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In previous reports related to a computer simulation of
a mathematical model of ventricular volumec regulation,
we introduced a mathematical term called Kb [9, 10. 12].
This term was a mathematical modifier or ‘fudge factor’
that described an intrinsic property of the living brain
related to the energy required to distort the brain itself.
This term was given a valuc from zero to one. A Kb of
zero indicated a complete absence of resistance to distor-
tion. In other words. any additional volume of cere-
brospinal fluid (CSF) or other growing mass led to
a diminution of cerebral volume with no incrcasc in
intracranial pressurc (ICP). In engineering terms. this
situation is analogous to a totally viscous material that
has no propensity to resumc its previous shape after
distortion.

In our model, a Kb of one indicates that with any
attempt to increase the intracranial volume. there is a
rapid risc in ICP with no decrcasc in cerebral volume. The
incorporation of this term in our model has allowed us to
describe the pathophysiology of such enigmatic conditions
as normal pressure hydrocephalus (NPH) and pscudo-
tumor cerebri (PC) [9). The purpose of the present
work is threefold: (1) to describe how Kb (brain turgor)
is uscful in understanding the pathophysiology of
hydrocephalus, describing what is known of the
biologic substrate that goes into Kb: (2) to link Kb with
other descriptors of ICP dynamics, such as compliance.
clastance, and pressure volumc index (PVI); and
(3) 1o describe how Kb can lead to innovative approaches
to the managecment of confusing problems of CSF
dynamics.

Brain Turgor (Kb):
Intrinsic Property of the
Brain to Resist Distortion

The Biologic Substrate of Kb

The Monro-Kellie hypothesis describes the intracranial
compartment as an interacting system of three fluid com-
partments containcd within a fixed intracranial volume.
Whenever volume of any sort is added to the intracranial
compartment. whether in the form of an enlargecment of
the threc intracranial compartments or the addition of an
unwelcome mass such as hematoma. tumor. or abscess,
room for this new addition must be made by displacing
fluid from one or several of the other compartments. The
three fluid compartments include the blood in venous
sinuses and large cortical veins, the CSF. and the brain
parenchymal fluid. The latter has often been assumed to
represent brain extracellular fluid (ECF). but for the pur-
poses of this discussion, it will be assumed to include not
only ECF but also the blood volume present within the
brain parenchyma (fig. 1).

Water. and by analogy, CSF and blood arc incompress-
ible. Studies of brain viscoelasticity as removed. nonliving
tissue, have also documented the incompressible nature of
brain tissuc [4]). Changes in the total volume of brain
tissuc can therefore occur as a result of two processcs that
may interact. The first process is the loss of brain tissuc or
parenchymal clements. The second process is the displace-
ment of fluid (water or blood) from the brain substances.
Brain tissue may be lost in the casc of longstanding
hydrocephalus or if the hydrocephalus is refractory or not
shunt responsive [7]. However, in most instances. the
placcment of a shunt or ils repair lcads to such a rapid
expansion of cortical mantle that changes in the fluid
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Fig. 1. Schematic diagram of the interre-
lationships among the three intracranial
compartments as described in the Monro-
Kellie hypothesis.

Venous Blood 8-10%

content of the cerebral tissue become the most likely
explanation for these volumetric changes.

Based on this discussion, is secms likely that the Kb
(i.e., the brain turgor term) is a descriptor of several
interdependent elements: the density of brain parenchymal
elements, which is more or less fixed; intra- and extracellu-
lar water; and the intraparenchymal blood volume. This
blood volume depends on autorcgulation and resistance to
venous outflow. The brain parenchymal clements include
neurons with their axonal arborizations and glal and
vascular tissues. These elements are essentially mcasured
by wet weight/dry weight determination. The higher the
percentage of tissue to water or fluid, the greater the
change that will be created in the system by an incremental
change in the fluid space.

The second clement contributing to Kb is cerebral
blood volume within the interstices of the brain especially
related to the resistance to removal of this element from
the tissue itself. The presence of a large volume of blood
within the capillarics or venules of the brain usually
indicates a very high Kb. However. if this blood can casily
be displaced into the cortical veins or sinuses. the Kb can
be low despite high cerebral blood volume. The presence
of a high cercbral blood volume also results from an

incrcasc in cerebral blood flow with dilatation of the
precapillary arterioles. In cach of these cases, the turgor
(Kb) of the brain is increased.

The final element in making up Kb is brain water and
the resistance of flow of this fluid from the brain sub-
stance. This fluid can exist within the cells themselves as in
cytotoxic edema. When the fluid is intracellular, it is
trapped there and must await cell death or repair to be
removed. When the fluid is extracellular, such as normal
brain ECF or vasogenic edema, clearance of the water is
via bulk flow into the ventricle and absorption with the
remainder of CSF [S5.14]. It is therefore reasonable to
assume that the same volumeltric increase in water will
lead to a greater increase in Kb when that increase is
intracellular than when it is extracellular.

Relation of Kb to Measures of Compliance

Clearly. Kb is related to cerebral compliance and its
inverse, cerebral elastance. In fact, it represents that por-
tion of cerebral elastance contributed by the brain par-
enchyma. However, calling it elastance or compliance
confuses the issue sincc thesc terms deal with the entire
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Fig. 2. Theoretical graph of ICP versus volume demonstrating the
three Aluid compartments and their overlapping provinces [from 18,
with permission].

intracranial compartment as well as the spinal subarach-
noid spacc (SSAS). Figure 2 is a schematic of the rcla-
tionship of pressurc to volume of thc intracranial
compartment as it rclates to the fluid components of the
Monro-Kellie hypothesis. The first compartment of this
curve is primarily the province of venous blood in the
major venous sinuscs and cortical veins. Additions of
volume to the intracranial compartment result in the
displacement of venous blood under little, if any, resis-
tance to outflow. This venous blood rcpresents about 15%
of intracranial volume. As the volume of this compart-
ment becomes dcpleted. CSF begins to be displaced from
the intracranial compartment with some overlap of these
elements as shown in figurc 2. CSF exits by two mecha-
nisms. Absorption of CSF is increased as ICP increases
[3]. Also. as volume is added to the intracranial compart-
ment, CSF is displaced into the SSAS. In thc lumbar
region, the volume of the SSAS can increase by as much
as 30% with distention of the lumbar dura at the expense
of the lumbar cpidural veins.

Several mathematical formulations have been devised
to describe the pressure-volume relationships within the
CSF compartment. Avczaat et al. [1, 2] derived cquations
to describe the intracranial compartment based on the

observation that with experimental increases in the volume
of the system, the pressure rose in a semilogarithmic
fashion (fig. 2). Alternatively stated. the graph of the
logarithm of pressure versus the lincar plot of volume
change led to a straight line. When these investigators
analyzed the curve of pressure versus volume, the instanta-
neous slopc of the curve at any point was AP/AV, or
cerebral clastance. In the case of this particular curve,
dividing this cquation by the pressure at that point was the
samc at all points of the curve and therefore defined the
curve. (AP/P)/AV was called E,. the elastance coefficient.
and just as the slope dcfines a straight line, this term
defines the pressure-volume curve. The authors empha-
sized the importance of the pulsc wave amplitude as a
reflection of intracranial compliance [1, 2).

Under physiological conditions. E, is affccted little by
Kb since Kb is only related to the stiffness or turgor of the
brain. As discussed above, the lower portions of the
pressure-volume curve are the province of the frecly dis-
placcable venous blood and CSF. Theoretically, Kb could
have two elTects on caleulations related to E,. If the cause
of the increase in Kb were due to an incrcased concentra-
tion of cerebral water, either in the form of blood, which
1s resistant to leaving the cerebral parenchyma, or in the
form of increased white matter water as in cytotoxic or
vasogenic cdema, the effect would be to increcase cerebral
elastance markedly. In the face of a high Kb from this
cause at the onset of the measurement. the effect would be
to increasc E,, leading to a shift to the left of the pressure-
volume curve. Increasc in Kb by infusion of artificial CSF
into the cerebral white matter would simply increcase clas-
tance without affecting E, (i.c.. change the position on the
curve).

If the cause of the increased Kb is an increased stitiness
or hardness of brain parenchymal elements and not a
change in brain water concentration, the carly portions of
the pressure-volume curve would be unchanged. But at the
point that the brain parenchyma becomes involved. there
would be a sudden increase in the slope of the curve and
the mathematics on which the E, calculation arc based
would be negated.

Becausc of the totally theoretical nature of Kb as our
knowledge of this parameter now stands. it is difficult, if
not impossible, to predict the effect that the rate of change
of ICP volume relations would have on Kb and vice versa.
For a variety of logical reasons. Spertell [17] modeled the
brain as a form of viscoelastic substance, tcrmed a
Maxwell solid. The mathematics of the properties of this
particular class of substances postulate that a rapidly
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applicd distorting force will be resisted more cffectively
and with a higher concomitant change in pressure than a
force that is applicd more slowly. Since E, is primarily a
description of the effect of rapid transient increases in
intracranial dynamics. the cflect of rate dependence on
these interdependent parameters can probably be pre-
sumed to be negligible.

The mathematical description of the intracranial com-
partment proposed by Marmarou et al. [6] interrelates
hoth rapid transient changes in ICP and more chronic
changes that would be reficcted by stcady-state infusions
into the CSF compartment. The concept of PVI revolves
around the total volume of buffering capacity of the
central nervous system (CNS) compartment. A small PVI
indicates that the volume-buffering capacity of the total
CNS system is small [6. 15, 16]. This can reflect a varicty
of factors, including total volume of the compartment
when emptied of contents (adults arc larger than children).
free flow of fluid contents from one compartment to
another as in compartmentalization of the CSF contents.
and displacement of buffering fluids by growing mass
lesions or edema. An incrcasc in Kb decreases the ability
of brain to diminish in volume when a distorting force is
applied. Conscquently. an increcase in Kb will be reflected
in a decrease in PVL

A Clinical Example of the Utility of Kb

In the original description of Kb. the concept was
found useful to explain, at lcast theoretically. such enig-
matic conditions as normal pressure hydrocephalus and
pscudotumor cerebri [8-10. 12]. Subsequently, the concept
has proved helpful in understanding why some patients
continue to require CSF diversion despite total removal of
brain tumors that led to the hydrocephalus in the first
place [11]. The infrequent finding of symptomatic shunt
malfunction without concomitant ventricular dilatation
can be explained by analogy with pscudotumor cerebri of
a high Kb and nonacute increcase in resistance to outflow
of CSF [&. 13].

Using the logic implicit in the above description of Kb.
enigmatic conditions related to abnormal presentations of
hydrocephalus. shunt malfunctions. or response to shunt-
ing may be cxplained and occasionally innovative methods
of treatment may be suggested. The following clinical
example will emphasize this point.

Fig. 3. CT scan ol patient described in text showing marked
ventricular enlargement despite low measured 1CP.

Case Report

A 24-year-old Caucasian female was referred for treatment of
symptomatic “slit ventricle syndrome’. At the age of 7 years. she had
undergone the total removal of & cerebellar hemangioblastoma. After
a stormy postoperative course. she underwent a ventriculoperitoneal
shunt and during the next 14 years underwent 24 shunt revisions,
primarily for proximal obstruciion but also for low pressure syn-
dromes and valve failures. At the inital attempt at shunt revision
with valve change. the ventricular catheter was dislodged from the
burr hole reservoir valve mechznism. leading to an avulsion of the
choroid plexus and an intraventricular hemorrhage. This incident led
to multiple valve failures and a period of external ventricular
drainage (EVD). During the period of EVD management. it was
noted that maintaining the drainage bag at hecad level resulted in
marked ventriculomegaly and a somnolent patient. Improvement
occurred only after maintaining the drainage bag below the level of
the head.

Eventually, the CSF cleared. Attempts to use valve systems that
impeded flow of CSE were not tolerated. Shunt systems that permit-
ted siphoning led to severe headaches [rom slit ventricle syndrome.
Finally., a medium pressure adult Hakim*® valve (Cordis Corp..
Miami. Fla.) was placed in series with a siphon control device (P.S.
Medical, Santa Barbara. Calif.). The patient developed marked ventric-
ulomegaly and impaired level of consciousness (fig. 3). At this point
ashunt tap revealed an opening pressure of 8 em/H. O in the recumbent
position that dropped to negative 1CP (sucking of CSF) in the erect
position. It was thought that the shunt was working optimally and that
the problem lay not in the shunt but in the lack of turgor within the
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Fig. 4. CT scan of the same patient 24 h later after neck wrapping
showing normal sized ventricles in an asymptomatic patient.

brain itself. Why this should occur is unknown. One way to increase
Kb is to increase the water or blood content of the brain by impeding
venous drainage from the intracranial compartment. After informed
consent was obtained. the patient’s neck was wrapped with an ace
bandage as a venous tourniquet tight enough to impede venous return
but loose enough to be reasonably comfortable. The following morning
after careful observation in the intensive care unit. she was bright.
awake. and without headache for the first time since her initial
assessment. A computerized tomography (CT) study showed that the
ventricles were normal in size (fig. 4).

After 72 h of continuous neck wrapping. the acc bandage was
removed. Within 24 h. the ventricles had again increased dramatically
and the patient was again somnolent (fig. 5). Shunt tap reveuled a
negative opening pressure but free flow of CSF from the ventricle and
rapid run down of a loaded manometer indicating that the shunt was
functioning. The siphon control device was removed. The ventricles
again became slit-like and the patient’s severe low pressure headaches
returned. She remains in this condition 8 months later.

Discussion

Ncck wrapping impedes venous return and increascs
cerebral blood volume. In this manner, brain turgor or Kb
is incrcased. Increasing brain stifiness or turgor allows an
increase in brain volume at the expense of the ventricular
system. A working shunt is in place that prevents siphon-

Fig. 5. After the removal of the neck wrap. the ventricles again
became dramatically larger.

ing: therefore, the increase in brain volume displaces CSF
leading to a decrease in the size of the ventricles. ICP will
not risc until sufticient CSF has been displaced to allow

recording of brain parenchymal pressure. The effect of

neck wrapping in this instance decreased ventricular vol-

ume only as long as the wrap was in place. The return of

the abnormally low Kb led to ventricular distention be-
cause the sucking ctfect of siphoning was precluded by the
siphon control device.

An alternative explanation to this discussion has been
proposcd [Sanford. pers. commun.. 1991]. The neck wrap-
ping may somehow lead to compression of the shunt
tubing distal to the point that the siphon control device
was inactivated (higher downstrcam pressure). It is truc
that removing the siphon control device led to ventricular
decompression and a return to her slit ventricle syndrome.
However. the inactivation of the siphon control feature by
raising downstream pressurc would still not allow the
extreme low pressure states that would be present in
the absence of a siphon control device. Change in Kb
remains the most likely explanation for the obscrved
phenomena.
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Conclusion

Brain turgor or Kb is a term that is part of brain
clastance or PVI. but it represents only that portion
contributed by the brain. Changes in Kb occur in many
scttings. not all of which have been defined. Kb is in-

vasogenic and cytotoxic edema. It is decreased from cra-
nial irradiation and probably also from the normal pro-

tions.

creascd when venous drainage is impaired and in cascs of

cess of scnescence. This parameter is important to consider
when analyzing the pathophysiology of abnormalitics of
CSF physiology and when deciding among treatment op-
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