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INTRODUCTION

The crania volume-presaure test consists of recording the cranial
presaure (Pcsp) while the volume of the cerebrospina fluid (CSF is
varied. The relation between the alded volume of CSF (AV¢sg) and
Pcseis referred to as a cranial volume-presaure curve. The curve has
two flat regions, one around thenormal value of Pcsrof approximately
1.3 kPa (10mmHg), and he other aound thepoint where P.sereaches
the arterial blood presaure. Other zones of thecurve are steep, with the
stegpest part for Pcspexcealing the arterial presaure [1].

An elevated Pcsrhas a profound effect on the cerebral circulation;
Pcse above 5.3 kPa (40 mmHg) resutsin reducedccerebral blood flow,
and Pcse above the aterial presarre cuts the flow to almost zero [2].
The coupling between Pcse and the cranial vascular compartment is
often attributed to the fact that the aana volume must always remain
constant. It is argued that the alditional volume of CSF is
acoommodated by expelling blood from the intracranial veins, and that
the volume-presaure curve reflects the compli ance of the venous bed at
different levels of Pese [3]. The experimental studies ow that the
intracranial veins are coll apsed by introducing an alditional vdume of
CSF:, for Pcsgbelow 6.7 kPa (50 mmHg) there is always a point in the
venous g/stem where the presaure exceals Pesr, and at |east a portion
of the venous bed is open; for Pcsr above the ateria presaure the
whole venous bed appeas to be emptied [4-6].

Although the venous coll apse during vdume-presaure test iswell
documented, the connection between the crania vascular compli ance,
vascular resistance and Pcsr is not completely clea. We propose a
simple mathematical model thatestabli shes that relaion.

METHODS

The cranial cavity is ocaupied by CSF, bload, and krain al of
which are esentialy incompresshble. It is assumed in the model that
the skull is aifficiently stiff and that the changes in its volume can be
neglected. It isfurtherasaimed hat the danges in vdume de to CSF
production-absorption, and krain swelling can be neglected for the
time scales of interest. Under the eéove asumptions, the sum of the
CSFvolume and thebloodvolume is constant.
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The vascular bed is represented as a resistive circuit formed of
three lumped compartments in series: arterial, proximal venous, and
distal venous. The sinuses are represented as a constant resistor. The
bload flow is driven by difference between the mean arteria presare
and the central venous presaure which are model constant inpus.
The resistances, and volumes of the vascular compartments under the
normal conditions (AVcse=0), are taken from the literature. Under
conditions other than normal they are determined from the eguations
derived from a one-dimensional theory of flow in collapsble wbes[7].
The eguations provide the relation between the transmural presaure
and compartmental volume, as well astherelation between the volume
and the resistance. The volume-presare law for the venous
compartment is highly non-linea, with a flat region around zero
transmural presaure, and two steep regions, one for high negative, and
the other for high positive transmural presaure. The behaviour of the
cranial systemis described by eleven noHinea algebraic equationsin
terms of Pcge, cerebral bload flow, the volumes and resi stances of the
vascular compartments, and the blood presares at the ends of the
compartments. The independent variable is AV csgwhich was varied
from —0.25 to 0.95 of the total cerebral venous volume & normal
conditi ons.

RESULTS

The results for the volume-presaure curve and cerebral blood flow
are consistent with the experimental results reported in the literature
(seeFigures 1 and 2). Theblood flow remainsconstant untilAV csp>25
cm® and Pese>5.3 kPa (40 mmHg). The volume presaure curve is flat
for 0 <AVcg< 20 cm® and 20cm?® < AV cge< 35 cm®, and steep for 20
om® < AVese< 35 cm® and AV ege> 40 cm. The goproximate borders
of the characteristic zones are marked by points 1-4 in Figure 1. The
shift from one zone to the other is marked by a significant change in
the compliance or/and resistance of one of the venous compartments
which ocaurs when the venous volume is altered. Between points 1
and 2 the bload is expelled from the distal venous compartment,
without a significant increa® in the venaus resigance or adrop in he
venous compliance. Between points 2 and 3the coll apse of the distal
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bed has progessed to the point that its resistance increases
dramatically, and compli ance drops. Between points 3 and 4he distal
venous bed is sverely collapsed, and extremely stiff. The bloaod is
expell ed from the proximal bed, which is highly compliant. At point 4
the collapse of the proximal venous compartment is ®vere and its
compliance becomes low. The volume of the aterial compartment
remains esentiall y unaltered for the range of AV cseused in the study.
For negative AV csr, both venous compartments are inflated.
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Figure 1. Cranial pressure (P_.) as a function of the added
volume of cerebrospinal fluid (AV_,). Dotted lines give
central blood pressures.
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Figure 2. Cerebral blood flow as a function of the added
volume of cerebrospinal fluid (AV.). The dotted line gives

CSF.
the normal value of flow.

DISCUSSION

The changes in the venous presaure, resistance and compliance
brought on by altering thevolume of the cranial CSFcompartment are
complex and involve both the proximal and the distal venous bed.
However, in the region of the volume-presaure curve bounded by

points 1 and 3 which of the greaest clinical importance, the increase
in the CSFis mainly achieved by compressng the distal venous bed
i.e. medium size and large cerebral veins. The results suggest thatthe
drop in cerebral blood flow is caused by venaus coll apse and elevated
venous resistance. Thisisofteninterpretedintheliterature asadropin
cerebral perfusion presaure, defined as the difference between arterial
presaure and P-sr, which approximately equals the venous presaurein
the non-collapsed portion of the venous bed [8]. However, this
interpretation becomes invalid when all of the veins are coll apsed and
the venous walls can support a significant negative transmural
presaure.

CONCLUSIONS

The study suggests that the shape of the cranial volume-presaure
curve is primarily determined by coupling o the CSF and venous
cranial compartments. This results from the condition that the cranial
volume is constant and that any change in the CSF volume must be
acoommodated by a complementary change in the cerebral venous
volume. This profoundy affects the venous hemodynamics and is
reflected in the crania presaure. The aterial bed does not appea to
play asignificant role in deermining the shape of thevolumepresaire
curve.

ACKNOWLEDGMENTS
This work has been generously supported by the Canadian
Department of National Defence.

REFERENCES

1. Sulivan H. G, and Allison J. D., 1985 “Physiology of
cerebrospina fluid”, in “Neurosurgery”, Wilkins R., and
Regenchary S., eds., McGraw Hill, pp. 2125 2135.

2. Seymour K. S, Shenkin H. A., and Shmidt C. F., 1948 “The
effect of incressed intracranial pressure on cerebra
circulatory function in man”, J, Clin. Invest., Val. 27, pp.
493 —499.

3. Shapiro K., Marmarou A., and Schuman K., 198Q
“Characterization of clinical CSFdynamics and reural axis
compliance using the presaure-volume index: | The normal
presaure-volume index”, Ann. Neurol., Vol. 7, pp. 508 —
514

4. Schuman K., and Verdier G., 1967 “Cerebral vascular
resistance changes in response to cerebrospina fluid
presaure”, Amer. J. Physiol., Vol. 213 pp. 1084 —-1088.

5. Yada K., Nakagawa Y., Tsuru M., 1973 *“Circulatory
disturbance of the venous g/stem during experimental
intracranial hypertension”, J. Neurosurg., Vol. 39, pp. 723 —
729

6. Nakagawa Y., Tsuru M., and Yada K., 1974 Site and
mechanism of compresson of the venous g/stem during
experimental hypertension”, J. Neurosurg., Vol. 41, pp. 427
—434,

7. Zagzoul M., and Marc-Vergnes 1 P.,1986 “A global
mathematical model of the cerebral circulation in man”, J.
Biomechanics, Vol. 19, pp. 1015 -1022.

8. LuceJ M., Huseby J. S., Kirk W., and Butler J., 1982 “A
Starling resistor regulates cerebral venous outflow in dogs”.
J. Appl. Physidl., Val. 53, pp. 1496 —1503.

2003 Ssummer Bioengineering Conference, June 25-29, Sonesta Beach Resort in Key Biscayne, Florida



