechanisms included in the model’s
equations, cerebral blood flow drops quickly to 20% its original value.

4. Discussion

Lumped-parameter compartmental models of the present type have a long history,
dating to the earliest such model of the intracranial system formulated by Monro
in 1783 [25]. This first model was bi-compartmental, considering incompressible
brain matter and blood as its two constituents. In the work of Monro’s student
Kellie [18] 40 years later, the vascular compartment was further subdivided into ar-
terial and venous blood to produce a three compartment model. Since the pioneering
work of Monroe and Kellie, increasingly more complex models of the intracranial
compartment have been posited in order to more realistically describe the relation-
ship between intracranial pressures and volumes. There has been a steady increase
in the number of fluid compartments, the introduction of a separate cerebrospinal
fluid compartment, the inclusion of cardiovascular input, and a relaxation of the
treatment of system constituents as incompressible fluids and matter [2,3,6,12,16,
17,22,23,33,35]. As noted by Agarwal et al. [3], the intracranial system involves a
number of subsystems which interact through complex mechanisms, and the clas-
sical piecewise approach, which often considers CSF dynamics separately, is not
suited to studying multiple parameter changes and the effects of interconnected
subsystems on each other. By contrast, lumped-parameter models of the intracra-
nial system are capable of including and linking different subsystems, so that such
interactions can be examined.

When considering lumped parameter models, it is important to realize that a
compartment does not necessarily correspond to a precise physical location in the
body. For example, with a single CSF compartment in a model, CSF in the ven-
tricles cannot be distinguished from CSF in the subarachnoid and spinal spaces.
This is one of the main limitations of the lumped-parameter approach. Additional
spatial resolution can be realized only by subdividing the physical system into a
larger number of compartments based on spatial considerations. For example, dis-
tinct ventricular CSF and extra-ventricular CSF compartments may be included as
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opposed to a single lumped CSF compartment. In principle, the entire body could
be finely subdivided in this manner into separate compartments to provide the de-
sired degree of spatial resolution. However, clearly this subdivision process cannot
be carried to an extreme as the resulting system of linked governing equations will
rapidly become too large for practical analysis and solution.

Despite their evolving complexity, two common features characterize most ear-
lier lumped-parameter models for pressure dynamics in the intracranial system. The
first common feature is an assumption that all resistance and compliance param-
eters can be represented by constants. This leads to a linear system of governing
differential equations. The second common feature is adoption of the “Kellie-Mon-
ro Doctrine,” which assumes that the intracranial system can be confined within
the cranial vault. By requiring that inflow to the intracranial arteries equals outflow
from the jugular bulb, this assumption produces a closed system that conserves
total intracranial volume.

The use of linear equations can be expected to be valid provided the allowable
range of pressure variations is suitably limited. However, even for these restricted
situations, important physical features of the intracranial system must be omitted.
In the case of resistances, which relate pressure differences and flows, assuming
constant values allows, at best, cerebrovascular autoregulation by indirect means.
In the case of compliances, which relate pressures and volume changes, constant
values imply that the same pressure gradients between adjacent compartments will
always produce the same volume changes, independent of the base pressure levels
themselves, and without a bounding mechanism.

Exceptions to the trend assuming constant parameters include the work ofAgar-
wal et al. [3], Hoffmann [13], Lakin et al. [20], Kadas et al. [15], and Stevens and
Lakin [38]. In the mathematical model of Agarwal et al. [3], which is presented
in terms of hydraulic and electrical analogies, constant resistance to flow is as-
sumed at the outflow of a compartment, However, capacitance values are nonlinear
functions of transmural pressures. The mathematical model formulated by Hoff-
mann [13] to analyze the CSF and hemodynamics of the intracranial system is
not, strictly speaking, a lumped-parameter compartmental model. However, it does
consider intracranial space as a rigid container filled with brain tissue, CSF, and
blood in the arterial and venous portions of the cerebral vascular bed. Autoregula-
tion is included in the model with the aid of a variable flow resistance located in
a vessel, representing the small arteries, arterioles, and capillaries, which connects
the arterial and venous sides of the vascular bed. However, the variable nature of
the flow resistance is not preserved in [13] beyond the development stage since,
to allow determination of closed form solutions when examining the intracranial
pulse pressure relationship and hemodynamics, the flow resistance is assumed to be
constant over a cardiac cycle. In the lumped-parameter model of Kadas et al. [15],
a true variable resistance dependent on the pressure difference between the intra-
cranial arteries and capillaries is used to achieve autoregulation of cerebrovascular
flow at the arteriole-capillary interface.

Lakin et al. [21], extend an earlier seven-compartment model first described by
Karni et al. [17] then elaborated by Sorek et al. [35] and consistently reformulate
their model to deal with the overdetermined nature of the system. A key feature
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in [21] is the introduction of a non-constant compliance between the CSF and
brain matter compartments. The form chosen for this pressure-difference depen-
dent compliance is motivated by the success of a logistic model developed by Lakin
and Gross [19] for the global intracranial pressure-volume relationship. The use of
a logistic expression for the pressure-dependent compliance CFB between the brain
matter compartment and single CSF compartment in the seven-compartment model
has been validated through a comparison of this model’s predictions for the response
to CSF bolus manipulation with corresponding experimental data obtained in the
rabbit [20]. The concept of variable compliances between compartments has been
further extended by Stevens and Lakin [38]. In this work, more general pressure-dif-
ference dependent compliances involving exponentials and multiple parameters are
developed, calibrated, and validated through simulated steady-state infusion tests.

When the intracranial space is treated as a closed volume-conserving system
contained within the (nearly) rigid cranial vault, important mechanisms for the
influence of extracranial physiology on intracranial pressure dynamics cannot be
included in the resulting models. For example, the ability of the spinal portion of
CSF space to buffer fluctuations of intracranial CSF pressures cannot be directly
introduced under the Kellie-Monro Doctrine.

Two previous mathematical models of intracranial pressure dynamics include
aspects of extracranial physiology. The first model, formulated by Czosnyka et
al. [8,9], includes a compliance for CSF storage within the lumbar channel. This
model contains three compliances, four resistances, and involves differential equa-
tions based on a hydrodynamic model for the physical system and its electrical
circuit equivalent. It allows the dynamic relationship between cerebral perfusion
pressure, intracranial pressure, and cerebral blood flow in various states of autore-
gulation to be studied [8]. Use of this model in conjunction with clinical data [9]
has determined which of the indices that can be derived using transcranial Doppler
ultrasonography and trends of intracranial pressure and blood pressure are useful
in clinical tests of autoregulatory reserve.

The second model, due to Stevens and Lakin [38], uses a single ground com-
partment to represent the portion of the body below the clavicles. This model con-
tains three resistances, including a resistance between the intracranial veins and the
rest-of-body compartments. Thus, outflow from the intracranial system depends
on pressure differences and need not instantaneously equal the specified inflow.
The model also contains three compliances, including a compliance between the
CSF and rest-of-body compartment that represents the ability of the spinal portion
of CSF space to expand and buffer CSF pressures by compressing the large veins
that surround the spinal theca. Two of the three model compliances are pressure
dependent. As has been noted, use of some variable compliances in lumped-param-
eter models is essential to accurately represent intracranial pressure dynamics. This
work demonstrates how the multiple model compliances Cij that relate local vol-
ume adjustments between adjacent compartments in lumped-parameter models can
be consistently related to the single experimentally-determined global compliance
Cg between the entire CSF system (including extracranial portions) and the rest
of the body. The link established between the model parameters and this physical
parameter is validated by using model simulations to recover the measured CSF
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pressure-volume relationship given in [39]. The associated functional forms for the
pressure-dependent compliances determined in [38] are used in the present work.

The current lumped-parameter model for pressure dynamics embeds the intra-
cranial system in extensive whole-body physiology. It includes 16 distinct body
compartments. Of these compartments, 8 lie entirely outside of the cranial vault.
An additional compartment containing extra-ventricular CSF lies partially outside
of the cranial vault and includes both the subarachnoid and spinal portions of CSF
space. This bridging compartment explicitly allows for buffering of CSF pressures
by the spinal theca.

The physical constituents in subunits of the present model are blood, CSF, and
tissue and interstitial fluid. With the single exception noted below, each compart-
ment is composed of a single constituent. Spatial resolution is obtained by first
dividing the body into intracranial and extracranial components. The body’s extra-
cranial physiology is subdivided into a lower region below the pelvis and a central
portion that includes the region between the pelvis and the clavicles as well as the
extracranial portions of the body above the clavicles. The vascular system in each of
these three regions is divided into separate artery, capillary, and vein compartments.
However, in the intracranial space, the choroid plexus capillaries are placed in a
separate compartment from the rest of the intracranial capillary bed. This allows
these capillaries to autoregulate to maintain the production of CSF when ventricu-
lar CSF pressures rise or fall. The venus-sinus veins where CSF absorption occurs
through the arachnoid villa and the jugular veins are also placed in a compartment
separate from the remainder of the intracranial veins. The CSF space is divided
into two compartments containing ventricular and extra-ventricular CSF. Two of
the three regions contain a separate compartment for the tissue and interstitial fluid.
The exception is the central region where the tissues, organs (except for the heart),
and pulmonary circulation are lumped into a composite rest-of-body compartment.
The central region contains an explicit representation for the heart pump, and a re-
alistic pulsatile cardiac output [37] provides the major forcing in the current model.
The cardiac output function used in the present simulations is depicted in Figure 4
and is based on a mean cardiac output of 6900 ml and a heart rate of 76 beats per
minute.

The model also allows for interaction with the external environment through
flows representing the ingestion and elimination of fluid via the central body. Con-
sequently, beyond the 16 compartments that contain body matter, the external envi-
ronment is considered an implicit 17-th compartment in this model. Terms involving
any time variations of ambient atmospheric pressure appear in the governing equa-
tions, and two compliances allow the volume of the body to adjust relative to the
ambient environment.

In addition to allowing direct flows (e.g. arteries to capillaries to veins) between
adjacent compartments, the present model includes the transfer of fluid between
capillaries and tissue by filtration. These flows are governed by the Starling-Landis
equation and are driven by differences between the colloid osmotic pressures of
the blood plasma in the capillaries and the interstitial fluid as well as by the usual
compartmental pressure differences between capillaries and tissue. Filtration mech-
anisms are included between the capillaries and tissue compartments in the central
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and lower portions of the body in the present model. In the intracranial region,
significant colloid osmotic pressure differences do occur between the intracranial
capillary and tissues. However, the endothelial cells that make up the intracranial
capillary wall are so tightly joined that not even water molecules can usually pass
between them [32]. Thus, under normal conditions, colloid osmotic pressure forces
in the intracranial region are irrelevant. In the case of highly elevated capillary
pressure it is possible for the intracranial capillary wall to expand enough to allow
water molecules to pass between the endothelial cells, and at this point both colloid
osmotic pressures and regular pressures start governing filtration rates. At these
elevated pressures, the description of intracranial capillary filtration as a function
of capillary pressure will clearly be nonlinear. However, to simplify the equation
for intracranial filtration, this relationship may still be linearly approximated with
the slope defined by ZCB , ZBV , and ZFB .

A lymphatic system is also included in the present model. This system allows
interstitial fluid in the tissue compartments of the central and lower regions of the
body to flow directly into the central venous compartment. Lymphatic flows are thus
able to balance filtration in these regions and establish an equilibrium state. Lym-
phatic flow is not introduced in the intracranial region as the brain appears to lack
lymphatic vessels. However, drainage of interstitial fluid via the Virchow-Robins
Spaces is accommodated by pathways between the Brain and CSF compartments.

In all, the present model contains 16 compliance parameters, of which 8 are
variable and depend on pressure differences. There are also 23 resistance parame-
ters. Four intracranial resistances are pressure-dependent and autoregulate flow to
both the cerebral capillary bed and the choroid plexus as well as the production of
CSF in the choroid plexus. CSF production is known to be nearly constant over a
wide range of pressures. However, the production of CSF decreases when perfu-
sion pressure decreases to low values [39], and a mechanism that ramps down CSF
production when perfusion pressure falls below 55 mmHg is also included in the
model.

The present model also includes a group of regulatory mechanisms associated
with the sympathetic nervous system (SNS). Two variable resistances in the central
and lower regions provide for SNS regulation of arterial pressure through constric-
tion of the arterioles. Included in these variable resistances is the dramatic “last
ditch stand” [11] triggered by the SNS when arterial pressure falls to a level where
cerebral blood flow is affected. The far less extreme SNS regulation of arterial
pressure through a constriction of the large vascular vessels in the central body is
also represented in the model. Active interfaces are placed between the central rest-
of-body compartment and the central artery and vein compartments. When arterial
pressure falls, forcing terms in the governing equations for compartments Y, I, and
O force the volume cups at the active Y-I and Y-O interfaces into the vascular com-
partments, providing the regulatory constriction. An additional SNS mechanism in
the model regulates central arterial pressure by increasing the number of heartbeats
per minute if arterial pressure falls.

The heart pump provides the primary forcing for the model’s coupled differ-
ential equations. This pump is divided into the Right Heart and Left Heart in the
present model. Cardiac uptake in the model is defined in terms of the venous re-



Modeling intracranial pressure dynamics 377

turn. In addition to the factor noted above through which the SNS modifies cardiac
activity, the model’s expression for cardiac uptake also includes a factor that in-
sures cardiac uptake will fall if venous pressure drops. Cardiac output from the
Left Heart is assumed equal to the cardiac uptake by the Right Heart, so that
QHI = QOH . This produces a conservation of total heart volume. However, it also
reflects physiology that maintains a constant pulmonary circulation volume with
cardiac output to the pulmonary arteries balanced by cardiac uptake from the pulmo-
nary veins. In this situation, the pulmonary circulation can be removed as a separate
component of the system and may be consistently lumped into the model’s com-
posite compartment Y.

Calibration of scale values for all resistance and compliance parameters from
available physical data and other relationships must be accomplished before the
model’s governing differential equations can be used in simulations. A key step
in calibrating model compliances is determining the distensibilities of the extra-
cranial compartments of the model. In particular, each extra-cranial compartment
has an associated total compliance equal to the product of its associated volume
and distensibility. It should be noted that calculating compliances by this technique
yields a total central artery compliance CI = 1.529 ml/mmHg, which is within 5
percent of the data value of 1.445 ml/mmHg for total arterial compliance measured
in the ascending aorta by Chemla et al. [5]. The central venous compliance calcu-
lated by these methods yields CV = 50 ml/mmHg while the graph depicting the
systemic venous pressure volume curve in [11] suggests a total venous compliance
of 50 ml/mmHg. Finally, Noordergraaf [29] states that the systemic arterial com-
pliance is between 1 and 2 ml/mmHg and systemic venous is between 50 and 200
ml/mmHg, where the 50 ml/mmHg comes from [11]. Clearly the values calculated
by the present procedure all fall within these ranges.

Because even the most complex mathematical model must be based on assump-
tions and simplifications of actual physiology, model validation is an essential step
in the development process. In the present case, after calibration of parameters
associated with healthy human physiology, the model was used in two types of
simulations and the results compared to physical data. In the first type of sim-
ulation, the response of compartmental pressures to the realistic pulsatile cardiac
output [37] given in Figure 4 was determined.As also shown in Figure 4 the predict-
ed response of central arterial pressure is the typical “120 over 80” blood pressure
readings expected in healthy humans. Furthermore, the wave form and magnitudes
of this pressure response match well with those described in [11] . It is worth noting
that a mild incisura (dicrotic notch) is discernable in this pressure curve. This notch
is typical in central artery pressure readings, although it is usually more pronounced
than in Figure 4. In particular, the present model cannot capture reflected waves
which have a tendency to cause a second (usually higher) systolic peak and hence
a more prominent inflection point.

The response of the intracranial arteries is also shown in Figure 4. This response
agrees well with the estimates given in [11] for pressure pulses in the small arter-
ies. The pressure responses of other intracranial compartments were also within
expected ranges.
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Constant flow infusion tests were also simulated using the present model. These
tests have been described in [4,10] and elaborated upon by [39]. In these experi-
ments, mock CSF was infused at a constant rate into the lower lumbar space. The
pressure of this space was then measured and associated with a calculated total
CSF volume change. This resulted in determination of a curve known as the global
pressure-volume relation. The slope of this curve describes the elastance of the
entire CSF space, including extracranial portions. The inverse of the elastance is
the more well-know compliance.

The typical clinical global CSF pressure-volume relation, except at extreme
pressures, is an S-shaped curve of logistic type. It has a lower pressure plateau near
resting pressure, defined as the pressure where CSF production in the system is
just balanced by CSF absorption by the venous system [39]. This region of small
slope (large compliance) is due to the ability of the system to easily accommodate
increases in the volume of the CSF space at these relatively low pressures through
the compression of the venous system. As additional CSF volume is added to the
system and pressures increase, this capacity for adjustment diminishes as there will
be less venous blood available to eject to further compress the veins. Thus, with in-
creasing pressures, the pressure-volume curve steepens indicating a reduction in the
compliance of the system. The slope of the pressure-volume relationship continues
to increase for larger infusion volumes until the resulting CSF pressures are high
enough that the intracranial arteries can begin to be compressed. At this point, some
additional compliance enters the system. There is a point of inflection in the curve
followed by a region of decreasing slope that leads to an upper pressure plateau at
the diastolic pressure of the intracranial arteries. Once additional volume increases
beyond this point increase CSF pressures to the systolic pressure of the intracranial
arteries, there are no additional mechanisms available to buffer additional volume
increases, and the compliance of the CSF system falls to zero.

To model the experimental introduction of mock CSF into the lower spinal
space, a source term for mock CSF was added to the governing equation for the
model’s extraventricular CSF compartment. Simulations were then run in which a
given volume of mock CSF was introduced into this compartment, and the pressure
responses of the body were determined. A global pressure-volume relationship
was then formed based on the simulation results. As indicated in Figure 5, this
simulated pressure-volume curve captures all of the relevant aspects of the clini-
cally observed relationship, including the rapid decline in compliance when CSF
pressures are above systolic artery pressure.

This same group of infusion simulations was also used to calculate a relationship
between CSF pressure differences and CSF absorption. The slope of this relation-
ship is known as the conductance Cout of CSF outflow. When Cout has been studied
experimentally [4], a linear relationship between CSF pressure increase and CSF
absorption is observed. In [4], a mean value for Cout of 0.11 (ml/min)/mmHg is
given for a sample of eight healthy volunteers, and it is stated in [39] that a value
greater than 0.10 is probably normal. The values of the conductance of CSF outflow
calculated from the present simulations are shown in Figure 5. These values change
with time, but stay within .004 units of the mean value of 0.11 (ml/min)/mmHg
in [4]. They are also greater than 0.10 as suggested by [39]. Furthermore, the calcu-
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lated temporal variation of Cm
out is sufficiently small that the relationship between

CSF pressure increase and CSF absorption might easily be categorized as linear on
the basis of clinical data.

In the current model calibrations, the pressures, flows and hence resistances
are determined from data associated with the body being in the horizontal (supine)
position. Gravitational influences on the circulation will change when the body
changes position. Upon standing up, the blood flow into the lower body is aided by
gravity, but the venous return from the lower body is hindered by it. As the lower
body in the present model is represented by separate compartments, the effect of
a positional change can be considered. To simulate the gravity-induced changes
associated with standing up, the resistance into the lower arteries (RIZ) may be
decreased by one half while the resistance from the lower veins (RXO ) is doubled.
This results in pressure and volume increases of the lower arteries and veins. In the
current simulations, these resistance changes were made instantaneously and the
modelled effect on cerebral blood flow was determined for the next 30 seconds. In
the first simulation, all sympathetic nervous system (SNS) reflexes are intact and
in the second these are removed. As can be seen in Figure 6, with all SNS reflexes
activated, cerebral blood flow is maintained at 100% of its original value.

When the SNS reflexes are removed from the model equations, cerebral blood
flow drops to about 94% of its original value due to the positional change. This pre-
dicted decrease indicates the important role that the SNS regulatory mechanisms
play in the maintenance of cerebral blood flow in the model. The decrease also
confirms that loss of the SNS reflexes can be a factor in orthostatic intolerance.
Syncope, or fainting, is a common event with many different causes. Syncope can
be due to sudden vasodilatation (vasodepressor or “vasovagal” syncope) as well
as postural hypotension, in which the normal vasoconstrictive reflex response to a
transiently decreased cardiac output on standing is not sufficiently active. Postural
hypotension can occur as the result of drugs, venous disease, sympathectomy, hyp-
ovolemia, peripheral neuropathy, in addition to degeneration of the sympathetic
nervous system (primary autonomic insufficiency, or idiopathic orthostatic hypo-
tension). Common to all causes of syncope is a decrease in cerebral blood flow
to under 30 ml per 100 g brain tissue per minute from the usual 50-55 ml, about
55% of normal [1]. This is well above the threshold for loss of electrical function,
at 30% of normal [14], but is enough to cause a transient loss of consciousness.
The calculated percentage decrease in cerebral blood flow in the current simulation
with the SNS terms in the model equations omitted does not approach the levels
associated with fainting due to a rapid change in position as the result of standing
up too quickly, even with inactive SNS reflexes. However, cerebrovascular autore-
gulation in the current simulation remains uncompromised and will act to maintain
cerebral blood flow despite sudden decreases in arterial pressure.

To demonstrate the potential predictive capabilities of the model in pathology,
two situations were simulated. In the first of these, a simplified representation of
cardiac arrest was created by suddenly terminating all cardiac forcing, i.e. setting
QHI = QOH = 0, at a specified time in the course of the simulation. Gutyon [11]
notes that “When heart pumping is stopped ... the flow of blood everywhere in the
circulation ceases a few seconds later. Without blood flow, the pressures everywhere
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in the circulation become equal after a minute or so. This equilibrated pressure level
is called the mean circulatory filling pressure... at a volume of 5000 ml, the filling
pressure is the normal value of 7 mmHg.” Predicted results from the simulation
were consistent with this statement. When all cardiac forcing was stopped in the
simulation, all circulatory pressures tend to 7.5 mmHg after about 45 seconds. The
small difference in the predicted and cited filling pressures may be partially due to
the fact that, consistent with [24], total blood volume in the simulation was taken
to be 5600 ml rather than the 5000 ml in [11].

The second pathological situation considered as a test of the model’s capabil-
ities involves the effects of shock caused by hypovolemia. In these simulations, a
flow term QXM was introduced into the equation for compartment X to model a
hemorrhage from the lower body. Guyton [11] gives a clinically-derived graph that,
as in Figure 7, depicts the percentage drop in central artery pressure (PI ) and cardi-
ac output (QHI ) with respect to percent blood loss. Consistent with these clinical
results, the modeled response shows very stable pressure and cardiac output over
the first 10% blood loss, and the relative arterial pressure stays above relative output
during the entire course of the hemorrhage. At 30% blood loss, the relative drops
in pressure and cardiac output are also in close agreement with the clinical results.
During the course of the simulated hemorrhage, the central venous compartment
contracts to less than 50% of its original volume, indicating that the active interface
(SNSc) in the model is causing the central veins to strongly constrict in order to
maintain blood flow back to the heart. Beyond 30% blood loss, a second arterial
plateau is noticed in Figure 7. This important feature, which is also noted in the
clinical results, is due to the “last-ditch stand” reflex to maintain blood supply to the
brain provided by the regulatory multiplier SNSz(QAC) in equation (130).At about
45% blood loss, clinical results show both pressure and cardiac output dropping
quickly to zero. As indicated in Figure 7, this behavior was not reproduced in the
simulation. When central artery pressures fall even briefly below a critical level, a
hemorrhagic shock becomes self-reinforcing due to degeneration of the circulatory
system, including changes in the heart’s muscle cells. The present model is incapa-
ble of representing the multiple degenerative components of a progressive shock,
and thus predicted values of central artery pressure and cardiac output beyond a
40% blood loss in Figure 7 come from using the model beyond its expected range
of applicability.

The role of the SNS regulatory mechanisms in maintaining adequate central
artery pressure and cardiac output has been noted above. However, the need to
include the arteriole constrictive reflex SNSz in a model of intracranial pressure
dynamics when simulating pathology is also dramatically illustrated by the behav-
ior of cerebral blood flow as a function of blood loss in the hemorrhage simulations.
Due to the intracranial autoregulatory mechanism ZAC in the model, a 25% blood
loss can be tolerated without significant reduction in cerebral blood flow. Beyond
this point, arteriole constriction is essential to further maintain adequate levels of
cerebral blood flow. As indicated in Figure 8, predicted cerebral blood flow QAC

remains above 80% of its original value from a 25% blood loss through a 40%
blood loss. By contrast, in an analogous simulation where the arteriole constrictive
response was disabled, QAC falls to approximately 55% of its original value when
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a 40% blood loss has occurred. Between a 40% and 45% blood loss, QAC remains
above 75% of its original value with the arteriole constrictive response intact, but
falls rapidly from 55% to approximately 20% of its original value with the arteri-
ole constrictive response disabled. As noted above, the model does not include the
circulatory failure associated with progressive shock that occurs with this degree
of blood loss, so the simulation results in the 40% to 45% blood loss range will
upper bounds on actual expected values. Nevertheless, the dramatic effect of the
“last-ditch stand” response in maintaining cerebral blood flow in the model is clear.

5. Conclusions

This work has shown that a mathematical model for intracranial pressure dynam-
ics can be formulated which consistently embeds the intracranial system within
extensive whole-body physiology. The current model thus fully revokes the “Kel-
lie-Monro Doctrine” that has previously restricted lumped-parameter models of the
intracranial system. With the lumped-parameter approach, 16 separate body com-
partments are required in the present model to achieve adequate spatial resolution.
Variable compliances and resistances must be used within the intracranial space to
realistically provide for cerebrovascular autoregulation, regulation of CSF produc-
tion, and the volume adjustments produced by changing pressure differences. With
extracranial physiology now an integral part of the model, flows involving filtration
between the capillaries and tissues, lymphatic flows, and the regulation of arterial
pressure and cardiac activity by the sympathetic nervous system must be included.
Particular care must also be taken in descriptions of the cardiac uptake and output.
The resulting nonlinear mathematical model is far more complex than in previous
work, and calibration of the numerous model parameters from experimental data
and derived relationships introduces significant overhead into use of this model
for simulations. However, validation tests show that the model’s predictions are
in excellent agreement with experimental data for normal physiology. Additional
simulations indicate that the present whole-body model appears to have significant
potential predictive capabilities in situations involving pathological conditions.
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