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Introduction

Communicating hydrocephalus (CH) is a severe neurodegenerative disorder
characterized by an increased volume of cerebrospinal fluid (CSF) within enlarged cerebral
ventricles. Previous studies have found that pulsatile CSF flow in the human cerebral aqueduct
is elevated in CH, and have suggested that the causes of CH may be related to this increased
pulsatility, as opposed to the traditionally accepted view of CSF malabsorption at the arachnoid
villi. However, this has yet to be proven. In this dissertation, our goal was to investigate the
significance of elevated aqueductal pulsatility in CH. We hypothesized that pulsatile CSF flow is

a significant non-invasive marker of clinical outcome in CH.

Methods
We explored our hypothesis by characterizing the course of CH development in a

recently developed rat model of CH, by MRI measurement of the volume of the cerebral
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ventricles and pulsatile CSF flow in the cerebral aqueduct and studying the relationship between
ventricular dilation and aqueductal pulsatility. Aqueductal pulsatility may strongly be influenced
by intracranial compliance, which is known to affect intracranial pressure pulsations. To
understand how compliance affects aqueductal pulsatility, we studied the changes in aqueductal
pulsatility produced by surgical modulation of compliance by shunting and craniectomy. Since
increased blood flow pulsatility in the cerebral microvasculature has been suggested as a
mechanism of increased CSF pulsatility in CH, we next explored a possible source of elevated
aqueductal pulsatility by measuring capillary blood flow pulsatility in the CH rat neocortex with
two photon microscopy. Finally, we investigated whether aqueductal pulsatility correlates with

severity of CH in our animal model by characterizing behavioral deficits in our CH rats.

Results

At four weeks following hydrocephalus induction, the volume of the ventricles increased
by a factor of 12 on average and aqueductal pulsatile flow of CSF increased by a factor of 101
compared to control rats. Aqueductal pulsatility was correlated to ventricular size, but this
relationship varied significantly over the course of CH development, suggesting that both
pulsatility and ventricular size may depend on another parameter, such as intracranial
compliance. Aqueductal pulsatility had a strong dependence on compliance; increased
compliance produced by shunting or craniectomy caused a drop in aqueductal pulsatility. Upon
investigation of capillary blood flow pulsatility as a possible source of aqueductal pulsatility, we
found that capillary pulsatility in our CH rat model depended on the anesthetic paradigm and
was increased by 21% in CH under isoflurane anesthesia, but not under ketamine-xylazine.
Finally, aqueductal pulsatility was not correlated to behavioral deficits in motor coordination,

even though motor coordination (but not cognitive ability) is impaired in CH rats.
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Conclusions

Our results show that aqueductal pulsatility is elevated in our rat model of CH, and is
correlated to ventricular size. However, the relationship varies over time and may be related to
changes in intracranial compliance. Decreased aqueductal pulsatility caused by increased
compliance support the hypothesis that aqueductal pulsatility is influenced by intracranial
compliance. Elevated capillary pulsatility supports the pulsation redistribution theory of
hydrocephalus, suggesting that increased microvascular pulsations are an important component
of the mechanism of CH. Using our model of communicating hydrocephalus, we have been able
to demonstrate that there are clear changes in pulsatile dynamics in the hydrocephalic brain,
both macroscopically as measured in the cerebral aqueduct and microscopically within the
cerebral microvasculature. While our results have not established a clear link between these
marked changes in pulsatility and clinical outcome, our work has laid the groundwork for future
studies in experimental hydrocephalus and for future clinical trials looking into alternate

mechanisms of communicating hydrocephalus.
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Chapter 1

1. Introduction

Hydrocephalus is a severely debilitating disease that afflicts over 1 in 500 people
in the US alone. It is often accompanied by headache, nausea, seizures, gait
disturbances, incontinence, dementia and personality changes [1]. In infants, it can
cause rapidly increasing head size and can lead to loss of developmental progress [2].
Its most common feature is dilation of the cerebral ventricles, the CSF filled spaces in
the brain. There is, as yet, no cure for hydrocephalus, and the only treatment options for
it are palliative and require neurosurgery. The treatments frequently require surgical
revisions and are known to fail often [1, 3-5]. If left untreated, hydrocephalus can lead to
coma and eventually death.

The etiology of communicating hydrocephalus (CH), one of the major types of
hydrocephalus, is poorly understood. CH has traditionally been explained in terms of the
“bulk flow theory” of CSF circulation. However, this view has been unable to account for
several observations, such as dilation of the cerebral ventricles instead of subarachnoid
spaces (SASs) and absence of a transmantle pressure gradient [6-8]. Recently, based

on growing evidence that the pulsatile flow of CSF may play an important role in



intracranial dynamics and the pathophysiology of CH, a pulsatility theory of CH has
been proposed as a possible mechanism for the development of CH. This theory
suggests that CH is a consequence of redistribution of arterial-driven pulsations in the
cranium, which gives rise to elevated CSF pulsatility in the cerebral aqueduct as seen in
CH patients. This theory accounts for many old and new unexplained observations
regarding CH [6, 8], but it has not been experimentally verified.

The primary purpose of this dissertation was to investigate this pulsatility theory
by quantifying two components of intracranial pulsatility: aqueductal CSF pulsatility and
cerebral microvascular pulsatility. A careful study of intracranial pulsatility changes can
be effectively carried out in an animal model. Animal models of communicating
hydrocephalus had been lacking until the recent development of a rat model of CH,
which closely mimics the clinical presentation of CH [9]. This animal model will be used
to explore the pulsatility redistribution theory of CH.

In this dissertation, our goal was to investigate the significance of elevated aqueductal
pulsatility in CH. We hypothesized that pulsatile CSF flow is a significant non-invasive
marker of clinical outcome in CH

The main objective of this dissertation was to investigate the significance of
elevated aqueductal pulsatility in CH. Our central hypothesis is that pulsatile CSF flow is
a significant non-invasive marker of clinical outcome in CH. The following four specific
aims will be explored:

U Characterization of aqueductal CSF pulsatility flow and ventricular dilation in
the CH rat.

Hypotheses:



= Pulsatile CSF flow in the aqueduct of normal and CH rats can be measured
using phase contrast MRI.

= Agqueductal CSF pulsatility will be elevated in CH rats and will be as high as a
factor of 10 above normal.

= Agqueductal CSF pulsatility will not be significantly correlated to the ventricular
volume of CH rats.

Rationale:

Aqueductal CSF pulsatility is routinely measured in clinical MRI, but it has not
been quantified in the rat. Thus, it is necessary to first develop the techniques
for measuring and calculating aqueductal pulsatility in a rat using MRI.
Aqueductal pulsatility can be as high as a factor of about 10 compared to
normal, in CH patients, so it is hypothesized that aqueductal pulsatility in the
CH rat will also be 10 times higher than normal. Several studies have shown
that ventricular volume in CH is a poor prognostic marker for disease severity
and for guiding shunt surgery, but the CSF pulsatility may potentially be of
value in both. Thus, it is hypothesized that there will be no functional

relationship between aqueductal pulsatility and ventricular size.

U Characterization of aqueductal pulsatility alterations under compliance
modulation by craniectomy and shunting
Hypotheses:
= |ncrease in intracranial compliance will cause a decrease in aqueductal CSF

pulsatility



Intracranial compliance can be modulated by craniectomy and shunting, both

of which will produce an increase in compliance

Rationale:

Intracranial compliance is a parameter that is known to have a significant
effect on intracranial pressure pulsations, but the effect of compliance on
aqueductal pulsatility has not been studied. By quantifying changes in
aqueductal pulsatility, produced by surgically altering compliance, it will be
possible to study the effects of compliance on aqueductal pulsatility.
Intracranial compliance can be altered by surgical procedures such as
craniectomy and CSF diversion by shunting; these are the techniques that will

be used.

U Characterization of neocortical capillary pulsatility in CH rats

Hypotheses:

Blood flow and pulsatility in capillaries can be measured in the rat neocortex
down to a depth of 600 uym using two photon microscopy.

Pulsatility of neocortical capillaries will be elevated in CH rats immediately
following kaolin induction and will persist into the long-term stages of the
disease

Elevated capillary pulsatility will be correlated with aqueductal CSF pulsatility

in CH rats.

Rationale:



The pulsatility redistribution theory suggests that elevated aqueductal
pulsatility in CH is a result of redistribution of systolic arterial-driven pulsations
in the cranium. A consequence of this redistribution is elevated microvascular
pulsatility in the capillary beds of the brain, which may produce elevated
aqueductal pulsatility. This view can be explored by measuring capillary
pulsations in the cortex of CH rats. Capillary pulsatility has not been studied
deep in the rat brain, and it is hypothesized that pulsatility as deep as 600 pym
in the brain can be measured with two-photon microscopy. Because elevated
pulsatility results in elevated aqueductal pulsatility, it was hypothesized that
capillary pulsatility will be correlated to aqueductal pulsatility in the CH animal

model.

O Characterization of behavioral deficits in CH rats.
Hypotheses:
= CH rats will exhibit behavioral deficits in memory, cognitive ability and motor
coordination, compared to normal rats.
= Behavioral deficit in CH rats will be correlated with aqueductal CSF pulsatility.
Rationale:
Severity in clinical CH is best gauged by behavioral deficits, as they provide a
measure of functional impairment. Since aqueductal pulsatility may be a
prognostic marker for CH treatment, it may also be measure of severity. This
can be determined by characterizing cognitive and motor impairments in the

CH rat model, and correlating these parameters with aqueductal pulsatility.



Chapter 2

2. Background

2.1 Anatomy and Physiology of CSF and CSF Spaces

Communicating hydrocephalus is a disorder of cerebrospinal fluid circulation, and
is closely tied to the anatomy and physiology of the cerebrospinal fluid spaces. A brief
review of the CSF spaces, CSF formation, absorption and physiology is presented
below, to introduce the context in which communicating hydrocephalus is discussed in

this dissertation.

2.1.1 Cerebral Ventricles

The cerebral ventricles are sac-like cavities present within all mammalian brains
and contain the clear, water-like fluid known as cerebrospinal fluid (CSF). In most
mammals, the ventricles can be categorized as the left and right lateral ventricles (LV),
the third ventricle and the fourth ventricle. Images of the ventricles in the human brain

are depicted in Fig. 2.1. The lateral ventricles are connected to the third ventricle via the



left and right foramina of Monroe. The third ventricle connects to the fourth ventricle by
a long narrow channel called the aqueduct of sylvius or cerebral aqueduct. The fourth
ventricle narrows at its caudal end and eventually forms the central canal of the spinal
cord. The ventricles and the aqueduct are collectively referred to as the “ventricular
system”.
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Figure 2.1: The cerebral ventricles in the human brain.

The ventricles are the spaces inside the brain that contain CSF. There are 4 ventricles,
as shown here: the 2 lateral ventricles, which are the largest, the donut-shaped third
ventricle, which lie inferior to the lateral ventricles and is connected to the lateral
ventricles via the inter-ventricular foramen or foramen of Monro, and the fourth ventricle,
which lies anterior to the cerebellum and is connected to the third ventricle via the
cerebral aqueduct. Modified from [10].

2.1.2 Subarachnoid Spaces and Cisterns

The subarachnoid spaces (SAS) lie within the meninges, which are contiguous
layers of tissue which surround and cover the brain and spinal cord (Fig. 2.2). The
innermost meningeal layer is the pia mater, a thin layer of connective tissue lying very

close to the brain surface, and separated from the brain by a basement membrane and



a layer of astrocytes (glia limitans). The middle layer is the arachnoid mater, a thin
transparent membrane of fibrous tissue, which gets its name from its spider-like
appearance. The outermost layer of the meninges is the dura mater, a thick and
inelastic membrane of dense fibrous tissue that serves as a protective layer around the
brain and spinal cord. The arachnoid membrane is attached to the dura, and the SAS is
the region lying between the arachnoid and the pia (Fig. 2.2). Since the arachnoid does

not follow the foldings of the brain, the SAS widens at the brain sulci.
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Figure 2.2: The meningeal layers surrounding the brain.

The outermost membrane is the dura mater, a thick, tough layer of fibrous tissue that
protects the brain and spinal cord from physical injury. The middle layer is the arachnoid
mater, which gets its name from its spidery appearance. The innermost layer is the pia
mater, which lies next to the brain surface. The space between the arachnoid and pia is
the subarachnoid space, which contains CSF. Arachnoid granulations, which are
thought to be involved in CSF reabsorption, are projections of the arachnoid membrane
into dural sinuses or venous lacunae, as shown here. Modified from [11]

CSF can flow out from the ventricular system into the SAS through the foramen
of Magendie (medial aperture) and the left and right foramina of Luschka (lateral

apertures). All three apertures lie near the distal end of the fourth ventricle. The foramen



of Magendie opens into the cisterna magna, which lies between the ventral side of the
cerebellum and the brainstem (Fig. 2.3). The foramina of Luschka open into the
subarachnoid space surrounding the brainstem, adjacent to the cisterna magna.

The SAS contains vasculature and is filled with CSF. It contiguously surrounds
the cerebrum, cerebellum, brainstem and extends down into the spinal canal,
surrounding the spinal cord. Because it surrounds the entire brain on all sides, it causes
the brain to “float” in CSF, effectively reducing the weight of the brain [8] and acting as a
cushion against shocks. At certain places, the subarachnoid space widens to form CSF-
filled recesses or cisterns. Some of these cisterns are the cisterna magna
(cerebellomedullary cistern), described above, the prepontine cistern, lying along the
ventral surface of the pons, and the interpenduncular cistern, ventral to the midbrain.
The prepontine and interpenduncular cisterns are collectively known as the basal

cisterns.
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Figure 2.3: The subarachnoid spaces and cisterns in the human cranium.

The subarachnoid space is the layer surrounding the brain and spinal cord that contains
CSF. At the base of the skull, the subarachnoid space widens to form cisterns. The
cerebellomedullary cistern or cisterna magna lies inferior to the cerebellum and
posterior to the brainstem; the prepontine cistern and interpenduncular cistern lie
anterior to the brainstem and are collectively called the basal cisterns. Modified from
[11]

2.1.3 Ependyma, Choroid Plexus and Arachnoid Villi and Granulations

The surface of the entire ventricular system is covered by an epithelial layer
known as the ependyma, which consists of special glial cells that form gap junctions
with each other. These gap junctions are not tight, and permit water, ions and

macromolecules to easily diffuse through, allowing intermixing of CSF with brain
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parenchymal interstitial fluid. For this reason, CSF and brain interstitial fluid have similar
chemical compositions [12].

At certain regions of the ventricular system, the ependyma becomes fenestrated
with invaginations of the pia mater, which give rise to densely packed capillaries
covered by ependymal cells, forming the choroid plexus. The inner layers of most of the
lateral, third and fourth ventricles are covered by choroid plexus. The choroid plexus is
thought to be the major site of CSF production.

Arachnoid villi and arachnoid granulations are CSF-filled projections of the
arachnoid mater that protrude into the venous sinuses in the dura at the convexity of the
brain (Fig. 2.2, 2.3). The villi are microscopic while the granulations are visible by eye.
Arachnoid projections also exist in the spine. CSF has traditionally been thought to be

reabsorbed back into blood through the arachnoid projections.

2.1.4 CSF Physiology, Formation and Absorption

Cerebrospinal fluid (CSF) is a clear, water-like fluid present within specific
spaces/ventricles and subarachnoid spaces in all mammalian brains. CSF is present
within the cerebral ventricles, the cranial and spinal subarachnoid spaces, the spinal
thecal sac and the central canal of the spinal cord. CSF has several important physical
and physiological functions in the brain. A major mechanical function of CSF is to act as
a cushion to protect the brain from the inner surface of the skull during head motion and
minor trauma. CSF increases the buoyancy of the brain and prevents lower surfaces of
the brain from coming in contact with the skull [13]. In addition, CSF circulation provides

peptides and micro-nutrients to neural networks and removes waste produced by brain
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metabolism [14], and is also involved in transport of proteins and hormones [15]. It has
been hypothesized that severe disruptions in CSF circulation contributes to dementia in
the elderly [14, 16].

The total volume of CSF within the human cranium is approximately 165 ml,
while average volume of the cerebral ventricles range from 15 to 32 ml [17-19]. Tanna
et al. reported that the total intracranial CSF volume in an MRI study of a group of 15
healthy elderly subjects varied from 62.2 to 267.0 ml, and the ventricular volume range
was from 7.49 to 70.5 ml [18]. CSF formation rate in the human brain varies from 0.3-
0.6 ml/min, depending on the measurement technique [14, 17, 20, 21]. CSF formation
rate has a circadian variation and is higher at night than during the day [22]. The volume
of CSF produced in adult humans is 500-600 ml per day [14].

CSF is produced predominantly at the choroid plexi of the lateral, third and fourth
ventricles. CSF was once thought to be produced by ultrafiltration of blood at the
choroid plexi, but later studies showed that CSF formation is an active process and
mediated by a number of ion transporters and aquaporin channels at the choroidal
membranes [14]. CSF is also formed at the ependyma by secretion or diffusion of
extracellular fluid from brain parenchyma into ventricles [23, 24], through gap junctions
in the ependyma [12, 14]; some investigators consider the secretion at the ependyma to
account as much as 50% or more of CSF formation [17], although most authorities
agree that the choroid plexi produces 70-80% of CSF [25].

CSF has traditionally been thought to be absorbed back into the blood supply at
the arachnoid granulations and villi in the cranial and spinal dura [26]. The exact

mechanism of CSF transfer is unclear, and thought to be by pinocytosis, phagocytosis,
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through vacuoles or channels or through gaps between cells [27]. However, there are a
number of observations that raise questions as to whether the arachnoid projections are
the only site of CSF absorption. For instance, arachnoid granulations are not present in
humans before birth, although presence of choroid plexus and CSF formation in fetal
stages has been demonstrated [28]. Thus, CSF absorption must take place at an
alternate site at these stages. In animals, it has been shown that a major portion of CSF
is absorbed into the lymphatic system from the subarachnoid spaces adjacent to the
olfactory nerves, which pass out of the cranial vault into the nasal submucosa through
the cribriform plate [27, 29]. CSF is absorbed into cervical lymphatics from the olfactory
nerves. This effect has been demonstrated experimentally in rats [30-32] and sheep [33,
34], and post-mortem morphological studies suggest that this absorption pathway may
also exist in humans and primates [35, 36]. In rats, CSF absorption into lymphatics via

spinal nerves has also been demonstrated [37].

2.1.5 Summary

The preceding descriptions of the ventricles, subarachnoid spaces and CSF are
important to understand the context of CH in the following studies and discussions.
Communicating hydrocephalus is characterized by enlarged ventricles and elevated
pulsatile flow of CSF, as will be discussed below. The basal cisterns are important in the
context of the animal model of CH used in these studies. As will be seen, a clear
understanding of the anatomy and physiology are essential to gain insight into various

aspects of the complex disorder of communicating hydrocephalus.
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2.2 Background on hydrocephalus

2.2.1 Definition and types

Hydrocephalus is a poorly understood, severe neurological disorder
characterized by excessive accumulation of CSF in the brain ventricles. It can be
congenital or acquired at birth or later in life. It is one of the most common birth defects
and is present at birth in 1 in 500 children [38]. Due to a lack of national registries or
databases, the exact number of adult patients is unknown, but about 75,000 patients
diagnosed with hydrocephalus are released from US hospitals each year [39]. It is
estimated that there are a total of 38,200-39,900 hospital admissions involving pediatric
hydrocephalus [40]. Hydrocephalus can be fatal if left untreated.

There are two major types of hydrocephalus: obstructive and communicating.
Obstructive hydrocephalus is characterized by a blockage to CSF flow somewhere
within the ventricular system. It can be caused by many factors, such as aqueductal
stenosis, head trauma, intraventricular hemorrhage and tumors. Communicating
hydrocephalus, the object of the proposed study, is not characterized by any obstruction
within the ventricular system. Obstructions may be present within the subarachnoid
spaces, but sometimes remain unidentified. Communicating hydrocephalus can occur
secondary to subarachnoid hemorrhage, meningitis, spina bifida and syringomyelia. A
subtype of communicating hydrocephalus is normal pressure hydrocephalus (NPH).
This is usually found in elderly patients. It is characterized by ventricular dilation, but
intracranial pressure is either normal or only slightly elevated, in contrast to other
instances of communicating hydrocephalus where intracranial pressure is significantly

elevated. NPH is usually classified as idiopathic, and its most common symptoms are
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urinary incontinence, gait apraxia and dementia. Because of the gait and dementia
components, the diagnosis of NPH can sometimes be confused with Alzheimer’s or

Parkinson’s diseases [41-44].

2.2.2 Symptoms

The most common characteristic of hydrocephalus is dilation or widening of the
CSF filled cerebral ventricles. In infants, this can cause a bulging “soft spot” or rapid
enlargement of the head. In adults, dilated ventricles are detected by a radiological
exam (MRI, CT or ultrasound) or other tests, such as a lumbar tap, which reveal
elevated intracranial pressure, another frequent feature of hydrocephalus. The
symptoms of hydrocephalus can vary, but commonly include headache, vomiting,
nausea, seizures, walking and gait disturbances, urinary incontinence, blurred or double
vision, sunsetting of the eyes, as well as forms of dementia including memory loss and

changes in personality [2, 38].

2.2.3 Treatment: Shunting

There is, as yet, no cure for hydrocephalus, and the only treatment options for it
are palliative and involve invasive neurosurgery. The most frequently used treatment for
obstructive and communicating hydrocephalus (including NPH) is shunting, whereby the
excess CSF is drained out of the ventricles into another part of the body. A shunt
consists of two catheters and a mechanical valve, as shown in Fig. 2.4. The valve

controls the drainage flow of CSF from the ventricles. Control of drainage is important,
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because overdrainage can lead to collapse of the lateral ventricles, giving rise to a
complication known as slit-ventricle syndrome [1]. The proximal end of the shunt is
inserted into one lateral ventricle through a small craniectomy and the distal end is
inserted into the peritoneum (in some cases, it may be placed elsewhere in the body, as
described below). The catheters are tunneled under the skin and connected to each
other via the valve. A shunt which drains CSF into the peritoneum is known as a
ventriculoperitoneal shunt. In some cases, the distal end of the shunt is placed in the

atrium (ventriculoatrial shunt).

Proximal Yalve body
(ventricular) end with reservairs

/

Distal end

Catheters

Figure 2.4: Schematics of typical shunts.
The shunt consists of a proximal and a distal catheter and a valve in between. The
valve generally controls the drainage of CSF and often contains a reservoir for CSF.
The proximal catheter is placed in the lateral ventricle and the distal end is usually
placed in the peritoneum. The entire shunt is tunneled under the skin, with the valve
generally placed at the back of the head under the scalp. Modified from [1].

Shunt malfunction is a frequent problem, and shunts can often become
obstructed or infected. Within one year after shunting, up to 40% of shunts are known to
fail [3] and 10% become infected [4]. Two-thirds of new shunts fail within two years [3,

5]. The shunt has to be used throughout the patient’s life, and therefore upon failure, it
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needs surgical revision. Nevertheless, shunting is often successful as a treatment, and
many patients are able to lead mostly normal lives after shunting.

Shunt surgeries for hydrocephalus, including initial shunt placement, revisions
and removal, constitute one of the most common neurosurgical procedures in adults,
and the most frequent neurosurgical procedure in children. Shunt surgery represents a
significant medical problem, and the total cost for shunt-related procedures have been
estimated at $1.1 billion per year in the US, as of the year 2000 [45]. Similar costs per
population were also found in a study focusing on patients in Canada [46]. A more
recent study estimated that pediatric hydrocephalus-related hospital charges totals to

$1.4-2 billion per year in the US, using data from the years 1997, 2000 and 2003 [40].

2.3 Conventional bulk flow theory of CH.

Since communicating hydrocephalus is primarily a CSF flow disorder, a
discussion of CSF circulation is necessary. Traditionally, CSF circulation has been
explained in terms of the “bulk flow theory” [47]. According to this view, CSF is produced
primarily at the choroid plexus (CP) in the cerebral ventricles, flows unidirectionally and
is absorbed into dural venous sinuses through arachnoid villi and granulations in the
dorsal subarachnoid spaces (SAS). CSF thus flows out of the ventricles through the
foramina of Luschka and Magendie in the fourth ventricle, circulates in the cranial and
spinal SAS, moving with a unidirectional “bulk” flow, before finally being absorbed into
the blood at the arachnoid villi and granulations. This unidirectional flow has been

assumed to be driven by a transmantle pressure difference in CSF between its site of
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formation and its site of absorption, and this pressure gradient has also been thought to
be responsible for the intracranial pressure [6, 8].

These views were initially suggested by the work of Faivre, who hypothesized
that CSF may be produced in the CP [48], and Key and Retzius, who proposed that
CSF may be absorbed at the arachnoid granulations [49]. Evidence of this view was
presented by Dandy, who showed that blocking the cerebral aqueduct in dogs caused
CSF to build up in the lateral and third ventricles, forcing them to dilate [50]. This
indicated that the choroid plexus in the lateral and third ventricles is a source of CSF. In
addition, experiments by Welch and Friedman indicated that arachnoid granulations
may act as mechanical valves for CSF, which supported the view that they are
responsible for CSF resorption into the venous sinuses [51].

The nature of the flow of CSF was also under considerable debate, with some
groups maintaining that CSF flow was simply a passive diffusion process, while others
supported the view of an active circulation, until finally Di Chiro proved the latter view
[52]. Using radionuclide cisternography, Di Chiro showed that the spread of radionuclide
tracer in CSF was too rapid and hence must involve some form of active circulation as
opposed to mere diffusion. This was interpreted to imply the existence of a bulk CSF
flow. In addition, Di Chiro observed a maximum concentration buildup of isotope near
arachnoid granulations in the convexity, which was interpreted as evidence that CSF is
indeed reabsorbed through the arachnoid granulations. These findings appeared to
bring an end to all the controversies that had surrounded the theories of the formation

and absorption of CSF [7].
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In light of these views, communicating hydrocephalus has traditionally been
explained as the consequence of an imbalance between the formation and absorption
of CSF [6-8]. Obstruction to CSF flow in the subarachnoid spaces (SASs) leads to
reduced absorption of CSF across the arachnoid granulations, giving rise to a buildup of
CSF and an increase in intracranial pressure, which causes dilation of the ventricles,
the most characteristic feature of CH [6]. Meningitis and subarachnoid hemorrhage
have been implicated as frequent causes of subarachnoid CSF blockage and giving rise

to CH [53-55].

2.4 Observations inconsistent with the bulk flow theory

As stated earlier, the unidirectional bulk flow of CSF inherently assumes the
existence of a transmantle pressure gradient between the ventricles and the SASs that
causes CSF to flow from the source at the CP to the sink at the arachnoid granulations
[6, 8]. This assumed pressure gradient is the first challenge to the bulk flow theory when
applied to CH: CSF malabsorption at the arachnoid granulations should cause the
assumed transmantle pressure gradient to increase, and this should cause the SAS to
dilate, not the ventricles. SAS dilation is in fact observed in a different disease state
known as external hydrocephalus, which incidentally is also thought to be caused by
reduced CSF absorption at the arachnoid granulations [56]. Why the ventricles dilate as
opposed to the SAS is one of the questions raised in a recent position paper that
identified different areas of communicating hydrocephalus that requires further study

[57].
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This dilemma of CH, i.e. ventricles dilate at the expense of the SAS, had first
been pointed out by Dandy [50] (even though his research had been used to support
the bulk flow theory) and has been emphasized by other investigators [6-8]. Scientists
also maintain that the subarachnoid spaces always remain narrow in CH [6, 8, 50, 58,
59]. Experiments that have attempted to quantify the transmantle pressure gradient
using invasive pressure monitoring have yielded contradictory results. Conner et al.
showed an elevated transmantle pressure gradient of 3.4 + 3.9 cm saline in a cat CH
model [60], but other investigators have been unable to show a significantly increased
transmantle pressure gradient in animal models of CH as well as clinical hydrocephalus
[61-63]

In addition, numerous studies have shown that CSF reabsorption takes place not
only at the arachnoid granulations, but also via nasal and spinal lymphatics [27, 29-34,
64, 65]. While these pathways have been characterized mainly in sheep and rats [31,
65], post-mortem studies indicate that these pathways also exist in humans and
primates [35, 36]. The existence of these alternate pathways are emphasized by the
observation that arachnoid granulations and villi do not develop until birth, and do not
exist in the fetal stage even when CSF formation is evident [28]; this indicates the
existence of alternate pathways. Moreover, the mechanical valve action of the
arachnoid granulations (as described by Welch and Friedman [51]) has not been
anatomically demonstrated, and no quantitative data has been provided to support this
form of CSF reabsorption [8]. This has prompted a few investigators to suggest outright
that no CSF reabsorption takes place at the arachnoid granulations [8]. Greitz argues

that 80-90% of isotope in radionuclide cisternography studies is absorbed in the spinal
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canal, and maintains that CSF is absorbed by the cerebral capillaries, and that this
process occurs throughout the brain; he uses this view to argue against the traditional
bulk flow model of CH, and suggests that CSF circulation is driven primarily by pulsatile
flow. It should be noted that recent in-vitro and ex-vivo studies utilizing human
arachnoid tissue have demonstrated unidirectional flow of CSF across arachnoid
granulations under normal intracranial pressure levels, with decreased hydraulic
conductivity when the direction of flow is reversed [66-68]. These models were
hypothesized to resemble the in-vivo CSF outflow across the arachnoid membrane in
humans.

These observations raise questions regarding the traditional view of the etiology
of communicating hydrocephalus: why would malabsorption of CSF at the arachnoid
granulations give rise to CH? If absorption at the arachnoid granulations is
compromised, it is likely that the lymphatic absorption sites should be able to
compensate [32]. Then how do conditions such as meningeal infection or subarachnoid
hemorrhage, which are thought to disrupt absorption at the arachnoid projections, give
rise to CH? It is evident that the bulk flow view of communicating hydrocephalus is an

inadequate description of a highly complex disorder.

2.5 CSF Pressure Pulsatility in CH

CSF flow in the ventricles has been known to have a pulsatile component for
many years, ever since Magendie first described that CSF moves by “ebb and flow” [69,
70]. The driving force behind these pulsations was disputed, until O’Connell noted that

the pulsations were synchronous with the heart rate and could be altered by changes in
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venous pressure in 1943 [71]. He also hypothesized that elevated CSF pulse pressure
(pressure amplitude) in the ventricles may give rise to CH, even if the mean pressure
remains unchanged. Based on spinal blockage studies, Antoni has suggested in 1946
that the CSF pulse wave originates from the large arteries at the base of the brain, since
CSF pulsations in the lumbar SAS were shown to disappear below a spinal block [72].

These theories were partially verified by Bering, who in 1962 postulated that CSF
pulsatility originated from cardiac-induced arterial pulsations in the choroid plexus [73,
74]. Bering’s postulates thus differed from O’Connell’'s hypothesis that CSF pulsatility
originated from the arteries in the basal cisterns, and from the systolic expansion of the
brain itself. Bering also suspected that arterial pulsations in the choroid plexus (CP) of
the lateral ventricles may play a role in hydrocephalus. He conducted experiments in
dogs where he removed the CP from one lateral ventricle (plexectomy), while leaving
the CP in the other lateral ventricle intact, taking care to ensure the foramina of Monro
were open [74]. He then induced CH by kaolin injection into the cisterna magna, and
found that dilation took place only in the ventricle with the intact choroid plexus (Fig.
2.5). He thus showed that ventricular dilation was not due to increased intraventricular
pressure due to accumulated CSF, since the lateral ventricles were communicating and
would experience the same fluid pressure. Bering also showed that the CSF pulse
pressure in the normal (dilated) ventricle was elevated compared to the pulse pressure
in the plexectomized ventricle (Fig. 2.6). Therefore, Bering concluded that ventricular
dilation was due to choroid plexus pulsations [74].

There was considerable skepticism to Bering’s findings in the scientific

community. For instance, Dunbar et al. showed that CSF pulse wave in the ventricles,
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cisterna magna and lumbar SAS were almost identical, and that the lumbar CSF pulse
wave persists even after a complete cervical block, which prevents communication of
cranial and spinal CSF [75]. They use this data to critique Bering’s theory that the pulse
wave originates in the choroid plexus of the ventricles, and conclude that “arteries
supplying the spinal cord make a major contribution to the formation of the CSF pulse

wave” [75].

(A) (B)

Figure 2.5: Unilateral ventricular dilation in a dog from Bering’s study.

These coronal sections show the anterior horns (A) and posterior horns (B) of the lateral
ventricles of a dog brain from Bering’s experiments. The choroid plexus from the left
ventricle was surgically removed, following which hydrocephalus was induced by
cisternal kaolin injection. At 9 weeks post induction, only the right ventricle (marked with
**), with the intact choroid plexus, had dilated, while the left ventricle (marked with *) did
not expand, even though both foramina of Monro were open. Based on this and other
results, Bering suggested that ventricular dilation is caused by increased pulsations of
the choroidal arteries. Modified from [74].
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Figure 2.6: CSF pressure pulse waves ventricles of a dog from Bering’s study.

In Bering’s experiments, the choroid plexus from the right ventricle of a dog was
surgically removed, while that in the left ventricle was left intact. Consequently, the
intraventricular pressure pulse waveform was markedly lower in the right ventricle
(double arrow, upper waveform) than in the left ventricle (single arrow, lower waveform),
even though both foramina of Monro were open. Modified from [74].

Bering’s results were further substantiated by the work of Wilson and Bertan [76]
who also induced CH in dogs cisternally, but using lampblack instead of kaolin. They
occluded an artery leading to the choroid plexus in one lateral ventricle, leaving the
other intact, and obtained results similar to Bering’s: dilated ventricle and elevated CSF
pulse pressure in the ventricle with the functioning choroidal artery, but not in the other.

The strongest evidence of the importance of intracranial pulsations in CH was
provided by Di Rocco and colleagues, who induced hydrocephalus in sheep by
introducing a catheter with a small pulsating balloon at the tip into a lateral ventricle.
[77-79]. This balloon was made to expand and contract simultaneously with the animal’'s
heartbeat. The animals developed CH which was pathologically indistinguishable from

CH in animal models based on SAS obstruction. Thus, these investigators

demonstrated that abnormal intraventricular pulsations alone can produce CH,
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indicating that intracranial pulsations may play an important role in the development of

CH.

2.6 Aqueductal CSF Pulsatility in Communicating Hydrocephalus

Pulsatile CSF flow was first experimentally demonstrated by Du Boulay in 1966,
using pneumoencephalography [80], but it was not considered significant in clinical
hydrocephalus until the advent of in vivo imaging using MRI. Later, several investigators
noticed a signal loss in the aqueduct in MR spin echo scans, and determined that this
was due to MR signal dephasing from pulsatile CSF flow [81, 82]. This signal loss or
“flow void” was more pronounced in CH and NPH patients, and this suggested that
pulsatile flow in the aqueduct is elevated in hydrocephalus. [83].

This led investigators to consider whether elevated aqueductal flow may
constitute a new parameter of disease severity, and whether this should be considered
in the decision to shunt a hydrocephalic patient or not [84]. Shunting was known to
produce no improvement in NPH patients in as many as 50% of cases [85], and so
there was a great demand to find a way of predicting shunt surgery outcome [84, 86-
89]. A retrospective analysis of NPH patient data, in which the extent of the aqueductal
flow void was qualitatively scored to determine the level of aqueductal velocity,
suggested that the increased flow void in the presence of other clinical symptoms (gait
disturbance, incontinence and dementia) may indicate a greater likelihood of
improvement with shunting [84].

With the introduction of phase contrast MRI, it became possible to quantitatively

measure the amplitude of pulsatile flow in the aqueduct [81, 82, 90]. This was met with
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great interest by many investigators, because now it was possible to accurately
determine if aqueductal flow could be considered a parameter for improvement with
shunting. By analyzing the aqueductal “stroke volume” (the volume of CSF flowing
cranially in systole or caudally in diastole in the aqueduct) in eighteen NPH patients,
Bradley et al. established that patients with an aqueductal stroke volume greater than
42 ul have a greater likelihood of improving with shunt surgery [91]. Aqueductal stroke
volume in normal subjects is approximately 31 pl [92].

Another study by Dixon et al. showed, however, that there may be no correlation
between elevated aqueductal flow and improvement with shunt surgery [93]. This study
differed from Bradley’s investigation because it measured aqueductal “flow”, and not
“stroke volume”. A more recent study by Kahlon et al. [94], showed that there is no
significant relationship between improvement after shunt surgery and aqueductal stroke
volume. In this study, 24 patients were selected from a larger group of 32 for shunt
surgery based on lumbar infusion or CSF tap tests. Aqueductal stroke volumes were
measured but kept blinded. Twenty of the patients selected for surgery improved. There
was no significant difference in stroke volume between patients who did not undergo
surgery and operated patients. This study questions whether aqueductal pulsatility
could be a useful parameter in determining shunt outcome. Thus, it is very important to
investigate aqueductal pulsatility and determine its role in CH. Evidence indicates that
pulsatility is a key indicator of CH severity (as established from tests of gait, memory
and reflex) [91, 95], but there may be conditions under which it is not as useful. This

was one of the primary motivations behind the studies in this dissertation.
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Chapter 3

3. The Basal Cistern Model of
Communicating Hydrocephalus

3.1 Introduction & Background

Hydrocephalus has been studied using animal models frequently and
extensively. A need for animal models exists because various factors in the
pathophysiology of hydrocephalus are poorly understood. These are better studied in an
animal model of acquired hydrocephalus instead of human patients for three primary
reasons: 1) an animal model allows the study of pure hydrocephalus without the effect
of co-morbidities (e.g. meningeal infection, subarachnoid hemorrhage, atrophy, trauma,
etc.), which are often present in human hydrocephalus, 2) an animal model allows the
use of surgical manipulations and other interventions which may not be safe or ethical in
human patients, and 3) an animal model allows investigation of the disorder throughout

its course of development, i.e. from start to late stages, which is not always possible or
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feasible in human patients. As there is still no cure for hydrocephalus, and the only
treatment option, shunting, is often met with complications and require revisions, further

studies are essential.

3.1.1 Brief Descriptions of Animal Models of Hydrocephalus.

Experimental models of hydrocephalus have been produced in a variety of
animals, including dogs, cats, rabbits, sheep, monkeys, mice and rats. The maijority of
these models involved obstruction of CSF both in the ventricular system and in
subarachnoid spaces using materials such as kaolin [9, 74, 96-101], lampblack [76,
102, 103], silicone oil [104-107], blood [108, 109], teratogenic agents [110-113] and
other materials [110, 114, 115], as well as inflatable rubber balloons [116-121].
Congenital models [122-129] as well as models produced using bacterial inoculation
[130] and viral infection [131-133] also exist. Some of the more commonly used animal

models of hydrocephalus are reviewed below.

Dog. Dogs served as the first subjects in experimental hydrocephalus, nearly a century
ago, in which hydrocephalus was induced by plugging the aqueduct with cotton
pledgets [115]. These studies led to the important finding that CSF is produced by the
choroid plexus, and that an obstruction to intraventricular CSF flow can give rise to
obstructive hydrocephalus. Later studies of hydrocephalus involved injection of kaolin
suspension [73, 74] or lampblack [76, 102, 103] into the cisterna magna in dogs, where
obstruction of the 4™ ventricle outlets gave rise to ventricular dilation. Hydrocephalus

has also been induced by Schurr et al. by injecting Pantopaque, a CT contrast agent,
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into the cisterna magna of dogs [114]. Success of this technique was attributed to an
inflammatory reaction of the subarachnoid spaces, where Pantopaque was injected.
However, injections of kaolin into the basal cisterns by the same group produced little or
no ventricular dilation. Comparisons of dog hydrocephalus was made with
hydrocephalus in cats and Rhesus monkeys. This study yielded several key findings,
among which are: CSF circulation can vary among different species, and so the results
obtained from animal studies should only be applied in humans with caution, and that
arachnoid villi play an important role in CSF reabsorption in dogs but not in cats or

Rhesus monkeys [114].

Rabbit. Hydrocephalus has been induced in rabbits by injecting silicone oil into the
cisterna magna or the spinal thecal sac [104]. Both techniques produced ventricular
dilation, although the injection into the spinal subarachnoid space was noted to produce
better results, and extent of hydrocephalus was dependent on time after induction, as
opposed to the volume of oil infused. The authors could not discern the mode of
hydrocephalus production, and thought that it was due to blockage of CSF flow in the
posterior fossa [104]. This study demonstrated a novel technique for induction of
communicating hydrocephalus, which was not characterized by inflammatory reactions
of meninges or ependyma often seen in other models. A later investigator noted
extensive ventricular dilation by the cisternal silicone injection in young rabbits as early
as 3 days post induction; this study revealed new findings of decreased capillary density
in white matter and reduced cerebral blood flow, both of which could be reversed by

shunting at the early stages of the disease [105]. Acute hydrocephalus was also
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produced in young rabbits by injection of kaolin into the cisterna magna, giving rise to
ventricular dilation as early as two days after surgery. This study established a time-
course of ventricular enlargement in rabbits, and showed that the ependyma remains

intact during the early stages of the disease [134].

Cat. Severe hydrocephalus has been produced by intracisternal kaolin injection in adult
cats [135]. Hydrocephalus has been studied in this model with the calvarium and dura
removed [101], as well as in intact animals [136-138]. Removal of the calvarium and
dura produced hydrocephalus with greater extent of ventricular enlargement than that in
animals with an intact skull, presumably due to increased compliance produced by
absence of the rigid skull and inelastic dura. These were some of the first studies to
explore the role of compliance in hydrocephalus, and showed that increased
compliance induced by removal of the skull exacerbates ventricular dilation. In addition,
extensive studies of cerebral blood flow in hydrocephalus and reversibility of ventricular
dilation and restoration of the cortical mantle upon shunting were made using this

animal model [137, 139-142].

Rat. Rats are currently one of the most commonly used animal models of
hydrocephalus. Early models of rat hydrocephalus involved induction of congenital
hydrocephalus by in-utero procedures on rat fetuses [110]. Later studies produced used
injection of kaolin into the cisterna magna [100, 143-145], producing ventricular dilation
by obstructing CSF outflow from the 4™ ventricle. These were some of the earliest

studies of rat hydrocephalus and showed that hydrocephalus in this species could alter
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growth, damage the ependyma and produce changes in while matter morphology. One
group attempted to produce communicating hydrocephalus by kaolin into the cortical
subarachnoid space. This produced hydrocephalus with mild to moderate ventricular
dilation, but this technique was not ideal since it had a great potential for severe
damage to the cortex [97, 98]. A successful and frequently used congenital rat model is
the H-Tx rat, in which hydrocephalus develops due to aqueductal stenosis within a few
days of birth. Ventricular dilation is severe and rapid. H-Tx rats generally do not survive
beyond 3-4 weeks of age unless they are treated with shunting. H-Tx rats have been
often used in studies of intracranial pressure, outflow resistance and shunting. [146-

148].

3.1.2 Need for a True Communicating Model of Hydrocephalus

Hydrocephalus is produced in most animal models to date by obstructing CSF
flow in the cisterna magna, generally by partially obstructing CSF outflow out of the 4™
ventricles. Many investigators describe this as a “communicating” model of HC [6, 74],
since by traditional definition, communicating hydrocephalus is caused by obstruction to
CSF flow outside the ventricular system. However, cisternal obstruction can partially
block CSF flow out of the ventricles, rendering these models as effectively obstructive
[9, 100, 101]. Few investigators have attempted induction of truly communicating
models, such as Schurr et al, where they injected kaolin into the basal cisterns of dogs
[114], and Cosan et al, who injected kaolin into the subarachnoid spaces of the cranial
convexity of neonatal rats [97, 98], as well as others [9, 149, 150]. However, Schurr’s

procedure produced little or no hydrocephalus, while Cosan’s technique employed blind
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injection through the fontanel into the very narrow cortical subarachnoid space, and very
likely produced significant damage to the cortex by the needle. Thus, there is a need for
models of the truly communicating hydrocephalus, since most models effectively study
obstructive forms of hydrocephalus, and leaves the other major subtype largely
unexplored. In particular, it is not possible to study CSF flow pulsatility as an indication
of intracranial pulsatility without the availability of a communicating model of
hydrocephalus, since in an non-communicating model, obstruction to CSF flow will
reduce or altogether eliminate CSF flow pulsatility (although it may be possible to study
pressure pulsatility in obstructive models).

Recently, a novel model was proposed by Li et al [9]. This model is similar to the
technique attempted by Schurr et al. [114], except that the basilar subarachnoid spaces
are accessed through the C1-clivus interval, and does not require a craniectomy, as in
Schurr's model. Moreover, this model has been shown to produce severe and extensive
ventricular dilation, and the animals can survive more than 30 days (one group of
animals survived as long as 105 days, until euthanasia (§4)). This is the model
described here and used in the studies included in this thesis. Inductions used in §4, §5
(SBU animals) and parts of §6 were done Dr. Jie Li (then at Wayne State University, Ml
and the University of Utah, UT, currently at the University of Syracuse, NY), while the

remaining inductions (§3, §5 (AECOM animals) and §7) were done by the author.

3.2 Methods

All animal handling and surgical techniques were approved by the Institute of

Animal Care and Use Committees (IACUC) of Stony Brook University and Albert
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Einstein College of Medicine. All experimental procedures were carried out in accordance
with the NIH Guide for Care and Use of Laboratory Animals. All efforts were taken to
minimize any suffering of the animals and the number of animals used in experiments.
The surgical technique described here was used to produce communicating
hydrocephalus in the rat, by an injection of kaolin into the subarachnoid spaces of the
basal cisterns. These techniques were originally developed by Dr. James P. McAllister
and Dr. Jie Li and published [9]. This technique has been adopted and refined by the

author, as described below.

3.2.1 Animal Preparation

Animals were anesthetized with 5% isoflurane, and maintained on 2.5%
isoflurane mixed with medical grade air (initial surgeries used an isoflurane-O, mixture).
Animals were intubated with a 16G catheter and allowed to breathe freely. In initial
experiments, animals were ventilated with a small animal respirator at 70 breaths per
minute and tidal volume of 1.5 ml. The developer of the surgical technique, Dr. Jie Li,
had noted that animals that were not intubated and ventilated did not survive the
surgery. However, the author found that mechanical ventilation was not needed, so long
as animals were intubated. The intubation tube is required to support the trachea and
ensure that the trachea does not collapse and respiration is not restricted during the
surgical procedure. As will be seen below, the surgical technique involves pushing the
trachea aside for a brief period of time, and animals that are not intubated are unable to

breathe during this maneuver.
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3.2.2 Surgical Technique

The ventral side of the neck was shaved and cleaned with Betadine and 70%
alcohol. Animals were placed supine over a heating pad, and the forepaws spread
laterally and attached to the surgical table. Under a surgical microscope, using aseptic
techniques, a 4 cm incision was made on the neck along the ventral midline. The
underlying adipose tissue and glands were blunt-dissected along the midline and
retracted, exposing the sternohyoid muscle (covering the trachea). Blunt dissection was
done at the junction formed by the sternohyoid, sternomastoid and caudal digastric
muscles (see Fig. 3.1), revealing the carotid bundle. The connective tissue between the
sternohyoid muscle and the carotid bundle was then carefully dissected and the trachea
and sternohyoid muscle were retracted to reveal the two muscles that lie beneath the
trachea. These were separated along the midline to expose the base of the skull and
C1-clivus interval, where the dura is visible in a small depression between the skull-

base and the C1 vertebra (Fig. 3.2).
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Figure 3.1: Musculature of the ventral neck in a rat cadaver.

The junction formed by the sternohyoid, sternomastoid and caudal digastric muscles are
marked with a red “x”, indicating the site of blunt dissection. Muscle legend: 1:
sternomastoid, 2: sternohyoid, 3: caudal digastricus, 4: cranial digastricus. Modified

from [151].
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Figure 3.2: Schematic of the basal cistern injection site.

The basal cistern injection site in the rat is a small, narrow space that requires a surgical
microscope for visualization. The area in the center lies under the sternohyoid muscle
and trachea, which had to be pushed to a side (not shown). The dura is perforated at
the location marked with a red “x”, with the needle directed towards the left in this
diagram (towards the animal’s head).
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A sharp, custom bent 30 gauge needle (1-2 mm of the tip bent at a 30° angle)
was used to perforate the dura along the edge of the skull-base (Fig. 3.3). Care was
taken to avoid damage to the underlying brainstem and basilar artery. Correct
perforation was visually verified by leakage of a small amount of clear CSF. A second
30G needle, bent in the same manner, but with its tip blunted, was inserted into the
perforation and a 30-50 ul volume of a sterile suspension of 25% kaolin (Sigma, St.
Louis, MO) in saline was injected slowly over 5-6 seconds. Successful kaolin injection
was verified by observing a subtle change of color of the skull-base and the dura to off-
white. Following injection, the needle was gradually and carefully removed, to ensure
that the kaolin does not flow back out. In recent experiments (last 8 animals used in §5
(AECOM studies), last 10 animals used in §6 and all animals in §7), the needle was
held in place for 40-60 seconds before being carefully removed, to further reduce

backflow of kaolin.

(A) (B)

Figure 3.3: Depictions of the anatomic location of the basal cistern injection site.
The basal cistern injection site is approached from the ventral side of the neck (A). The
bent tip of the needle is inserted into the CSF at the basal cistern SAS (B), and the tip is
advanced toward the anterior. Great care needs to be taken in this procedure, as the
basal cistern SAS is very narrow and lies adjacent to the brainstem.
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In the original technique, kaolin injection was done using a sharp needle instead
of a blunted one. However, in the author’s experience, use of a sharp needle for
injection often results in severe bleeding, probably caused by damage to the basilar
artery, which runs ventral to the injection site. Use of a blunted needle minimizes the
occurrence of this bleeding. Care has to be taken while making the initial perforation
with the sharp needle; generally, a very small perforation was made carefully with the
sharp needle, which was then gently widened with the blunt needle to provide access to
the basal cistern for kaolin injection.

Following injection, the incision was sutured and the animal was extubated and
allowed to recover. Animals were monitored closely for 3-4 days post-operatively, and
received twice daily subcutaneous injections of ketorolac (2-5 mg/kg) as analgesia, the
antibiotic Baytril (10 mg/kg) (Bayer HealthCare, Pittsburg, PA) and 5-15 ml of lactated
Ringer’s solution and 5% dextrose, for 3 days post operatively to counter weight loss.
Animals’ diets were supplemented with nuts, dried fruit and candy pieces with which we
found less severe weight loss (ideally given to animals 1-2 days prior to surgery to
acclimate them to the new food and increase their weight). This dramatically helped to

counter the weight loss often encountered in initial experiments.

3.2.3 Surgical Control Animals

Surgical CH control animals were used to verify that hydrocephalus induction
was due to the use of kaolin and not a result of the surgery, perforation of the dura or

the injection itself. Surgical controls underwent the same surgery as the kaolin animals,
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but received 30-50 pl of sterile saline, instead of kaolin suspension. Following surgery,
these animals received similar post-operative care (ketorolac, antibiotic and lactated

Ringer’s solution) as needed.

3.2.4 Experimental Design

To determine the efficacy of the basal cistern CH induction technique, an initial
group of 21 adult Sprague-Dawley rats were used for CH induction with kaolin (Cohort 1
— note that these experiments were carried out for the author’s hydrocephalus
inductions. Earlier inductions done by Dr. Li had been validated independently). The
animals were sacrificed approximately 2 weeks after induction by cardiac perfusion with
saline followed by 4% paraformaldehyde (PFA) in phosphate buffered saline. The brains
of the animals were extracted and post-fixed in 4% PFA. The brains were then cut with
a scalpel to produce coronal sections at the anterior horns of the lateral ventricle (LV) (1
mm anterior to bregma), foramen of Monro (1 mm posterior to bregma), posterior horns
of the LV (4 mm posterior to bregma) and the widest portion of the cerebral aqueduct
(8.3 mm posterior to bregma). Digital photographs of the brain slices were acquired, and
the ventricles were examined qualitatively to determine the extent of hydrocephalus.

Later groups of animals were also induced, totaling 78 female adult Sprague-
Dawley rats of weight 250-300 g. These animals were used in later parts of this
dissertation (§5, 6 and 7). Ventricular dilation was characterized in these animals by
measuring the ventricular volume, using MRI techniques described in §4. The extent

and variability of ventricular dilation, as well as success-to-failure ratios, were assessed.
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3.3 Results

3.3.1 Post-operative Animal Condition

Kaolin injected animals typically lost weight over 2-3 days following surgery, up to
a maximum of ~20% of body weight or ~50g in the most severe cases. Most animals
started to regain weight after 3 days. Many animals exhibited lethargy and adopted a
hunched posture during this period. Some animals also exhibited porphyrin secretions
at the nose and eyes, and sometimes faint porphyrin stains in the fur behind the neck;
these are all signs of distress, most likely due to the acutely elevated intracranial
pressure. A few animals exhibited paresis of the hindpaws, resulting in weakened or
disuse of the hindpaws, although neurological reflexes to noxious stimuli (paw pinch)
were normal. These cases may have resulted from accidental damage to the brainstem

during induction.

3.3.2 Hydrocephalus Outcome

Of the 21 animals used, 3 animals were sacrificed following surgery, because
there was severe bleeding from the basal cisterns (likely caused by damage to the
basilar artery by the injection needle), 2 animals died after surgery, one of which had
severe bleeding from the basal cisterns (again possibly caused by damage to the
basilar artery) while the other did not recover spontaneous respiration possibly due to
damage to the brainstem during injection, and one animal died two days following
surgery possibly due to damage to the trachea from intubation. Of the remaining 16

animals, 8 animals developed mild to severe hydrocephalus (qualitative enlargement of
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ventricles compared to control), determined from qualitative examination of the
ventricles, while the remaining 8 animals did not have any form of ventricular dilation.
Photographs of the fixed brains slices of some of the hydrocephalic animals are shown
in Fig. 3.4. A success rate of 68% was established in the inductions of the 78 animals

used in later in later parts of this dissertation (§5, 6 and 7).

Figure 3.4: Coronal slices of perfused brains from three hydrocephalic animals.
Animals from the first cohort developed mild to moderate ventricular dilation
(determined by qualitative examination), as shown in this figure. The animals were
perfused with PFA, brains were post-fixed and sectioned. The bar represents 5 mm.
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3.3.3 Kaolin Deposits

Upon extraction of the fixed brain, a deposit of kaolin was found stuck to the base
of the skull in most animals that failed to develop hydrocephalus (Fig. 3.5). No kaolin
deposit was found in animals that developed moderate or severe ventricular dilation

(Fig. 3.5). In one animal with mild ventricular dilation, a small deposit of kaolin was

observed.

Figure 3.5: Differences in kaolin deposit in basal cisterns in a CH and non-CH rat.
A kaolin deposit at the base of the skull underlying the brainstem is frequently found in
non-CH rats (right, circled). CH rats usually have no such kaolin deposit (left, circled).

3.4 Discussion

3.4.1 Clinical Significance of the Basal Cistern Model

The basal cistern model is clinically very relevant, because it produces
hydrocephalus by obstruction of CSF flow at the basal cisterns, which is similar to the

etiology often observed in cases of communicating hydrocephalus in children [9, 25].
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Moreover, many cases of communicating hydrocephalus are secondary to
subarachnoid hemorrhage, which is often associated with the large arteries at or near
the circle of Willis. These vessels are present in the basal interpenduncular and
prepontine cisterns. Thus, hemorrhage at these sites may produce obstruction of CSF

flow at the basal cisterns.

3.4.2 Advantages and Limitations

The main advantage of the basal cistern model is the fact that this is a “true”
communicating model, in that it does not produce hydrocephalus by obstruction of the
4™ ventricle outlets as in most existing rat models. Histological studies (as well as MRI
evidence shown in §4) have shown that the 4" ventricle outlets remain patent [9, 152].
Hydrocephalus develops rapidly and extensively, and animals can survive indefinitely.
In fact, all preliminary studies revealed that animals can continue to survive with
hydrocephalus beyond 30 days. One group of animals (§4, Cohort 1) survived beyond
105 days, until they were euthanized.

One limitation of this model is the relatively “blind” injection; once the needle tip is
inserted into the subarachnoid space, it is not possible to ascertain its exact location.
Indeed, we hypothesize that in animals that fail to develop hydrocephalus, the kaolin is
injected into an epidural space and that this causes the kaolin deposits frequently seen
at the skull-base of failed hydrocephalic animals (Fig. 3.5). However, failed inductions
were more frequent in the early stages of inductions (50%, as demonstrated in this
chapter). With practice, inductions became more successful, and the fraction of failed

inductions decreased. The overall success rate of inductions was 68%.
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Since the working space in the rat basal cisterns is extremely narrow, great care
needs to be taken in performing the surgical technique. While the proportion of animals
that died following surgery was low, the smallest slips can cause damage to the
brainstem or perforation of the basilar artery. Imperfect perforation with the sharp
needle can easily damage the basilar artery and/or brainstem, both of which lie
immediately ventral to the kaolin injection site. This can cause death or additional
neurological symptoms unrelated to hydrocephalus. Indeed, a number of animals
suffered from severe bleeding from the basilar artery at early surgeries. While most of
these animals survive, none were found to develop hydrocephalus, possibly because all
the blood exited the basal cisterns during surgery. Animals with damaged brainstems
typically do not survive after surgery, or suffer and need to be sacrificed. During the
initial phase of surgeries, one animal was encountered which had complete paresis of
hindpaws and respiratory distress, and post-mortem histopathology revealed that the
brainstem in this animal had been severed (this is extremely rare and was only

observed on this one occasion).

3.4.3 Kaolin Neuroinflammation and Fibrosis

Even though kaolin (aluminum silicate) is an inert compound, it is known to cause
neuroinflammation and fibrosis of the arachnoid and pial membranes, and can give rise
to scar formation [9, 136, 153-157]. Kaolin is thought to produce a global inflammatory
reaction causing obliteration of the entire subarachnoid spaces, and causing obstruction
of the 4™ ventricle outlets, rather than physical blockage by kaolin itself [60, 158].

However, this is quite unlikely, because neuroinflammation caused by kaolin is likely a
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largely localized effect and no study has demonstrated a global inflammatory response
of the brain or the cranial system to kaolin injections. Localized inflammation caused by
kaolin may be causing obstruction of 4" ventricle outlets in cisterna magna injection
models, but this is not the case in the basal cistern model because kaolin deposition
occur at the basal cisterns, which are far from the 4™ ventricle outlets and the amount of
kaolin used in basal cistern injections are 3-fold smaller than those employed in
intracisternal induction models (~100 pl of 25% kaolin suspension). The kaolin volume
used in basal cistern injections (30-50 ul of 25% kaolin suspension) was chosen to
ensure that the kaolin deposition does not exceed the size of the basal cisterns [9].
Finally, histological studies as well as MRI followed by intraventricular gadolinium
injections into CSF have shown that the foramina of Luschka remain patent in the basal
cistern model [9].

It is possible, however, that the neuroinflammation produced by kaolin is a
confounding factor in experimental hydrocephalus. Reactive gliosis, one component of
neuroinflammation, as well as glial scar formation, are consistent findings in human
hydrocephalus patients [23, 159-163] as well as animal subjects of experimental
hydrocephalus, in both mechanical and non-mechanical induction models [164-169]. In
an effort to circumvent any possible neuroinflammation, Slobodian et al. attempted to
induce hydrocephalus in rats by intracisternal injections of several different materials
such as Matrigel, rat tail collagen, fibrin glue, n-butyl-cyanoacrylate, and ethylene vinyl
alcohol copolymer, and compared the results with kaolin hydrocephalus [153]. They
found that some of these tested materials produced other forms of inflammation, while

other materials were inadequate for rat hydrocephalus induction for various reasons.
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They concluded that despite kaolin’s neuroinflammatory and fibrotic effects, it is still the
most reliable agent for mechanical hydrocephalus induction in rats [153]. In addition, as
noted above, by limiting the volume of kaolin we have limited the potential extent of any
neuroinflammation to the basal cisterns themselves. Even if neuroinflammation does
occur within the basal cisterns, this would merely compound the blockage effect of the
kaolin, producing the communicating hydrocephalus which we were aiming to achieve in

the first place.

3.4.4 Variability of Hydrocephalus Severity

One of the characteristics of the basal cistern model is the large degree of
variability in ventricular dilation. Even though the kaolin volume and the injection
technique is identical across animals, there is pronounced variability in the severity of
hydrocephalus. Variability in ventricular dilation may occur when only a part of the
injected kaolin enters the subarachnoid space, while the rest enters a epidural space;
this is also possible since the size of the kaolin deposit at the skull-base often varies.
Another scenario that is likely in some animals is the possibility that all of the kaolin
does not remain at the basal cisterns upon injection. In basal cistern inductions, kaolin
particles have been found at the 4™ ventricle outlets in a few animals, even though the
4™ ventricle foramina were patent [9]. In addition, gliosis and scarring, which are known
to occur with kaolin injections, can differ across animals, especially if there is slight
damage to the brainstem by the needle during some injections (which can exacerbate
neuroinflammation), and these may contribute to the overall variability in ventricular

dilation. Small amounts of bleeding caused by slight damage to blood vessels during
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injection can also add to the variability, and this may not be apparent to the surgeon.

Further histological study is required to evaluate these various factors.
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Chapter 4

4. Characterization of Ventricular Size and
Aqueductal Pulsatility in the Rat using MRI

4.1 Introduction

Communicating hydrocephalus (CH) is a severe neurodegenerative disorder
characterized by dilated cerebral ventricles. Its main treatment is drainage of the excess
cerebrospinal fluid (CSF) by shunting, but shunting is not a cure; it is only palliative, and
is not a perfect solution: 50% of patients do not improve following shunting, 78% of
shunted patients continue to have residual deficits, and 40-50% of patients require
shunt revision within 1 year [3-5]. One of the difficulties with this treatment is that it is
difficult to predict whether a given patient will improve with shunting or not. The degree

of ventricular enlargement is a poor prognostic marker for hydrocephalus, and
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neurosurgeons utilize a variety of parameters for prognosis, including clinical symptoms
[86, 170, 171], outflow resistance in CSF infusion tests [172, 173], lumbar puncture
[174], computerized tomography [175] and cerebral blood flow measurements [176,
177]. There is, as yet, no single prognostic marker that may be used to guide shunt
surgery [178, 179].

A recent review discussing various parameters for preoperative assessment of
NPH listed the aqueductal CSF stroke volume as the only non-invasive marker that may
have prognostic value in predicting shunt success [179]. Aqueductal stroke volume is
often dramatically elevated in NPH [70, 91, 93, 180, 181], and several studies have
suggested that a high stroke volume may be indicative of good outcome after shunting
[83, 84, 91, 182]. However, this technique is known to produce variable results [93, 94,
183], and so further study is required to elucidate its utility in the management of
hydrocephalus [179]. Moreover, the pathophysiological basis for and relevance of
elevated stroke volume in CH is still unknown.

To further evaluate the usefulness of the aqueductal stroke volume as a
prognostic marker of CH, an extensive study of the dynamics of CSF pulsatility and its
relationship to disease severity is needed. Such a study can be rigorously done with the
novel rat model of CH recently developed in Dr. James P. McAllister’s laboratory [9], as
discussed above (§3). Hydrocephalus is induced in this model by injecting kaolin into
the basal cisterns, ensuring that CSF obstruction occurs in the subarachnoid spaces far
from the fourth ventricle outlets, as discussed above (§3). These animals have been

shown to develop moderate to severe levels of ventriculomegaly.
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The objective of this study was to quantify aqueductal stroke volume in CH rats
using MRI and explore the temporal course of evolution of the stroke volume with the
development of CH. A further objective was to investigate whether any relationship
exists between elevated stroke volume and increased ventricular size in CH rats. Even
though pulsatile CSF flow is routinely measured by MRI clinically, CSF pulsatility has
not been measured in the rat using MR; therefore, as a first step, techniques for MRI

measurement of CSF flow were established. The following hypotheses were tested:

= Pulsatile CSF flow in the aqueduct of normal and CH rats can be measured using
phase contrast MRI.

= Agqueductal CSF pulsatility will be elevated in CH rats. Elevated pulsatility will
vary and, based on findings in clinical CH, will be as high as a factor of 10 above
normal.

= Agqueductal CSF pulsatility will not be significantly correlated to the ventricular

volume of CH rats.

Clinical studies have shown that CSF pulsatility displays a great deal of variability
in both healthy subjects as well as CH patients, and so it is expected that pulsatility in
rats will have the same characteristic. Mean aqueductal stroke volume in normal
humans is about 30 pl, while the stroke volumes as high as 400 ul has been recorded in
CH patients. Based on these numbers, we hypothesized that aqueductal stroke volume
in the CH rat will also be up to 10 times higher than normal. Additionally, numerous

studies have shown that ventricular size is a poor prognostic marker for disease severity
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and for guiding shunt surgery, but the CSF stroke volume may potentially be of value in
both. Thus, it is hypothesized that there will be no functional relationship between stroke

volume and ventricular size.

4.2 Methods

All animal handling and surgical techniques were approved by the Institute of
Animal Care and Use Committees (IACUC) of Stony Brook University and Albert
Einstein College of Medicine. All experimental procedures were carried out in accordance
with the NIH Guide for Care and Use of Laboratory Animals. All efforts were taken to

minimize any suffering of the animals and the number of animals used in experiments.

4.2.1 CH Induction

Communicating hydrocephalus (CH) was induced in adult rats by injection of 30
Ml of 25% kaolin suspension in saline into the basal cistern of the rat, as described
above (§3). Surgical controls were induced by injecting saline instead of kaolin, and

intact controls received no surgical intervention.

4.2.2 Experimental Design & Imaging Timeline

Twenty six adult female Sprague-Dawley rats (~250g weight) were included in
the study, to investigate the evolution of ventricular size and aqueductal pulsatility over
the course of development of the disorder. CH was induced in 16 animals (kaolin

animals), while 4 animals were used as surgical controls (saline animals) and an
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additional 4 animals were used as intact controls. The CH animals were studied in two
separate cohorts of 8 animals each.

Since one of the objectives of the study was to follow the temporal course of
ventricular dilation and changes in aqueductal CSF pulsatility, MRI scans were
performed on the CH and surgical control animals at the following time-points post
induction: day 0-1, day 2, day 7-8 (week 1), day 15-16 (week 2), and day 29-31 (week
4). Most of these time-points are a range of 2-3 days because the animals in the two
cohorts could not be imaged on the same day due to scheduling constraints. Animals in
the first cohort (all kaolin, n = 8) were also imaged at days 51 and 102. Intact control
animals were imaged at a single time-point, since they received no surgery and their
ventricular size and CSF pulsatility was not expected to change over time. Two of the
saline control animals were also studied at the same time-points as the second cohort.
The remaining two saline controls were studied only at two-weeks post induction.

To study the relationship between aqueductal pulsatility and ventricular size, we
included kaolin induced CH animals from other experiments in this dissertation to
improve the power of the statistical analysis. These animals were divided into three
cohorts according to when they were imaged after kaolin induction:

= Cohort 3 (n = 15): imaged approximately 1 week after induction (5-8 days)

= Cohort 4 (n = 9): imaged approximately 2 weeks after induction (12-17 days)

=  Cohort 5 (n = 18): imaged approximately 4 weeks after induction (23-28 days)
The data from these cohorts were used in combination with Cohort 1 and 2 data at the
appropriate time-points when comparing aqueductal pulsatility and ventricular size, as

described below (§4.3.6).
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4.2.3 MRI

All animals were imaged in a 9.4T Bruker Biospec MR scanner (Bruker Biospin
Corp., Billerica, MA), equipped with 400-2000 mT/m/ms gradient coils, a 10 cm
diameter radiofrequency (RF) birdcage coil (for RF transmit) and a 3 cm diameter RF
surface coil. Animals were initially anesthetized with methohexital sodium (50 mg/kg).
Animals were placed supine on a custom-made acrylic animal holder, which slid into the
bore of the magnet. The animal’s head was placed on the surface coil, with the
aqueduct approximately over the center of the coil. Anesthesia was switched to 0.5-2%
isoflurane with a 2:1 mixture of oxygen:air, which was delivered to the animal via a
loosely fitted nose cone. Respiration, heart rate and core temperature were monitored
with MR-compatible physiological monitoring equipment from SAll (Small Animal
Instruments, Inc., Stony Brook, NY). Core temperature was maintained at about 37°C
by blowing warm air over the animal. Heart rate was monitored by collecting the
peripheral pulse waveform from a pulse oxymeter attached to the hindpaw, and

respiration was monitored using a respiratory pillow under the upper abdomen.

4.2.4 CSF Volume Measurements and Distribution

4.2.4.1 MR Pulse Sequences

Two MR scans were used to image CSF:
= 3D TrueFISP: this sequence is ideal for CSF volumetric measurements, as it
images CSF with a very high contrast compared to brain tissue. Images acquired

were true 3D on a 128x128x100 matrix, with voxel dimensions of 0.23 x 0.23 x
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0.32 mm?® (coronal slice orientation). The following parameters were used: FOV =
3 cm, TR/TE = 4/2 ms, NEX = 4.

To-weighted fast spin echo (FSE): this sequence provides high contrast images
of various brain structures, including the CSF-filled ventricles. The contrast for
CSF is not as high as TrueFISP, and CSF is sometimes difficult to distinguish
from edema. Reasonable volumetric measurements of CSF are still possible.
Images from these scans were used for visualization and display, and as a
backup if the corresponding TrueFISP images were corrupted by banding
artifacts. Images acquired were 2D multislice on a 256 x 256 matrix and 40
slices, with a slice thickness of 0.6 mm interleaved by gaps of 0.1 mm. The
following parameters were used: FOV = 3 cm, TR/TE = 3074/36 ms, ETL = 8,

NEX = 4.

4.2.4.2 Ventricular Volume Analysis

Ventricular volumes (VV) used throughout this study consisted of the volume of

the two lateral ventricles, the 3™ ventricle and the aqueduct, including the widest section

of the aqueductal recess. Volumes were computed from the TrueFISP images by

thresholding CSF and other high intensity pixels in each coronal slice and manually

removing the non-ventricular regions (such as subarachnoid spaces, blood vessels,

etc., see Fig. 4.1). In images where artifacts distort parts of the image (such as banding

artifacts due to Bp inhomogeneity), ROIs are drawn manually to select CSF regions,

using the FSE images as a guide when needed. In rare cases where TrueFISP images

were too poor for volumetrics, the FSE images were used instead. A specially designed
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graphical user interface program in Matlab (The Mathworks, Natick, MA), which allows
the user to scroll through the slices of TrueFISP or FSE images in coronal, axial or

sagittal orientations, was used for volumetrics (Fig. 4.1A).
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Figure 4.1: Ventricular volume measurement program and technique.

A Matlab GUI was designed to compute ventricular volumes from FSE and TrueFISP
MRI images (A), where ventricles were selected based on a threshold chosen from
image pixels at the edge of a ventricle (B). Any spurious regions not part of the ventricle
(such as SAS — not shown here) were manually removed. This measurement technique
produced reliable and reproducible ventricular volumes from the MRI images.
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Evan’s ratio was computed for all animals at all time-points as the ratio of the maximum
lateral width of the ventricles to the maximum lateral width of the cortex at the level of
the foramen of Monro on coronal slices, to compare ventricular dilation in the CH

animals with human hydrocephalus.

4.2.4.3 Subarachnoid CSF Distribution Analysis

Because kaolin could not be directly visualized in the MR images, due to its very
short T»*, CSF distribution in the basilar subarachnoid spaces was estimated by a
qualitative scoring system to indirectly determine the extent of CSF obstruction by
kaolin. CSF distribution was scored in the anterior-ventral, basal and spinal
subarachnoid spaces (Fig. 4.9 A & B) in all animals using sagittal TrueFISP images.
Scores were on a scale of 0-3, with 0 indicating no CSF presence, and 3 indicating

maximum CSF presence (with score steps of 0.25).

4.2.5 Pulsatile CSF Flow Measurement

4.2.5.1 MR Pulse Sequence & Hardware

A cine phase contrast gradient echo sequence was used to measure pulsatile
CSF flow at the aqueduct. The sequence was retrospectively gated on the peripheral
pulse, with 16-22 frames acquired per cardiac cycle. Images were acquired as a single
slice positioned perpendicular to the aqueduct on a 128 x 128 matrix with a slice
thickness of 1 mm. The following parameters were used: FOV = 3 cm, TR/TE = 10/6

ms, FA = 5°, NEX = 10. Velocity encoding was 1 cm/s, for control and mildly
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hydrocephalic rats, and 2 cm/s for severely hydrocephalic rats. For retrospective
reconstruction of images, TR gating signals from the MR scanner and peripheral pulse
waveforms from the physiological monitoring equipment were captured using a NIDAQ
6042 data acquisition board (National Instruments, Austin, TX) into a personal computer
with data acquisition programs designed in Matlab. A second cine phase contrast image
was also acquired, in which all parameters were kept the same, but the velocity
encoding gradients were reversed, producing “negative” velocity encoding. The initial
“positive” encoding image was then subtracted from the “negative” encoded image, to
eliminate phase errors that arise due to field inhomogeneity or radiofrequency

penetration effects [184].

4.2.5.2 Flow and Pulsatility Analysis

The CSF flow images were retrospectively reordered, using the TR gating signal
and the peripheral pulse waveforms, and reconstructed offline using programs written in
Matlab (Fig. 4.2). The result was a sequence of complex 2D images over time, each
depicting flow through the aqueduct at equally spaced intervals over the cardiac cycle.
Aqueductal CSF velocity was given by the phase of the complex image at the aqueduct
pixels. The aqueduct region-of-interest (ROI) was chosen using a Fourier-transform
based thresholding scheme [92], which selected pixels that have a pulsatile velocity
signal over time (Fig. 4.2). In animals with low CSF pulsatility, the aqueduct ROl was
selected based on the phase intensity and location of the aqueduct from the magnitude
image. Flow was calculated from the velocity waveform as the integral of the net flow

over time for all flow in one direction (i.e. flow above the mean). Aqueductal pulsatility
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was quantified as the aqueductal stroke volume (SV), defined as the volume of CSF
flowing in a single direction in one cardiac cycle. A typical pulsatile aqueductal flow

waveform for a hydrocephalic animal is illustrated in Fig. 4.3.
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Figure 4.2: Aqueductal pulsatility calculation program and technique.

A Matlab GUI was designed for viewing aqueductal flow images and calculating
aqueductal pulsatility (A). Notable features of this program include playback of cine flow
movies (A1), flow viewing in individual pixels (A2), automatic (A3) and manual (A4)
correction of flow aliasing, background subtraction in flow calculation (A5) and
automatic and manual selection of aqueductal pixels (A6). CSF velocity corresponds to
intensity of the pixels in the aqueduct (B). The aqueductal flow pixels are selected using
a Fourier-based thresholding technique, which chooses pixels based on a pulsatile
pattern at the region of the aqueduct (C). Manual adjustment to select or deselect pixels

are made as needed (AG).
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Figure 4.3: Stroke volume calculation from flow waveform.

The total flow through the aqueduct over cardiac cycle was clearly pulsatile in CH rats.
Stroke volume was calculated from the shaded area, which represented CSF flow in a
single direction during one cardiac cycle.

4.2.6 Data Analysis and Statistics

All results of VV, SV, Evan’s ratios and CSF distribution scores are reported as
mean * standard deviation. Comparisons between kaolin animals and control animals
were done using a one-way ANOVA,; differences were considered significant at p <
0.05. In cases where significant differences were found, post hoc tests were used to
determine the specific group contributing to the difference. A qualitative comparison was
made between the intact control animals and two of the saline control animals at 2
weeks post induction, to rule out possible effects of the surgical technique independent
of kaolin (these are the two saline controls that were studied at different time-points,
while the other saline controls were studied at a single time-point each).

Further examination of the data for the kaolin animals revealed three distinct

temporal dynamics for the stroke volumes: one where the stroke volume remained
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elevated, one where stroke volume was elevated transiently before returning to control
levels, and one where there was no change in stroke volume at any time-point. Based
on these criteria, animals were divided into three post-hoc groups. Differences in stroke
volume between these groups were analyzed at one week post induction and two
weeks post induction using a one-way ANOVA (followed by a post hoc test if a
significant difference was found). Comparison between early and late stroke volumes
within individual groups was done using a paired t-test.

Regression analysis was carried out between SV and VV by calculating Pearson
correlation coefficients, to explore any relationship between these two parameters. Data
from CH animals in cohorts 3, 4 and 5 were added to data from cohorts 1 and 2 to
increase the statistical power of the analysis. Only animals that developed
hydrocephalus in Cohorts 1 and 2 were included in the regression analysis. SV-VV
relationships were also studied using analysis of covariance (ANCOVA) to determine
whether SV-VV correlations varied over the development of CH, as discussed later (see
addendum §4.5). The ANCOVA test was used since it is the ideal test when comparing
the regression between different datasets.

Regression analysis was also used to study the relationship between changes in
SV and changes in VV, to further explore the relationship between elevated aqueductal
pulsatility and ventricular dilation and investigate whether there is a relationship
between the increments/decrements of SV and VV rather than the total SV and VV.
Pearson correlation coefficients were calculated for changes in SV and VV between all
adjacent time-points, as well as changes from the early or acute stage (average of day

2 and week 1) to late or chronic stage (average of weeks 2 and 4).
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4.3 Results

4.3.1 CH Induction

Two animals died immediately after surgery for unknown reasons. All the
remaining animals recovered well from surgery. The animals exhibited the usual post-
induction symptoms within one day after surgery, including lethargy and porphyrin
secretions from the eyes and nose, which lasted no more than five days. Two additional
animals died during induction of anesthesia at imaging (one kaolin and one saline

animal). The remaining animals survived until euthanasia at the end of the study.

4.3.2 Summary of Control Volumetrics and Aqueductal Flow

As described in the Methods, 4 intact controls were imaged at a single time-point.
These animals were not followed over a period of time as with kaolin animals because
in our experience with intact controls, there has never been a change in VV or SV over
time. In addition, 3 saline animals were studied, one of which was followed throughout
the whole time-course with cohort 2 animals, while the other two were imaged at two
weeks post induction.

There was no significant difference in ventricular volume (VV) between the intact
controls and three of the saline controls at two-weeks post induction (15.5 £ 2.0 pl vs.
18.7 £ 4.4 pl, p = 0.25) (the fourth saline control died due to anesthesia overdose during
imaging). Ventricular volume for the saline animal that was studied at multiple time-
points was 14.7 + 3.3 pl. The Evan’s ratio for the intact and saline controls were 0.28 +

0.02 and 0.31 + 0.02 respectively.
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There was no difference in aqueductal stroke volume (SV) between the intact
controls (0.72 £ 0.13 nl) and the saline control (1.3 £ 0.1 nl) (average of 1 and 2 weeks
post induction). The aqueductal velocity for the intact and saline controls was not
pulsatile; i.e. the aqueductal velocities were below the noise level. This would indicate
that the control stroke volumes listed above are an upper bound rather than an actual

representation of aqueductal flow in normal rats.

4.3.3 Summary of CH Volumetrics and Aqueductal Flow in Kaolin Animals

Hydrocephalus developed and progressed rapidly in many of the kaolin animals.
After one week, there was a stark difference between size of the ventricles of the more
severely hydrocephalic animals and controls. Ventricular dilation was the most rapid
during the first week, after which enlargement became slower, and stabilized in most
animals after two weeks (two animals showed a gradual increase). The highest volume
recorded in one animal was 380 pl, a factor of 25 higher than controls. Fig. 4.4
illustrates the dramatic difference in ventricular sizes between a hydrocephalic and a

control animal.
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Figure 4.4: Coronal MRI sections of ventricles in a CH animal and a control.
Coronal slices of the brains of a CH animal (A, top row) and a control (B, bottom row)
from To-weighted FSE images demonstrate the severe dilation within all regions of the
ventricular system in the CH rat. Severe dilation of the lateral ventricles, third ventricle
and aqueduct is evident in the CH animal, whereas the ventricles in the control are very
small. Parts of the ventricles in control animals are often difficult to detect on To-
weighted FSE images.

4.3.3.1 Ventricular Dilation

Ventricular volume for all the kaolin animals was 80.7 + 82.3 pl (average of
volumes at the 2 and 4 week time-points), significantly higher than that of intact controls
(p = 0.0099). The Evan’s index for the kaolin animals was 0.44 + 0.11. A number of the
kaolin animals failed to have any qualitatively noticeable ventricular dilation; their
ventricles remained comparable in size to that of controls, and hydrocephalus induction
was assumed to have failed in these animals. This gave rise to the large variability in
the mean ventricular size of the kaolin animals. The kaolin animals were separated into
two groups: CH (successful induction, n = 8) and non-CH (presumed failed induction, n

= 7), based on whether the ventricular volume became larger than the cutoff criteria of
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31 ul, which is a factor of two above the intact control ventricular volume. Ventricular
volume for the non-CH animals was 19.7 £ 2.0 ul, which was slightly higher than that of
the intact controls (p = 0.041). On the other hand, the ventricles of the CH animals had
a dramatically larger volume of 130.2 + 83.2 pul, which was significantly higher than that
of both non-CH and intact control animals (p = 0.021 and 0.018 respectively). Note that
by excluding the non-CH animals from the CH volume measurement, the percent
standard deviation has been reduced from 100% to 64% Fig. 4.5 shows the course of
ventricular volumes for the CH and non-CH animals over 4-week and 7-week periods,

which shows the large variability in ventricular volumes of the CH animals.
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Figure 4.5: Temporal evolution of ventricular volume in kaolin animals.

The ventricular volume for the Group 1 animals (black line) increased rapidly and
remained significantly elevated, while the Group 2 animals had mild ventricular dilation
(blue lines). The non-CH animals (red lines) did not have any appreciable ventricular
dilation, with ventricular volumes that remained near control levels (green line).
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4.3.3.2 Aqueductal Pulsatility

Aqueductal SV was dramatically elevated in the CH animals. Unlike the controls,
CSF flow was clearly pulsatile for the CH animals (Fig. 4.6). In non-CH animals, CSF
flow was similar to that observed for the controls. SV of the CH animals (114.5 + 106.3
nl, average of 2-week and 4-week) was increased compared to that of the non-CH
animals (1.17 £ 0.44 nl) (p = 0.058), as well the intact controls (0.72 £ 0.13 nl) (p =

0.056).
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Figure 4.6: CSF flow differences in normal and CH rat aqueduct.
CSF flow waveforms through the aqueduct for a hydrocephalic animal (black) and a
non-hydrocephalic animal (blue). Note the 20 fold difference in axes for the two
waveforms. Hydrocephalic animals had clearly pulsatile flow, while flow in the non-
hydrocephalic animals was buried in noise.

CSF flow starts to increase within 1-2 days after induction, taking on a distinctly

pulsatile shape. In the CH animals, SV reached a maximum between one and two

weeks post induction, after which, the flow decreased slightly in all animals, but
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remained markedly elevated over controls values. Fig. 4.7 illustrates the stroke volumes

for the CH and non-CH animals.
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Figure 4.7: Temporal evolution of stroke volume in kaolin animals.
The stroke volume (SV) for the Group 1 animals (black lines) increased sharply and
rapidly, reaching maximal values within two weeks post induction, after which the SV
dropped slightly but remained persistently elevated. In contrast, Group 2 animals (blue
lines) had a mild increase in SV at about 1 week after induction, but the SV dropped

back to control levels after two weeks post induction. The non-CH animals (red lines)
did not have any SV higher than that seen in controls (green line).

4.3.4 Post-Hoc Grouping of CH Animals by Flow Dynamics

VV and SV of the CH animals exhibited very large variability, as stated earlier. A
close examination of the course of development of the stroke volumes in Fig. 4.7
revealed that there were three distinct groups of kaolin animals in this dataset: one
group (n = 5, black lines in Fig. 4.7) in which stroke volume was dramatically and
persistently elevated, a second group (n = 3, red lines in Fig. 4.7) in which stroke

volume was moderately elevated at one week post induction, but dropped to near-

67



normal levels after two weeks post induction, and a third group in which stroke volumes
did not rise significantly over control levels (n = 7, red lines in Fig. 4.7); this third group
had been previously identified as the non-CH group (based on ventricular size criteria).
These groups will be referred to as Groups 1, 2 and 3 respectively, and can be clearly
distinguished by studying their stroke volumes at one week and two weeks post
induction (Fig. 4.8). At one week post induction the SV between the three groups were
significantly different from each other (p < 0.02). At two weeks post induction, that the
SV of Group 1 animals were significantly higher than SV of Group 2 and 3 (p < 0.05 for

each), but SV of Group 2 became similar that of Group 3 (p > 0.3).
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Figure 4.8: SV changes from one-week-post induction to two-weeks-post.
Scatterplots of SV of all kaolin animals at 1 week post induction (A) and two weeks post
induction (B), clearly showing the separation of group 2 animals at 1 week post. SV of
group 2 animals became similar to that of group 3 animals at two weeks post induction
(p>0.3).
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4.3.4.1 Ventricular Dilation

VV for the three post-hoc groups were 178.4 + 66.4 ul for Group 1, 49.8 + 10.6 ul
for Group 2 and 19.8 £ 2.9 ul for Group 3 (average of 2- and 4-week post induction
values). VV of Group 1 was significantly larger than both Groups 2 and 3 (p = 0.032 and
0.017 respectively). There was no significant difference in VV between Group 2 and 3 (p
= 0.10). It was assumed that the lack of significance was primarily due to the large
variability and small number of animals in Group 2 (n = 3) (even though the ventricles in
Group 2 animals appeared visibly enlarged compared to control size, and the mean VV
was above the cut-off threshold used above to identify non-CH animals).

Of the two Group 2 animals studied at 14-weeks post induction, VV of one animal
remained elevated throughout the entire time, starting at 50 ul (2-days post induction)
and ending at 77 ul (14-weeks post induction), while the volume of the other animal
gradually decreased from 48 ul (2 weeks post induction) and reached 29 ul (14-weeks
post induction), which was similar to that of the two Group 3 animals studied at 14-

weeks post induction (18 and 25 ul) (Fig. 4.5).

4.3.4.2 Aqueductal Pulsatility

As expected, because the post-hoc groups were separated based on SV
dynamics, SV also differed significantly among the three post-hoc groups. SV at the
early developmental stage of CH (average of 2 day and 1 week post induction values)
were 138.6 + 60.7 nl for Group 1, 33.6 = 10.8 nl for Group 2 and 2.3 + 1.0 nl for Group
3. SV at the late developmental stage of CH (average of 2 week and 4 week post

induction values) were 180.3 £ 78.0 nl, 7.4 £ 4.7 nl and 1.6 £ 0.8 nl for Groups 1, 2 and
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3 respectively. As described above, SV for each Group was significantly different from
the other groups at the early stage (p < 0.01 for all). At the late stage, stroke volume of
Group 1 was significantly higher than both Groups 2 and 3 (p < 0.01 for both), but stroke
volumes of Groups 2 and 3 were not different (p = 0.08).

The SV of Group 2 animals decreased significantly from the early stage (33.6 +
10.8 nl) to the late stage (7.4 £ 4.7 nl) (p = 0.01). There was no such variation between
early and late pulsatility for either Group 1 (138.6 £ 60.8 nl to 180.1 £ 78.0 nl, p = 0.14)

or Group 3 animals (2.2+1.0nlto 1.6 £ 0.8 nl, p =0.17).

4.3.5 Subarachnoid CSF Distributions

CSF distributions in the anterior, basal and spinal subarachnoid spaces (SAS)
were quantified from TrueFISP images, as an indirect measure of kaolin distribution, to
determine whether kaolin distribution had any correlation with development of CH. The
locations of these three regions are illustrated in a control and a CH animal (Fig. 4.9 A &
B). In general, CH animals (Groups 1 & 2) had a distinct lack of CSF in the SAS
compared to controls and non-CH (Group 3) animals.

Distributions were measured qualitatively by scoring on a scale of 0 to 3, 0 being
no CSF present and 3 being full CSF coverage. There was no difference in CSF
distributions between intact and saline control animals for all three regions (p > 0.05).
CSF scores for CH animals were significantly lower than that of controls animals in all
three regions (p < 0.001 for all). Non-CH animals had similar CSF distribution to controls
in the anterior SAS, but CSF scores in the basal and spinal SAS was smaller than

control (p > 0.05) and larger than CH animals (p < 0.05 for basal and p < 0.005 for
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spinal). Among the CH animals, basal CSF scores for Group 1 and 2 were similar (0.25
+ 0.15 vs. 0.17 £ 0.14, p = 0.48), as were spinal CSF scores (0.15 £ 0.33 vs. 0.17 %
0.14, p = 0.94), but ventral CSF score was lower for Group 1 than Group 2 (0.15 £ 0.06

vs. 0.75 £ 0.33, p < 0.01) (Fig. 4.9C).
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Figure 4.9: Subarachnoid CSF distributions and scores.

CSF distribution scores were measured in the following regions of the subarachnoid
spaces: the anterior (ventral) space, the basal space and the spinal space (A & B).
Control animals have high CSF deposition, clearly visible in this TrueFISP midline
sagittal image (A), while CH animals have very low CSF (B). CSF distribution was
computed from the midline sagittal and adjacent slices. Distribution scores show that
the largest difference in CSF distribution between CH and non-CH animals was in the
ventral space.
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4.3.6 Correlations between Stroke Volumes and Ventricular Volumes

Regression analysis was carried out between SV and VV at various time-points
to investigate associations between SV and VV (Fig. 4.10 A-D). Correlations were
computed for Groups 1 and 2 at 2-day (Fig. 4.10 A), Groups 1 and 2 and Cohort 3 at
one week post induction (Fig. 4.10 B), Groups 1 and 2 and Cohort 4 at two weeks post
induction (Fig. 4.10 C), and Groups 1 and 2 and Cohort 5 at 4 weeks post induction
(Fig. 4.10 D). The regression results of R?, p-value, and slope of the linear least-
squares-line fitted to the data, are given below. The correlations were significant at all
time-points, with p < 0.05:

= Day2-Groups1&2(n=9)
o R?=0.77,p<0.002
o Slope of fit-line: 2816 nl/ml

= Week 1—-Groups 1& 2+ Cohort 3 (n =23)
o R?*=0.26,p=0.014
o Slope of fit-line: 887 nl/ml

= Week 2 - Groups 1&2+ Cohort4 (n=17)
o R?=0.67, p<0.001
o Slope of fit-line: 1449 nl/ml

= Week 4 - Groups 1 &2+ Cohort5 (n =26)
o R?=0.44, p <0.001

o Slope of fit-line: 491 nl/ml
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While significant correlations existed for the hydrocephalic animals studied at
each time-point, the slope of the regression fit-line changed over the time course. This
is illustrated in Fig. 4.11, where all four datasets with their individual regression fit-lines
are plotted on the same axes. This indicates that even though ventricular volume and
stroke volume were statistically correlated at all times, the actual association between

these parameters varied over the course of CH development.
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Figure 4.10: Correlations between SV and VV at individual time-points.

The correlations were computed at day 2 (A), week 1 (B), week 2 (C) and week 4 (D).
Correlations were significant at all time-points (p < 0.02), but the correlation coefficient
and the slope of the regression fit line varied across time-points, indicating that both SV
and VV may be influenced by another parameter, such as intracranial compliance.
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Figure 4.11: Correlation between SV and VV over all time-points.

The slope of the regression fit line varied from one time-point to another, as seen in this
figure where all correlation data were overlayed in the same axis. Correlation between
SV and VV over all time-points was also significant (R = 0.31, p < 0.001).

The relationships between changes in stroke volume and changes in ventricular
volume were also studied, to further investigate the relationship between aqueductal
pulsations and ventricular size. There was no correlation between changes in SV and
changes in VV when changes between all adjacent time-points over the entire course
were considered (R2 =0.02, p = 0.5, Fig. 4.12A). A significant correlation was found
when the changes were considered during the transition from the acute stage (day 2 &

week 1) to the chronic stage (week 2-4) (R* = 0.95, p < 0.001, Fig. 4.12B).
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Figure 4.12: Correlations between changes in SV and changes in VV.

In the regression analysis between changes in SV and changes in VV, no correlation
was found for changes over all adjacent time-points when SV and VV were measured
(A). A significant correlation was observed during the transition from the acute phase
(average of day 2 and week 1) to the chronic phase (average of week 2 and 4) (R? =
0.95, p <001, B). It should be noted that the negative SV change values are mainly
from the Group 2 animals, for which SV dropped between the two time-points.
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4.4 Discussion

The present study was designed to investigate three specific hypotheses, that 1)
pulsatile CSF flow in the aqueduct of normal and CH rats can be measured using phase
contrast MR, 2) aqueductal CSF pulsatility will be elevated in CH rats and will be as
high as a factor of 10 above control values, and 3) aqueductal CSF pulsatility will not be
significantly correlated to the ventricular volume of CH rats. We have successfully
measured pulsatile CSF flow in the CH rat aqueduct using phase contrast MRI; in fact,
this study was the first demonstration of pulsatile CSF flow measurement in the rat.
However, we found that aqueductal CSF flow in normal rats was so small that it could
not be distinguished from noise using our technique at 9.4T magnet strength. Our
results of stroke volume in control rats represent an upper bound for normal rat
aqueductal pulsatility, rather than the true value. It is possible that a stronger magnet
and/or an MR pulse sequence more optimized for measuring CSF flow (such as a
phase contrast balanced SSFP sequence, which has been used in human MRI [19, 92,
185]) could discern true aqueductal pulsatility in control rats.

We also demonstrated that aqueductal pulsatility is indeed significantly elevated
in CH rats, as compared to normal animals, but we found that this increase in pulsatility
was much greater than what we had predicted. A 10-fold increase was estimated based
on the increase in pulsatility in human CH. In rat CH, we found that the lower bound on
the pulsatility increase is by a factor of 150 on average, with a maximum factor of over
400 in the most severe animals (since our control SV is an upper bound, these numbers
represent lower bounds and may actually be higher). It is interesting to note that the SV

increase with hydrocephalus is so much larger in rats than in humans. Human
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intracranial compliance is approximately a factor of 50 higher than normal rat
intracranial compliance; PVI values of normal human brains are in the order of 50 ml
[186], while that in rats is in the order of 1 ml [187]. It is very likely that the this lower
compliance gives rise to the proportionately higher increase in pulsatility with the

development of CH in rats.

4.4.1 Failed Inductions and non-CH animals

Injection of kaolin into the basal cisterns does not always produce
hydrocephalus, as seen by the fact that nearly half of the animals in this study (Group 3,
the non-CH animals) did not develop any appreciable form of hydrocephalus.
Presumably, this was due to a failed induction because either the kaolin was injected
into an extra-dural space and not the subarachnoid spaces (discussed above in §3 as a
limitation of the “blind” injection technique) or because the kaolin did not remain in the
basal cisterns (BC) after injection (either leaked out after injection or was carried away
by CSF flow). Moreover, it is possible that ventricular dilation is highly dependent on the
distribution of kaolin within the BC. For instance, if there is a slight opening, this may
allow enough CSF flow to prevent ventriculomegaly. Indeed, the CSF distribution data
indicate that there was a significant drop in CSF score of the non-CH kaolin animals in
the BC, but not in the ventral space (Fig. 4.9). This would indicate the injection was
successful in blocking the basal cistern (although somewhat less of a blockage), but
was not successful in blocking the more distal anterior SAS and perhaps it is this distal

blockage which is more critical for the development of ventricular dilation.
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4.4.2 Severity of Hydrocephalus and Post-Hoc Grouping

One of the most interesting findings in this study is the distinct post-hoc grouping
of the hydrocephalic animals based on severity and temporal dynamics of CSF
pulsatility: Group 1 animals, which demonstrate severely dilated ventricles and
persistently elevated aqueductal pulsatility, and Group 2 animals, which have mildly
dilated ventricles, and whose aqueductal pulsatility is elevated only temporarily. Since
these animal groups were not created intentionally, it is difficult to pinpoint the actual
cause(s) of these differences; however, one comment can be made as to a possible
cause. It was noted that both the Group 1 and Group 2 animals had similar CSF
distribution scores for the basal and spinal subarachnoid spaces. However, Group 1
had a lower score for CSF presence in the anterior-ventral subarachnoid space, as
compared to Group 2 animals (Fig. 4.9). This indicates that the development of
ventricular dilation may be related to CSF access to the anterior-ventral subarachnoid
spaces, as opposed to only CSF blockage itself within the basal cistern. While there
have been no direct studies of hydrocephalus involving obstruction of CSF in the
anterior-ventral subarachnoid spaces, recent studies show that ventricular dilation may
be linked to deficiencies in CSF transport into the nasal lymphatic system through the
cribriform plate, which is situated near the anterior-ventral subarachnoid space [32, 64].

Since the exact cause of the difference between the post-hoc groups is unknown,
it is difficult to make clinical inferences from the results of the Group 2 animals.
However, it is clear that a diagnosis of hydrocephalus for these animals based on
aqueductal pulsatility would require knowledge of pulsatility at various points in the

course of development of hydrocephalus. If pulsatility was measured in these animals at
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only a chronic stage, i.e. after two weeks post induction, the transient increase in
pulsatility would have been missed. This leads one to speculate whether similar
situations exist in human hydrocephalus. Most patients are imaged at a single time-
point, as a result of which information on temporal dynamics is lost. A recent study has
shown that in NPH patients, SV increases with the development of hydrocephalus,
reaches a plateau and then falls within a period of a few months [188]. Thus, the
temporal dynamics of SV may be an important factor which was not considered in
studies that show that patients with low aqueductal pulsatility are as likely to improve

from shunting as patients with high pulsatility [93, 94, 183].

4.4.3 Relationship between Aqueductal Pulsatility and Ventricular Size

One of the objectives of this study was to investigate the relationship between SV
and VV. We had hypothesized that there would be no correlation between these
parameters, since clinically, there is often no functional relationship between ventricular
size and symptoms, and we anticipate that aqueductal pulsatility will have such a
functional relationship. However, regression analysis between SV and VV showed
significant correlations between aqueductal pulsatility and ventricular size at all time-
points, particularly at the day 2, week 2 and week 4 post induction time-points (Fig.
4.10). Based on these results, it is tempting to suggest that there is indeed a functional
relationship between ventricular size and pulsatility. However, care should be taken in
making this assessment. There is large variation across the time-points in both the
correlation coefficient and the slope of the regression line fitted to the data at each time-

point (Fig. 4.11). This indicates that the association between stroke volume and
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ventricular volume changes over the course. Finally, comparison between changes in
SV and changes in VV shows a strong correlation only at the transition from acute to
chronic stage, but show no correlation when all time-points are considered (Fig. 4.12).
These suggest an alternate hypothesis: that while there may be some functional
relationship between stroke volume and ventricular volume, these parameters are likely
driven by some other pathophysiological factor, such as intracranial compliance.
Intracranial compliance is known to be decreased in the hydrocephalic brain [189-191];
this may be a consequence of neuroinflammatory reactions such as gliosis [167, 169].
Changes in compliance and gliosis has not been studied over the course of
hydrocephalus development, so it is as yet unknown how these parameters may

influence SV and VV.

4.4.4 Limitations

One possible limitation of this study was the small number of animals that were
followed over the course of hydrocephalus development, especially since nearly half of
these animals did not develop any form of hydrocephalus. A consequence of the
surgical technique is that we are unable to predict how many animals in any group will
ultimately develop hydrocephalus. However, our results were sufficient to demonstrate
statistically significant effects, in terms of elevated pulsatility, relationship between
stroke volume and ventricular dilation, and post-hoc grouping of the two hydrocephalus
subtypes. Moreover, data from other experiments using this model (included in this

study as Cohorts 3-5) demonstrated the same trends, i.e. severe ventricular dilation was
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generally accompanied by highly elevated aqueductal pulsatility, and mild ventricular
dilation was accompanied by pulsatility similar to or slightly greater than control.

One other possible limitation of this study is the use of ventricular dilation as a
marker for disease severity, and comparing the efficacy of aqueductal pulsatility against
this measure. Ventricular size is generally considered a poor indicator of disease
severity, and that there is often no correlation between ventriculomegaly and disease
severity [99, 192] until the cortex is severely compressed [193, 194] (although it should
be noted that most studies addressing this issue use ventricular widths as a measure of
ventriculomegaly, as opposed to a true ventricular volume that we have used [165]).
However, ventricular dilation is often used as a measure of hydrocephalus severity in
animal studies [104, 110, 114, 119, 195] and may be related to behavioral outcome
[193, 196]. Even so, the gold standard for hydrocephalus severity lies with behavioral
outcome. This issue has been addressed in this animal model in a later part of this
thesis using different groups of animals where behavioral deficits were quantified and

compared against both ventriculomegaly and aqueductal pulsatility.

4.5 Addendum: Statistical Analysis of SV-VV Relationships with

ANCOVA

Significant correlations between SV and VV was observed at different time-points
over the course of CH development (§4.3.6, §4.4.3). This relationship was found to vary
over time, based on the slope of the regression line (Fig. 4.10, 4.11). A one-way
analysis of covariance (ANCOVA) was carried out to determine whether the changes in

the correlations were significant.
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ANCOVA is a combination of analysis of variance (ANOVA) and linear correlation
and regression techniques. It is used to compare the correlation between two variables
(e.g. X and Y) under two or more different conditions, e.g. time, i.e. it answers the
question whether the correlation between two variables X and Y changes significantly
from one time-point to another. The condition variable is termed as the covariate. In
other words, ANCOVA can be used to determine whether the slopes of two or more
regression lines are significantly different under different conditions or covariates. Thus,
ANCOVA is ideal to determine whether the change in the relationship between SV and

VV over time is significant.

. Contrast Mean F
Comparison DF SS Square | Value Pr>F

2-day vs. 1-wk. 1 3790.5 3790.5 0.65 | 0.4235
2-day vs. 2-wk. 1 11241.3 11241.3 1.92 | 0.1701
2-day vs. 4-wk. 1 7542.2 7542.2 1.29 | 0.2600
1-wk vs. 2-wk. 1 | 56256.6 56256.6 9.63 | 0.0028
1-wk vs. 4-wk. 1 11064.3 11064.3 1.89 | 0.1734
2-wk vs. 4-wk. 1 9814.8 9814.8 1.68 | 0.1994

Table 4.1: Post-hoc results of ANCOVA between SV and VV

A one-way ANCOVA was carried out between SV and VV using time after induction as
the covariate. This test was done to determine whether the difference in the association
between SV and VV over time was significant. Results of the ANCOVA show that the
difference is significant (p = 0.01). Results of post-hoc tests, shown in this table, indicate
that the significance is primarily driven by the 1-week vs. 2-week difference.

ANCOVA was carried out in our SV-VV dataset at two-days, one-week, two-
weeks and four-weeks post induction, using the time after induction as the covariate.

The results of the test showed that the slopes of the regression lines, as shown in Fig.
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4.11, are indeed significantly different (p = 0.01). A post-hoc test showed that the
significance is due to the difference between the correlations at one-week and two-week
post induction (p < 0.01) (Table 4.1).

These results indicate that the relationship between SV and VV does vary
significantly over the course of CH progression. We hypothesized earlier that this may
be because both SV and VV are driven by changes in another parameter, such as
intracranial compliance. In this case, our results indicate that compliance decreases
from 1-week to 2-weeks post induction (compliance at each time-point can be
approximated by 1/slope of the regression line, since compliance = Avolume/Apressure
(§6.1) and SV is related to a change in intracranial pressure through its relationship with
pulse pressure). This result is in agreement with the well known finding of decreased
compliance hydrocephalus [189-191, 197]. Although there was no significant difference
between correlations at week 4 and other time-points, it is interesting to note that the
slope of the regression-line decreases from week 2 to week 4, indicating an increase in
compliance. This may be due to a decrease in ICP from week 2 to week 4 (compliance
is inversely related to ICP, as discussed later in §6.1). Although we did not measure ICP
in our animals, anecdotal evidence from later experiments suggest that ICP is elevated
early after induction, but is back to normal at chronic stages (upon craniectomy, brain
herniation is severe at acute stages of CH, but is similar to control animals at chronic

stages of CH).
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Chapter 5

5. Alterations of Aqueductal Pulsatility by
Compliance Modulation

5.1 Introduction

5.1.1 Variability in Communicating Hydrocephalus

In the previous chapter, we had observed that the correlation between stroke
volume and ventricular volume varies significantly over the course of hydrocephalus
development, especially between the one-week and two-week time-points. The changes
in this relationship indicated that stroke volume and ventricular volume are possibly
related to another parameter, and alterations in this parameter give rise to the variations
in stroke volume and ventricular volume observed. We had hypothesized that the most
likely parameter that can explain these changes is the intracranial compliance.

Intracranial compliance has been shown to be decreased in hydrocephalus [189-191,

85



197-199], possibly as a consequence of subarachnoid CSF obstruction (caused by
kaolin in our model) as well as gliosis in the gray and white matter [168, 200]. As our
next step, we decided to extend our studies of aqueductal pulsatility by investigating the
relationship between stroke volume and intracranial compliance.

As discussed below, intracranial pressure pulsations are related to compliance,
but the effect of compliance on stroke volume and their interrelationships have not been
studied. Our objective in this study was to examine the effects of altering compliance on
aqueductal stroke volume in order to attempt to gain a clearer picture or the role of CSF
pulsatility in communicating hydrocephalus (CH), understand the variability seen in the
pulsatility and ventricular dilation in our animal model and elucidate the functional
relationship between pulsatility and ventriculomegaly. We hypothesize that stroke
volume will drop with an increase in compliance. Compliance will be manipulated in two
distinct manners: with craniectomy and with shunting, both of which will give rise to an

increase in compliance.

5.1.2 Intracranial Compliance

Intracranial compliance is defined as the compliance of the cranial contents,
including the brain, the cerebral vasculature and the cerebrospinal fluid (CSF) spaces of
the cerebrum and spine as a whole. Because cranial CSF is in free communication with
the CSF of the spinal subarachnoid spaces and the spinal thecal sac, it is useful to
consider intracranial compliance as the compliance of the craniospinal system as a

whole.
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Compliance is a physical property of any closed container. The compliance of
such a container is a measure of its distensibility, i.e. the degree to which it resists a
change in volume when a volume of fluid is added or removed. Compliance is defined
as the ratio of the change in volume to the change in pressure. A highly compliant
container will experience only a small change in pressure when a large volume of fluid
is added or removed, while a low-compliance container will undergo a large change in
pressure when even a small volume of fluid is added or removed. The major
determinant in the compliance of the intracranial cavity is the skull, which is rigid and
prevents expansion. Brain parenchyma itself is fluid-based and incompressible. The
ingress and egress of blood through arteries and veins, and CSF through the foramen
magnum (and the spinal canal, to a small extent) allow volume exchange between the
brain and the rest of the body. Arteries themselves are stiff-walled and relatively non-
compliant compared to veins. Thus, the main sources of compliance in the craniospinal

system are the veins and the spinal thecal sac.

5.1.3 Intracranial Pressure-Volume Relationships

Intracranial compliance can be measured by the CSF infusion experiment, where
boluses of known volumes of CSF (or other physiological fluid) are injected into the
ventricles or CSF-filled subarachnoid spaces (cranial or spinal), and the corresponding
peak rise in fluid pressure is measured. When a volume of fluid is inserted into the CSF
compartment, the pressure rises abruptly and then returns to equilibrium, due to CSF
absorption [201]. Compliance is measured by calculating the ratio of the volume

increase to pressure increase, i.e. dV/dP. A variation of the technique employs constant
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infusion of fluid at known rates. The first experiments to measure changes in CSF
pressure upon fluid infusion showed that the relationship between volume and pressure
was not linear; Ryder et al. described it as hyperbolic [202]. The intracranial volume
pressure relationship was more thoroughly characterized by Marmarou et al., who
showed that there is an exponential relationship between pressure and volume of the

CSF compartment [201, 203, 204] (Fig. 5.1).
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Figure 5.1: The pressure-volume relationship.
The pressure-volume curve of an intracranial system is exponential in nature, which is
evident when volume and pressure are plotted on a linear axis (A); consequently, the
relationship becomes linear when plotted on a semi-log pressure axis (B). Compliance
is calculated from the slope of the curve; compliance can be seen to decrease with

increasing mean pressure (A). The slope of the straight line in the semi-log axis (B) is
defined as the pressure-volume-index (PVI). Modified from [203].

The exponential nature of the relationship between volume and pressure of the
craniospinal system has some interesting consequences. Since compliance is given by
the slope of the volume-pressure curve (Fig. 5.1A), this implies that compliance
decreases as intracranial pressure increases, i.e. intracranial compliance is not constant

if the intracranial pressure varies. Because of the dependence of compliance on mean
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pressure, one method for characterizing the intracranial system taking this into account
is to calculate the pressure-volume-index (PVI), which is defined as the slope of the
resultant curve when the change in volume is plotted against the logarithm of the
change in pressure; because the volume-pressure relationship is exponential, this curve
is a straight line. The PVI is thus equal to the fluid volume required to produce a ten-fold
increase in the initial pressure, and describes the entire pressure-volume curve

independent of mean pressure [187, 201].

ICP
(mmHg)
— AP’
l,ac.-_,\(\%@ "‘
ac;ﬁ%\\'?-‘{\ ..
i
—p AP T
B $
Veq T AV
Incoming arterial”” Volume (ml)
volume craniospinal compartment

Figure 5.2: Intracranial pulsatility alterations with changing (ICP) or compliance.
This shows how systolic arterial pulsations give rise to intracranial pressure pulsations.
Because of the exponential nature of the relationship between pressure and volume, the
pressure change induced by the systolic influx of blood produces a higher pressure
pulse at a higher ICP level or lower compliance level. Modified from [205].
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Another important consequence of the exponential nature of the volume-pressure
relationship is that cardiac-induced intracranial (and CSF) pressure pulsatility increases
as intracranial pressure increases (or compliance decreases). Cardiac induced
pulsations occur when a volume of blood enters the cranium through the arteries during
systole. This temporary volume increase, AV in Fig. 5.2, corresponds to a temporary
pressure increase, AP that is felt throughout the brain and cranial CSF as the pressure
pulse. At elevated intracranial pressures, the same systolic volume AV produces a
larger pressure pulse, on account of the exponential volume-pressure relationship, as
shown in Fig. 5.2. Such elevated pressure pulsations have been experimentally

observed in CSF infusion tests [refs].

5.1.4 Compliance changes in Hydrocephalus

Several studies, using CSF infusion tests and CSF and venous flow
quantification by MRI, have established that intracranial compliance is diminished in
hydrocephalus, both in clinical studies and animal experiments [189-191, 197-199].
Decreased compliance has been considered a factor behind elevated aqueductal stroke
volume [6, 8]. However, a recent report suggested that brain compliance may in fact be
increased in normal pressure hydrocephalus [206]. The investigators in this study used
a novel MR technique, magnetic resonance elastography (MRE), which measures
viscoelastic properties of the brain in vivo, and showed that brain compliance was
increased in the periventricular tissue as well as in deep white and cortical grey matter.
It should be noted, however, that these results are in sharp contrast with the well-

established findings of decreased compliance in hydrocephalus described above. These
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disparities might be explained by considering that the MRE is a measure of “local’
tissue compliance, while CSF infusion measures the “global” compliance of the entire
cranial CSF system, and thus may reflect different aspects of compliance changes in

the brain.

5.2 Methods

All animal handling and surgical techniques were approved by the Institute of
Animal Care and Use Committees (IACUC) of Stony Brook University and Albert
Einstein College of Medicine. All experimental procedures were carried out in accordance
with the NIH Guide for Care and Use of Laboratory Animals. All efforts were taken to
minimize any suffering of the animals and the number of animals used in experiments.
For both craniectomy and shunting studies, communicating hydrocephalus (CH) was
induced in adult female Sprague-Dawley rats (weight = 200-250g) using the techniques

described in §3.

5.2.1 Craniectomies

CH was induced in twenty-one rats; the craniectomy experiment was performed
two weeks after induction. Animals were anesthetized using 5% isoflurane; anesthesia
was maintained using 1-2% isoflurane and oxygen. A set of MRI scans were done prior
to craniectomies to characterize CH by measuring ventricular volume (VV) and

aqueductal CSF stroke volume (SV), using the techniques described in §4 (VV and SV

91



were defined in §4). Animals that failed to develop hydrocephalus were excluded, since
they do not demonstrate measurable aqueductal stroke volume.

Bilateral craniectomies were performed immediately after the MRI scans (without
allowing the animal to awaken); the craniectomy technique was similar to that described
in §5. The animal was removed from the magnet and secured on a stereotaxic head-
holder in the prone position. The isoflurane level was increased to 2-2.5%. The head
was shaved, and a 2.5 cm midline incision was made on the top of the head, extending
from between the eyes to the back of the head. The underlying tissue was removed,
and bleeding was stopped by cauterizing and using gauze. Craniectomies were made
using a high-speed Dremel-style drill equipped a 0.75 mm burr. Each craniectomy was
approximately 9 x 4 mm in size and centered over the left or right parietal bone. Each
craniectomy was positioned at least 1 mm away from the midline suture, to prevent
damage to the superior sagittal sinus. The craniectomies were made by drilling along
the periphery until the groove became very thin, and then carefully removing the
resulting bone flap with forceps. The dura was left intact in all animals, although small
tears were present in a few cases.

Following bilateral craniectomies, the head incision was sutured. The animal was
removed from the head-holder and returned to the MRI (without being allowed to
awaken). MRI scans were repeated to measure ventricular size and pulsatile CSF flow
in the aqueduct. The isoflurane level was maintained at the same 1-2% level during the

second set of scans. Animals were euthanized following the second set of MR scans.
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5.2.2 Shunting

CH was induced in a total of 8 animals for the shunting experiments. CH was
characterized in the animals by MRI, obtaining measurements of ventricular size and
pulsatile CSF flow in the aqueduct (as described in §4), prior to shunt surgery. Animals
that failed to develop hydrocephalus were excluded. Shunt surgery was done in 4
animals.

The shunt consisted of a flexible polyethylene tube (outer/inner diameter = 1/0.6
mm) with a 30 mm piece of stiff tubing at the proximal end. The last 5 mm of the
proximal end was bent at 90° to facilitate insertion into the ventricle and securing of the
shunt to the skull. The full length of each shunt was approximately 30 cm.

The position for shunt insertion was determined from the pre-shunt MRIs. Shunts
were to be inserted into the right anterior horn of the lateral ventricles at the level of the
foramen of Monro. From the MRI scans, it was determined that the shunt tip needed to
be inserted to a depth of 4 mm. So to facilitate shunt insertion and securing of the shunt
to the skull, the proximal tip of the shunt was cut so that only 4 mm of tubing extended
from the bend. This way, the shunt could be inserted all the way to the bend, and the
shunt tubing could then be secured to the bone easily. The stereotaxic coordinates of
the shunt location on the skull surface were 1 mm posterior and 1.4 mm right from
bregma.

Shunt surgeries were done under aseptic conditions. Each animal was secured
on a stereotaxic head-holder in the prone position. The head, neck and back of the
animal was shaved and cleaned with povidone solution and 70% alcohol. A 2 cm

midline incision was made on the top of the head, and the underlying tissue was
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removed to expose the parietal bone. A 1-2 mm diameter craniectomy was drilled at the
predetermined shunt site and the dura was exposed. The proximal end of the shunt was
inserted vertically downwards until the bend was flush against the skull. When clear
CSF was seen in the catheter, the craniectomy was sealed with cyanoacrylate gel,
which was also used to attach the shunt to the skull. The shunt was held in place until
the glue hardened sufficiently. The distal end of the shunt was tunneled under the skin
down to the animal’s abdomen. A small skin incision was made on the side of the
animal’'s upper abdomen, 1 cm lateral from the spine and below the liver, to view the
insertion of the distal end of the shunt. Another small incision was made in the
peritoneum, through which the distal end of the shunt was inserted. The peritoneal
incision was closed with absorbable suture, ensuring that the distal end of the shunt
was secured against the peritoneum. Both head and abdominal skin incisions were also
closed.

Following successful shunting, a second set of MRI scans were acquired to
measure ventricular size and pulsatile CSF flow in the aqueduct. These scans were also
used to verify that the shunt was properly inserted. Animals were then allowed to
recover. Animals received ketorolac as analgesic and Baytril as an antibiotic. Another
set of MRI scans were acquired one week after shunting, also to measure ventricular
size and pulsatile CSF flow in the aqueduct. These scans were also used to verify that
the shunt remained at its proper position in each animal after one week.

The shunt surgeries described here were carried out by Dr. James McAllister.
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5.2.3 Data Analysis and Statistics

Ventricular volumes from each anatomical MR image were computed as the
volume of the lateral ventricles, third ventricle and aqueduct (up to the aqueductal
recess). Details for the measurement technique are described in §4. Aqueductal CSF
pulsatility was calculated as the stroke volume of CSF from the phase contrast images;
the technique is described in §4. Statistical comparisons of pre- and post-craniectomy
SV and VV were carried out using paired t-tests. Regression analysis was carried out
between change in SV and initial VV by calculating Pearson correlation coefficients.
Statistical comparisons were not done for the shunting experiments because of the

small animal number. All data is presented as mean * standard deviation.

5.3 Results

5.3.1 Craniectomies

Six animals failed to develop hydrocephalus and were excluded (VV < 30 ul)
(§4). One animal was sacrificed due to significant weight loss (> 30%) due to severe
progression of CH. Three animals died during the craniectomy experiments, due to
problems encountered during the craniectomy surgery. The remaining 11 animals
developed mild to severe ventricular dilation, with a ventricular volume of 178.8 + 69.8
Ml (range: 65.8 — 322.1 pul). Pre-craniectomy SV in these animals was 139.4 + 114.1 nl
(range: 15.0 — 426.5 nl).

Following craniectomy, the aqueductal pulsatility decreased significantly, with a

new stroke volume of 72.2 £ 31.4 nl (p < 0.05). Even though the average stroke volume
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decreased by about 50% across all animals, individual differences varied greatly, with
the largest decrease as high as 75% in one animal, while stroke volume increased in
one animal by 13% post-craniectomy (Fig. 5.3). Reduced pulsatility was distinguishable
in some animals from diminished flow voids in the T,-weighted FSE images (Fig. 5.4).
There was no significant change in ventricular volumes following craniectomies (p =

0.28).
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Figure 5.3: Change in stroke volume after bilateral craniectomy.

Aqueductal CSF pulsatility was measured by stroke volume (SV), which decreased in all
but one animal following bilateral craniectomy. The drop in SV varied across the
animals.

To investigate whether the decrease in stroke volume was related to the animals’
ventricular sizes, correlations were computed between decrease in stroke volume and
ventricular volume (Fig. 5.5). A weak correlation was found between these two
parameters (R = 0.64, p = 0.04), but this was most likely driven by the animal with the

highest ventricular volume; exclusion of this point from the regression computation

results in no correlation (R =0.13, p = 0.72).
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Figure 5.4: Coronal MRI images before and after craniectomy.

To-weighted FSE images of the craniectomy animals showing lateral ventricles before
and after craniectomy. Reduced pulsatility was evident from diminished flow voids in To-
weighted FSE images. Prominent flow voids were present in this animal before
craniectomy (upper images, green arrows) at the aqueduct (right), parts of the 3"
ventricle (middle) and at the foramen of Monro (left). Flow voids decreased at all 3
locations (red arrows) in the same animal immediately after craniectomy.
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Figure 5.5: Correlation between change in stroke volume and ventricular volume.
Regression analysis between change in stroke volume and ventricular volume was
carried out to investigate whether there the drop in stroke volume was associated with
ventricular volume. Since bilateral craniectomies were expected to produce the same
increase in compliance in all animals, variation in stroke volume change indicated that
the initial compliance in each animal was different, and may depend on ventricular size.
A weak correlation was found (R = 0.64, p < 0.05), but this seemed primarily driven by
the right-most data point, removal of which gives rise to no significant correlation (R =
0.13, p > 0.1). This suggests that the initial compliance was not related to ventricular
size in the CH animals.
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5.3.2 Shunting

Mild to severe levels of hydrocephalus developed in 5 of the 8 animals induced
for shunting; the remaining 3 animals in which hydrocephalus failed to develop
(ventricular volume < 20 ul) were excluded. One animal was sacrificed because it was
sick due to severe hydrocephalus, and was deemed unlikely to survive the shunt
surgery. One animal died during shunt surgery.

Shunt surgery was done successfully in 3 animals. In 2 animals, after shunt
insertion, some blood appeared in the shunt, followed by clear CSF. CSF with no blood
appeared on shunt insertion in the third animal. MRl images immediately following
shunting (Fig. 5.6) showed that the shunts had been inserted at the correct position.

Hyperintensity within the shunt indicated presence of CSF.
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Figure 5.6: Coronal T,-weighted FSE images before and after shunting.

Changes in ventricular size with the placement of a shunt are evident in these are T»,-
weighted FSE images of the three shunted animals at the level of the foramen of Monro
at different points in time. The left column represents images of the animals immediately
before shunting (A, D, G); the center column represents the same images immediately
after shunting (B, E, H) and the right column represents images 1 week after shunting
(C, F, I). The proximal end of each shunt entered the ventricle, and hyperintensity in the
shunt indicates presence of CSF. The shunt in the third animal appears to be obstructed
at 1 week post shunting (I). In one animal, periventricular edema (red arrows) was
prominent before shunting (A), but decreased immediately after shunting (B) and was
further diminished 1 week after shunting (C).
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Following shunting, there were immediate changes in both aqueductal pulsatility
and ventricular size in all animals. Ventricular volume dropped from 63.9 £ 34.9 pul to
43.5 + 19.7 pl, with the largest drop of 46% in one animal. Aqueductal stroke volumes
also dropped from 27.8 + 20.4 nl to 10.6 + 2.7 nl, with the largest drop of 70% in one
animal (stroke volume data immediately after shunting was available in only two
animals). In addition, in one animal there was a significant decrease in periventricular
edema immediately following shunting (edema typically is present only in animals with
severe ventricular dilation, and thus was not present at any point in the other two
animals).

MR images one week after shunting showed that aqueductal stroke volume
remained lower than the pre-shunt stroke volumes, and comparable to the values
obtained immediately after shunting. Ventricular volumes one week after shunting
remained unchanged in one animal; however, in the other two animals, ventricular
volumes increased back to the pre-shunt values. Periventricular edema in one animal
decreased immediately after shunting and was not evident one week after shunting (Fig.

5.6 A-C) (the other two animals did not exhibit edema (Fig. 5.6 D-I)).
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Figure 5.7: Changes in ventricular volume with shunting.

Ventricular volume in the animal with the largest ventricles dropped sharply immediately
after shunting, but returned close to initial value after one week. Changes in ventricular
size in the other two animals were smaller.
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Figure 5.8: Changes in stroke volume in the shunted animals.

Stroke volume (SV) dropped sharply in the animal with the largest ventricles and
highest SV; SV dropped less in the others. SV remained decreased after one week
(pulsatility data immediately after shunting was unavailable in the third animal).
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5.4 Discussion

This study was undertaken to explore the effects of altering compliance on
aqueductal stroke volume in order to gain a clearer picture of the role of CSF pulsatility
in communicating hydrocephalus (CH), understand the variability seen in the pulsatility
and ventricular dilation in our animal model and elucidate the functional relationship
between pulsatility and ventriculomegaly. We used two techniques for modulating
compliance: bilateral craniectomy and shunting. PVI measurements in animal models
show that compliance increases with craniectomy [100, 207]. This is because the main
limit on intracranial compliance is placed by the rigid skull, which restricts the volume
expansion of the brain’s CSF or vascular spaces. Increase in volume of one of these
fluid compartments causes decrease of volume in another compartment, and this fluid
expulsion takes place through the relatively narrow foramen magnum or venous outlets.
Removal of the calvarium removes this restriction, and thus increases intracranial
compliance.

One of the main results of this study is that there was a significant decrease in
aqueductal pulsatility (measured as the stroke volume) with increased compliance. It
was expected that intracranial pressure pulsations would decrease when the
compliance increases [201, 203]. Our results show that this is indeed the case.
However, the link between stroke volume and intracranial pressure pulsatility has not
been fully explored, although it is thought that the two quantities are related [208]. If we
assume that the relative compliance change in all animals was the same, because the
size of the craniectomy was kept constant, then the net compliance change after

craniectomy should depend on the initial compliance. It is also reasonable to assume
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that the initial compliance depends on the ventricular size, so one may expect the
change in SV to be correlated with VV. However, we did not find such a correlation,
which indicates that the initial compliance does not depend on the extent of ventricular
dilation. It is possible that compliance changes in hydrocephalus may be a
consequence of fibrotic scarring and kaolin distribution in the subarachnoid space, both
of which obstructs CSF flow in the subarachnoid space, as well as gliosis of the cortical
gray matter and periventricular white matter [168, 200]. If this is the case, the stroke
volume may be considered to be indicative of the extent of neuroinflammatory reactions
in the hydrocephalic brain and thus provide valuable information regarding the
pathophysiology of hydrocephalus. Further study of correlations between the stroke
volume and histopathological results of neuroinflammation are needed to explore this
hypothesis.

Shunting drains CSF from the ventricles, causing a reduction in ventricular
volume. In terms of the volume-pressure relationship, this implies that the animal’s
intracranial state moves down along the pressure-volume curve (see Fig. 5.2), giving
rise to increased compliance. This would be expected to give rise to a decrease in
aqueductal stroke volume. Our results show that stroke volume does decrease
immediately after shunting (see Fig. 5.7). This effect is particularly prominent in the
animal with the largest initial ventricular size. A rapid decrease in stroke volume is
expected after shunting due to increased compliance. Over time after shunting, the
compliance may increase further if the shunting reverses neuroinflammatory reactions
that take place with the development of hydrocephalus [200]. Neuroinflammation has

been shown to occur following ventricular dilation [167, 200], and it is known that it can
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reverse partially with shunting [23, 209]. This is further supported by the change in
periventricular edema in the animal with the largest ventricles (Fig 5.3.4 A-C).
Neuroinflammation may also contribute to reduced compliance [168, 200]. Thus,
reduction in neuroinflammation may cause a further increase in compliance, which may
cause a further decrease in stroke volume. It is also possible that the shunt serves to
keep the stroke volume reduced, by providing an alternate pathway for CSF flow. A
clinical study which follows NPH patients over time after shunting shows that stroke
volume does decrease progressively after shunting [210].

One of the main limitations of this study is that pressure measurements were not
available in our animal model of communicating hydrocephalus. Compliance, as defined
by Marmarou, is the ratio of volume change to pressure change when a small volume of
fluid is input into the craniospinal system [201, 204]. As described earlier, removal of the
calvarium alters the compliance. It was thought that a model could be designed using
pressure-volume index (PVI) values from the literature and an estimation of how much it
may decrease following craniectomy or shunting, and fit out data to this model to
elucidate the relationship between stroke volume and ventricular size. However, one
difficulty in doing this is that PVI data on rats is limited. The only data available in the
literature involves H-Tx rats [146, 148, 187, 211]. This is not ideally applicable in our
communicating hydrocephalus model because the congenital H-Tx rat represents a
model of obstructive hydrocephalus produced by aqueductal stenosis. Moreover, the H-
Tx rat represents a pediatric model of hydrocephalus, because H-Tx rats with
hydrocephalus survive no more than a few weeks after birth. Finally, the PVI data

available on H-Tx rats varies widely from one study to another. One study reports PVI
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values of 0.05 in hydrocephalic animals, while other studies report values 10-fold higher
[187, 211]. Therefore, modeling of the effect of compliance changes was deemed
unreasonable until reliable pressure-volume data can be obtained in our animal model.

Other factors which may affect the degree of ventricular dilation and aqueductal
stroke volume in these animals are variations in kaolin distribution in the basal cisterns
and the extent of neuroinflammation, which we have not measured. Kaolin distribution in
these animals is unknown. We attempt to inject kaolin into the subarachnoid spaces of
the basal cistern, but the injection is blind, and we cannot directly confirm the final site
of kaolin deposit. We know that hydrocephalus induction often fails if kaolin is injected
into a compartment other than the subarachnoid spaces (see §4). We also do not know
the degree of neuroinflammation and fibrotic scarring caused by kaolin in these animals.
Some investigators suggest that kaolin causes extensive neuroinflammation and
obliterates the entire subarachnoid spaces. We argue that this is not the case, since we
use a relatively small volume of kaolin, and the fourth ventricle outlets are found to be
open [9, 152]. However, we have not done a systematic study of the distribution of
kaolin in the basal cistern and the degree of neuroinflammation and fibrotic scarring it
produces. Such a study would be extremely valuable and may provide significant insight
into the issue of variability in the relationship between ventricular size and stroke
volume.

We have recently found that the aqueductal stroke volume can vary significantly
with physiological parameters such as the rate of respiration. This is could be a potential
source of variability in stroke volume. The rate of respiration is related to blood gas

levels, particularly the partial pressure of carbon dioxide, Pco,. Numerous studies have
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shown that in hypercapnia, increased levels of Pcoz can cause vasodilation of the
microvasculature. Dilated arterioles and capillaries can give rise to an increase in
intracranial CSF pulse pressure, which may cause the aqueductal stroke volume to rise.
Indeed, Portnoy et al. have shown the CSF pulse pressure to be elevated in rats under
hypercapnic conditions [212, 213]. However, they did not make any measurements of
CSF flow, so it is not possible to determine from their study whether CSF stroke volume
is affected. On the other hand, low respiration rates can give rise to hypoxia, which may
decrease the systemic blood pressure. Reduced blood pressure could give rise to a
lower CSF pulse pressure and decrease the stroke volume. Since we have neither
blood gas measurements nor data on intracranial pressure, we cannot do more than
speculate on the actual physiological state of our animals and what effect this has on
stroke volume. Needless to say, it is very important to carry out studies measuring the
effect of varying physiological parameters on stroke volume, including blood pressure,
heart rate, respiration rate and blood gas levels, as well as different levels of
hypercapnia and hypoxia. Such a study may also provide a wealth of information that
could explain the variability seen in aqueductal stroke volume in our animals. In fact,
data recently obtained in five CH rats showed a dramatic increase in stroke volume with
decreased respiration rate.

In the craniectomy experiments, we did not observe any changes in ventricular
size. This is not unexpected, since it is likely that alterations in ventricular size will take
more than the few hours that we allowed these animals to survive after craniectomy.
However, a better experiment to test the effect of compliance on both stroke volume

and ventricular volume would be to allow the animals to survive with the craniectomies
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for several days and measure any change in both ventricular volume and stroke
volume. If decreased compliance is tied to the level of ventricular dilation, then
increased compliance may well cause a decrease in ventricular volume over a period of
days. These potential changes in ventricular volume will be very interesting to observe,
particularly in relation to changes in stroke volume, which we know decreases
immediately after craniectomy.

A more intriguing question is: what is the effect of compliance on hydrocephalus
development, e.g. when hydrocephalus is induced after craniectomy? In such an
experiment, a bilateral craniectomy, identical to the ones we produced in this study,
would be followed by induction of hydrocephalus with kaolin, and the development of
hydrocephalus would be monitored. We in fact conducted this experiment on 3 rats.
None of the animals developed any appreciable level of hydrocephalus, in terms of
ventricular dilation or aqueductal pulsatility. While this could be an indication that the
increased compliance produced by the craniectomy causes the ventricles to not dilate,
the small number of animals precludes statistical comparison and prevents us from
drawing any solid conclusion. However, we did see an effect in one of the animals that
may be significant. This animal had mild ventricular dilation, but it had quite severe
periventricular edema normally seen only in animals with severe hydrocephalus. This
may be an indication that increased compliance caused by the craniectomy does not
affect the neuroinflammatory reactions that are associated with hydrocephalus following
ventriculomegaly, even though this increased compliance is halting ventricular dilation

and preventing elevated CSF pulsatility. Again, this is another area that needs to be

107



investigated more thoroughly, as it might provide great insight into the various

processes involved in CH and their interrelationships.
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Chapter 6

6. Capillary Pulsatility in Communicating
Hydrocephalus

6.1 Introduction

The etiology of elevated aqueductal CSF pulsations in CH is unknown, as
discussed above (§2 & §4). One of the theories posited to explain this phenomenon is
that obstructions to subarachnoid CSF flow prevents adequate dissipation of arterial-
driven pulsations, which are instead redistributed into ventricular CSF via the cerebral
microvasculature [6, 8]. Consequently, this would give rise to elevated microvascular
pulsations. While this theory has been touched upon in the literature, no one has yet

attempted to provide experimental evidence to support this theory. The present study
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was designed to investigate this theory in a rat model of CH. The following three
hypotheses will be tested:
= Blood flow and pulsatility in capillaries can be measured in the rat neocortex
down to a depth of 600 uym using two-photon microscopy.
= Pulsatility of neocortical capillaries will be elevated in CH rats following kaolin
induction and will persist into the long-term stages of the disease
= Elevated capillary pulsatility will be correlated with aqueductal CSF pulsatility in

CH rats.

6.1.1 Intracranial Dynamics in the Normal Brain

The rationale behind these hypotheses are best understood by first considering
intracranial dynamics in the normal brain (as summarized in Fig. 6.1A). With each
heartbeat, a large volume of blood enters the brain, causing a systolic expansion of
brain arteries and arterioles, which is a consequence of the windkessel mechanism
whereby systolic arterial expansions give rise to steady flow. This causes the brain to
expand as a whole in systole, and contract back in diastole, i.e. the brain “pulsates” with
each heartbeat, a fact which is well documented in the MRI literature [7, 8, 214, 215]
and known from neurosurgical experience. When the brain expands in systole, it
compresses the CSF filled subarachnoid spaces (SAS), causing CSF to flow out of the
SAS through the craniocervical junction (CCJ) into the spinal thecal sac. The flow
reverses in diastole. This gives rise to pulsatile CSF flow in the CCJ, which has been
measured in humans [70, 92, 216, 217]. In this way, arterial pulsations entering the

brain are normally dampened via the windkessel mechanism [218] and coupled into
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subarachnoid CSF. This also gives rise to extracerebral venous pulsatility, since the
dural sinuses and extracerebral veins can also be compressed during systolic brain

expansion.

“""‘:ﬂr’rv N\

\».l-w

[ J
xﬂ..‘ - |
\ e e

S
AR

Obstruction
in SAS

Figure 6.1: Pulsatile dynamics in the normal and CH brain.

With each heartbeat, the normal brain “pulsates” (A); this is due to systolic expansion of
cerebral arteries and arterioles, which causes the brain to expand as a whole during
systole (white arrows). This compresses the subarachnoid spaces (SAS), causing CSF
to flow out of the cortical spaces into the spinal thecal sac through the foramen Magnum
(blue arrows). In CH, obstruction in the SAS impedes CSF flow through the SAS, which
in turn impedes systolic brain expansion (B). Brain images modified from [11].

It has been hypothesized that the systolic pulse in the normal brain are
dissipated by the internal carotid and basilar arteries into subarachnoid CSF when these
vessels pass through the prepontine/basal cisterns of the subarachnoid spaces [6, 71,
72]. While it is certainly possible that some part of the arterial pulse is dissipated in the
basal cisterns, it is very unlikely that the majority of the pulse is dissipated here,

because that would require approximately 25% expansion of the arteries, which is

certainly not seen in clinical MRI. On the other hand, it is more likely that in the normal
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brain, the arterial pulse causes the brain to expand as a whole in systole, as discussed
above. If the brain expands outwards by as little as 20 ym, this would be sufficient to
displace approximately 600 ul of CSF and blood via the CCJ (when modeling the brain
as a half-sphere with diameter 14 cm), which falls within the range of the stroke volume

of CSF across the CCJ in normal humans [70, 92].

6.1.2 Elevated Intracranial Pulsations in CH and Pulsatility Redistribution

In CH, obstruction of the SAS increases resistance to CSF flow in the SAS. This
very likely counteracts the systolic whole brain expansion, which reduces the ability of
arteries and arterioles to expand in systole, diminishing the transfer of arterial pulsations
into subarachnoid CSF and veins and producing a decrease in CSF pulsatility at the
foramen magnum [7] (Fig. 6.1B). With the removal of this major pulsatility dissipation
pathway, arterial pulsations can propagate undampened into the cerebral
microvasculature and can cause increased brain pulsatility, which acting on the walls of
the lateral ventricles would produce increased ventricular CSF. So, this pulsatility
redistribution theory, first proposed by Greitz [8], predicts that undampened arterial
pulsations will be transmitted into the microvasculature, and should be detectable as

increased flow pulsation in cerebral capillaries.

6.1.3 Goals and Objectives

The primary purpose of this study was to test the theory that microvascular

pulsations are indeed elevated in CH, and that these are associated with elevated
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aqueductal flow pulsations. To understand the connection between ventricular CSF
pulsations and pulsatility at the capillary level, it is important to appreciate that almost all
pulsatility in the brain is cardiac in nature and originates from arterial vasculature.
However, the route of pulsations from the arteries into the ventricles is still debated [6,
8, 74, 80]. Since no studies have demonstrated increased arterial pulsations in CH (in
fact, studies have shown decreased intracranial arterial pulsations [219]), increased
ventricular CSF pulsations in CH most likely arise from changes in the transfer and
dissipation of arterial-driven pulsations within the cranium.

In this study, we used two-photon laser-scanning microscopy [220, 221] to
quantify microvascular flow pulsations in vivo and to probe their changes with the
development of hydrocephalus. Using our at model of CH, discussed in §3 and §4, we
studied capillary pulsatility at both the acute and chronic phases. Our main objectives
were to determine the normal levels of capillary pulsatility in the rat neocortex, whether
this pulsatility is elevated in communicating hydrocephalus, and to what extent pulsatility

is related to aqueductal CSF pulsations and the degree of ventriculomegaly.

6.2 Background: Two Photon Microscopy

Two-photon microscopy, the most commonly used type of multiphoton
microscopy [222], is a novel, specialized fluorescence-based imaging technique that
uses multiphoton excitation to generate optical images. It has many similarities to, as
well as advantages over, confocal microscopy, and is becoming more and more

prevalent across laboratories and research institutes.
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Multiphoton excitation is based on a concept first postulated by the physicist
Maria Goeppert-Mayer, who developed the theory of two-photon quantum transitions in
atoms in her doctoral thesis in 1931 [223]. Two-photon excitation fluorescence was first
observed in 1961 following the development of the laser. From then, multiphoton
excitation was considered to be an exotic phenomenon that was mainly used in physical
chemistry and optical spectroscopy, and was of little practical use until the development
of the first two-photon microscope in 1990 by Winfried Denk, James Strickler and Watt
Webb [220].

To understand why two-photon microscopy represents such a significant
breakthrough, it is important first to briefly describe the advantages of confocal
microscopy over widefield (conventional light) microscopy, and then to describe the
disadvantages of confocal microscopy. Widefield microscopy, which includes
fluorescence microscopy as well as other forms of light microscopy (such as phase
contrast and polarization microscopy) produces images of specimens by illuminating the
entire specimen and using its optical system to bring the light from the specimen into
focus at the eyepiece. Widefield microscopy is ideally suited to specimens which consist
either of thin sections (such as those produced by a microtome), cells or tissue
prepared on a glass slide or in-vitro cells/tissue cultured on a plate.

However, when three-dimensional whole structures needs to be imaged, or in-
vivo tissue are imaged, widefield microscopy is at a disadvantage. Widefield microscopy
does not attempt to restrict light from out-of-focus planes within the specimen. This is
not needed when imaging thin slices, but represents a problem when imaging whose

tissues or in-vivo structures. Light from out-of-focus planes within the specimen will also
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enter the specimen and tend to blur the image significantly. Only structures at or close
to the surface, within a depth of 10-20 um, can be clearly visualized. Deeper structures
will be difficult to visualize. Issues with blurring and out-of-focus illumination can be
somewhat overcome using computational techniques such as deconvolution

microscopy, but these applications are limited.

6.2.1 Confocal Microscopy

Confocal microscopy overcomes these difficulties by using a pinhole aperture to
restrict light entering the objective to a single focal plane. The term “confocal” was
coined to bring across this concept. By eliminating light from out-of-focus regions of the
specimen, confocal microscopy is able to generate high resolution images with high
contrast and great clarity. An example is shown in Fig. 6.2. In addition, it can produce
images down to maximal depths of 100 um in the specimen, giving rise to in-vivo optical
sectioning of images [224]. As is evident from the figure, however, confocal imaging can
only interrogate one “point” at a time. Thus, a technique is required for “scanning” the
focal plane to produce an image. A few different methods exist, such as the Nipkow-
Yokogawa spinning disk, where a spinning disk containing numerous precisely-
positioned pinholes is used to scan the sample, and laser scanning microscopy, which

is also the technique used in two-photon microscopy (described below).
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(A) (B)
Figure 6.2: Improvement in images from widefield to confocal microscopy.
The same specimen is shown as viewed through a normal light (widefield) microscope

(A) and through a confocal microscope (B). Out-of-focus light rejection significantly
improves resolution and makes small structures visible. Modified from [225].

The main disadvantage of confocal microscopy is that a large segment of the
specimen is illuminated, but light from only a small segment is used to generate the
image. In fact, in specimens a few hundred microns thick, more than 99% of the emitted
fluorescence light is wasted, giving rise to considerable but unavoidable photobleaching

and photodamage [226].
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Figure 6.3: Jablonski diagram showing single and multiphoton excitation.
Single photon excitation occurs when the fluorophore absorbs one photon, whereas
multiphoton excitation occurs when the fluorophore is excited by multiple photons
simultaneously. Modified from [227].

6.2.3 Two Photon Laser Scanning Microscopy

Two photon microscopy is based on the two photon excitation process. In one
photon excitation (the process used in fluorescence and confocal imaging), each
fluorophore is excited to a higher energy level by a single photon of a specific
wavelength (or wavelength range). When the fluorophore returns to its ground state, it
releases a photon, which is detected as the fluorescence emission in a sample. In two
photon excitation, fluorophores are excited by the simultaneous absorption of two
photons, each with half the energy or twice the wavelength required for single photon
excitation of that fluorophore (Fig. 6.3). This implies that most commonly used
fluorophores would be excited by infrared light instead of visible light. Once the

fluorophore returns to its ground state, it emits a photon of the same wavelength as in
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single photon excitation. However, the probability of two photon excitation is extremely
low; “simultaneous” absorption of two photons requires an interval of less than 10 s
for the two photons to reach the fluorophore [222]. Under normal arc-light conditions,
the likelihood of such an interaction is practically zero. Two photon excitation requires a
photon flux of 10°-10*° photons/cm?-s, and this is currently achieved in a focal volume
with the use of pulsed femtosecond lasers, which generate high-intensity, ultrashort
pulses of light [222]. The main advantages of two photon microscopy over confocal and
widefield microscopy stem from the two photon excitation process:

» Localized excitation. Since two photon excitation requires such large photon flux,
it only takes place at a small focal volume in the sample; the imaging process is
inherently confocal and there is no out-of-focus excitation (Fig. 6.4).

= Increased depth penetration. Infrared light, owing to its longer wavelength, is
scattered less in tissue than visible light, and consequently this makes deep
tissue imaging possible (Fig. 6.5). The theoretical maximum depth in two photon
microscopy is about 1 mm [228].

» Reduced photodamage and photobleaching: Since the only excitation/emission
takes place at the focal volume, there is far less photobleaching. Moreover,
because of the use of infrared light, there is far reduced photodamage in the light
cone (Fig. 6.6).

The main drawback of two-photon microscopy is that the pulsed femtosecond laser

sources remain very expensive.
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Figure 6.4: Difference between two-photon excitation and confocal excitation.
Localized excitation is demonstrated by excitation and emission of light only at the focal
volume (A) in two-photon excitation, when the intensity becomes very high. No out-of-
focus excitation takes place. In contrast, fluorescence or single-photon excitation occurs
throughout the whole light cone in confocal imaging (B). Out-of-focus light has to be
eliminated by use of a pinhole aperture. Modified from [222].
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Figure 6.5: Depth penetration in between confocal and two-photon microscopy.
In a confocal microscopy image (A), depth penetration is as large as 100 um, which is a
factor of 10 smaller than in multiphoton microscopy (B). Modified from [225].

(A) (B)

Figure 6.6: Reduced photobleaching in two-photon microscopy.
The photobleaching effect seen in confocal microscopy (A) is significantly reduced to
only a small focal volume in two-photon microscopy (B). Modified from [222].
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Laser scanning microscopy is one of the image scanning techniques used in
confocal microscopy, and the only scanning technique used in multiphoton microscopy.
In this method, two computer controlled galvanometer mirrors are used to position the
focused laser beam onto the specimen [224]. The oscillating mirrors scan the beam
across the specimen in a raster pattern along an x-y plane, and return the light from the
illuminated spot to the photodetector. The signal from the photodetector is sampled over
the scanning time and correlated with position of the focused beam to construct the xy
image of the specimen being scanned [224]. By adjusting the oscillation of the mirrors,
the path of the beam can be controlled over time and produce low or high resolution

images of the specimen. A schematic of a two-photon microscope is shown in Fig. 6.7.

lamg

pulse pulse Spec i
picker cOmMpressor He-Ne Al
beam beam laser
shutter expander attenuater % e
bl LIV il s NX]
NIR Laser U—U I YN i
Source ot ° o | o
e 2T LsM
80 MHz 800 nm 80 fs l [ m Scanning
] 1| | [*?| Mirrors
i i e MJ' A2 '_'?Elﬁllomlock'_'“ 5 A" J
Al E
T

SPCTHW ——

Figure 6.7: Schematic of a laser scanning microscope.

The X-Y scanning unit consists of a pair of oscillating mirrors that scan the light beam
across the sample in a raster pattern along the x-y plane. The right is returned through
the objective and directed to the photomultiplier tube (PMT) via a dichroic mirror.
Modified from [227].
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Three- and higher-photon excitation work in the same way as two-photon
excitation, except 3 or more photons simultaneously excite the fluorophore. Three
photon microscopy has been used in some studies, but three and higher photon
excitation are unlikely to see wider application because it would require the use of
wavelengths higher than 1100 nm, and water has high absorption for wavelengths
above 1100 nm, while water absorption is much lower at 790-900 nm (the spectrum

commonly used for two-photon microscopy) [229].

6.3 Methods

All animal handling and surgical techniques were approved by the Institute of
Animal Care and Use Committees (IACUC) of Stony Brook University and Albert
Einstein College of Medicine. All experimental procedures were carried out in
accordance with the NIH Guide for Care and Use of Laboratory Animals. All efforts were
taken to minimize any suffering of the animals and the number of animals used in

experiments.

6.3.1 Experimental Design, Timeline & Animal grouping.

All animals used in this study were adult female Sprague-Dawley rats of weight
200-250g. After the surgical, experimental and data acquisition techniques were
optimized, capillary velocity data was collected in a group of 5 control rats. Data
analysis techniques were designed and optimized using this control set (§6.3.6), after

which experiments were conducted on CH rats. A second group of 5 control animals
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were also included afterwards, giving a total of about 250 vessels in the control dataset.
One surgical control animal (§3) was also included.

CH was induced in 16 rats by the basal cistern kaolin injection technique (§3).
Capillary flow and pulsatility was measured in 8 animals at the acute stage of CH, 5-7
days post induction (acute group), and in the remaining 8 animals at the chronic stage
of CH, 3-5 weeks post induction (chronic group). Ventricular dilation and aqueductal
CSF pulsatile flow was characterized in the CH animals a few days prior to microscopy
by MRI using the techniques described in §4, and the ventricular volume (VV) and
aqueductal CSF stroke volume (SV) were quantified. All animals were euthanized at the

end of the imaging session in this study.

6.3.2 Rat Head-holder

For these experiments, a custom stereotaxic head-holder with ear bars, an
incisor bar and a nose restraint was designed by our lab and constructed by the Physics
Machine Shop at SBU. The head-holder, with an animal in place, is shown in Fig. 6.8. A
standard stereotaxic head-holder could not be used because it was too large to fit under
the two-photon microscope. Animals were secured on the head-holder for both the
duration of surgery and microscopy. During microscopy, the head-holder was screwed

down to the specimen base of the microscope.
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Figure 6.8: Stereotaxic head holder used in the microscopy experiments.
The stereotaxic head-holder was used to stabilize the animal’s head for the cranial
window surgery. The head-holder shown here has an animal with a sealed cranial
window and the head fixation frame affixed.

6.3.3 Choice of Anesthesia

Ketamine-xylazine (70/7 mg/kg) was the anesthetic used in these experiments,
delivered by bolus IP injections. An initial full dosage was used to induce anesthesia,
which was subsequently maintained by 50% supplements at approximately 45 minute
intervals or as needed. Xylazine was administered in every other supplement, as it has
a longer half-life than ketamine. Pentobarbital was initially used as the anesthetic;
however, it severely depressed the cardiovascular system, and requires operation close
to the lethal dose; on a few occasions, the animal died in the middle of the experiment

(~2-3 hours after start). The ideal anesthetic was isoflurane, because of its ease of use
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and stability induced in the animal [230], but was not available at the SBU multiphoton

microscope facility.

6.3.4 Surgical Techniques & Cranial Window

An optically transparent cranial window was opened in the right parietal bone to
provide access to neocortical capillaries for multiphoton microscopy. The animal was
anesthetized and secured on the head-holder. The head was shaved, a 2” midline
incision was made, running from between the eyes to the back of the head, and the
underlying tissue was removed to expose the skull. Bleeding was controlled by
cauterization and applying pressure. A 5 x 3 mm craniectomy was made using a hand-
held drill equipped with a 0.7 mm drill bit. The craniectomy was positioned over the right
parietal bone, centered approximately 5 mm posterior and 2.5 mm lateral to Bregma.
The craniectomy was made by thinning the bone along the periphery and then carefully
removing the bone flap with forceps. The drilling area was irrigated frequently with cold
saline to prevent heating of the underlying tissue; the dura was left intact in all animals.
Bleeding often occurred from the dura, on account of blood vessels that passed from
the dura into the periosteum. This was controlled by rinsing and applying pieces of a
styptic pad.

The cranial window was completed by filling the craniectomy with warm (~45 °C)
1% agarose and covering it with a custom-cut (6 x 4 mm) No. 174 glass coverslip, which
was then sealed to the skull with cyanoacrylate gel, ensuring no air bubbles were
introduced. The sealed cranial window served to maintain normal intracranial pressure

and flow dynamics. In some animals, after removal of the bone flap, the brain surface
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would be exceedingly cloudy due to bleeding under the dura. This usually happened
due to excess heating of the brain (when the drilling was done too rapidly) or if the drill
broke through the bone and damaged the dura. These animals were euthanized and
removed from the study.

After the cranial window was sealed, a 4.5 x 2.5 cm metal frame with a 3.2 x 1.2
cm opening was attached to the skull with cyanoacrylate (with the cranial window at the
center of the opening) and fixed to the earbar posts of the head-holder (Fig. 6.8). This
“head-fixation” frame was used to further minimize head motion caused by respiration.
Because the capillaries being imaged are 5-8 um in width, motion as small as 3-4 ym
was enough to prevent successful acquisition of capillary images. Initial experiments, in
which we did not use the head-fixation frame, produced images with severe motion

artifacts and did not yield useful data.

6.3.5 Fluorophore Choice and Delivery

Fluorescein isothiocyanate (FITC), conjugated to dextran of molecular weight 70
kDa, was the fluorophore of choice (Sigma, St. Louis, MO). FITC-dextran was dissolved
in 1M PBS at a concentration of 40 mg/ml, in accordance with product manuals. The
dextran solution distributes evenly in the animal’s circulation, and is not taken up by
RBCs, effectively labeling blood plasma. Dextran conjugated fluorophores are
frequently used in multiphoton studies of capillary flow [221, 231]. The
excitation/emission wavelengths of fluorescein are 494/521 nm. Optimal two-photon
excitation of FITC-dextran in blood was 800 nm; this was the wavelength used for the

two-photon laser.

126



In an effort to increase the maximum depth attained, we attempted to use
rhodamine B isothiocyanate dextran (70 kDa). Rhodamine B has higher
excitation/emission wavelengths of 540/621 nm, as well as a larger two-photon
absorption cross-section, and thus has a higher quantum yield. Because of its higher
excitation/emission wavelengths, we expected it would give greater depth penetration
into brain, since higher wavelength light scatters less in tissue. However, resulting
images were far poorer and noisier because the microscope filter sets were not
optimized for rhodamine B, and rhodamine B was discarded as a possible fluorophore.

The FITC-dextran solution was delivered intravenously through a tail vein. In all
animals, one of the lateral tail veins was cannulated with a 0.75”, 24G catheter, capped
by an injection plug. After cannulation, the catheter was flushed with about 0.3 ml
heparinized saline (5-10 units of heparin per ml). The main advantage of tail vein
cannulation is that it requires no surgery and is rapid, requiring only minutes to insert, as
opposed to femoral vein cannulation. However, it is also much more difficult to ascertain

patency of the tail vein catheter since the vein is narrow and difficult to visualize.

6.3.6 Microscopy and Data Acquisition

Multiphoton microscopy was carried out at the Central Microscopy Imaging
Center at Stony Brook University (SBU). This center was equipped with an upright
Olympus BX60WI microscope (Olympus America Inc., Center Valley, PA), powered by
a 1.7 W Chameleon laser (a Ti:Sapphire femtosecond laser) (Coherent Inc., Santa
Clara, CA), and equipped with 10x and 60x water immersion objectives (NA = 0.3 and

0.9). Imaging was controlled by the software FluoView FV300 running on a PC.
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After the cranial window surgery was completed, the animal was positioned in the
microscope and 0.5 cc of the fluorophore was injected through the tail vein. The
fluorophore labels blood serum but is not taken up by red blood cells (RBCs), causing
them to appear as dark moving objects against the bright, labeled serum.

Capillaries were imaged at 2-4 non-overlapping sites within the cranial window
with a total of 20-40 capillaries in each animal, at depths of 40-500 um. All depths were
measured from the pial surface. They exclude the thickness of the dura and cover
cortical layers 1-3; the dorsal edge of layer 4 is approximately 500 pm from the pial
surface in control rats. Capillaries were visualized by 2D planar scans (Fig. 6.9), which
were later used for vessel diameter determination. Capillaries selected for imaging had
a straight in-plane length of at least 20 uym. Individual line scans were approximately 16
seconds long with temporal resolution of 1.6 £ 0.3 ms per line and spatial extent of 26 +

4 um at the SBU facility.
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Figure 6.9: A 2D planar image and a MIP of a capillary network.

Capillaries were located from 2D planar images such as the one shown here (A) at a
depth of 160 um, in a control animal. The white line indicates the scan-line, over which
the capillary was scanned (A). A maximum intensity projection (MIP) is produced by
stacking a number of 2D planar images, such as the one shown here (B) in a chronic
CH animal, in the depth range of 185-250 um. The bright signal in the capillaries are
produced by two-photon excitation of FITC-dextran, which labels the blood plasma, but
is not taken up red blood cells. White arrows indicate vessels with flowing red blood
cells, which appear as dark voids against the bright labeled plasma (B).
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Capillary velocity measurements were made by acquiring “line-scan” images. A
line-scan is an image consisting of diagonal bands, which are formed by flowing RBCs.
The formation of a line-scan is described pictorially in Fig. 6.10. In a line scan, a line
(the scan-line) along the central axis of the capillary is imaged rapidly, repeatedly over
time (Fig. 6.10). The lines are stacked vertically to form the line-scan image, in which
the vertical axis is the time dimension, and the horizontal axis is the spatial dimension
along the capillary’s central axis. Therefore, each moving RBC forms a diagonal dark
band, or streak, in the line scan image. The vertical “height” of each band represents
the time taken by the RBC to move along the scan line, while the horizontal “width” of
the band, i.e. the length traversed by the RBC, is the length of the scan-line. Therefore,

the inverse slope of each band is the velocity of the RBC (Fig. 6.11).
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Figure 6.10: Formation of a line-scan.

A line-scan image is formed from multiple, repeat acquisitions over time of the same line
(the scan-line) along the central axis of a capillary, as depicted in this cartoon. In a line
scan, the horizontal axis represents the spatial length of the scan line, while time
increases along the vertical axis. In any single scan-line, each non-fluorescent-labeled
RBC appears as a dark band against a bright backdrop of fluorescence-labeled serum.
Each successive line is stacked beneath the previous acquired line in the image. As a
result, moving RBCs form diagonal dark bands. The horizontal extent of each band
represents the distance traversed by the RBC, while the vertical extent represents the
time taken to traverse that distance. Thus, velocity of each RBC is given by the inverse
of the slope of the RBC band (i.e., rapid-moving RBCs have shallow slopes and slow-
moving RBCs have steep slopes), as shown in Fig. 6.11.
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Figure 6.11: Examples of line-scan images.

Flowing RBCs form diagonal dark bands. These line-scans have RBCs with slow flow
(left), rapid flow (middle) and no flow (right, i.e. position of the RBC in the capillary does
not change with time). Velocity is measured by dx/dt, i.e. inverse of the slope of the
RBC bands.

ECG was acquired during experiments for anesthesia monitoring and heart rate
determination for the data processing. ECG was acquired using a clinical ECG monitor
(Propaq Encore 204EL, Protocol Systems Inc., Beaverton, OR), using a 3 electrode
system, with the electrodes connected to the animal’s paws with electrode gel and tape.
The analog output signal was captured from the monitor using a 4-channel NIDAQ data
acquisition module (NI 6008, National Instruments). ECG data was acquired using a
program written with Matlab’s Data Acquisition Toolbox, allowing both real-time

monitoring and recording of the ECG signal.
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6.3.7 Data Analysis

All image processing and data analysis was carried out using programs written
on Matlab (The Mathworks, Natick, MA). Statistical analysis was carried out using SAS,
as described later. The data analysis techniques described below were designed and
optimized after the control dataset was acquired.

In order to measure pulsatility of blood flow from the line-scan, a method was
needed to measure velocity as a function of time along the line-scan. Because this
implied a large number of measurements for each line-scan, an automatic program to
measure the slopes of the RBCs in the line-scans was developed. In the literature, all
applications of line-scans measured an average velocity of blood flow, which required a
single measurement of the RBC slope in a line-scan [221, 231, 232]. The challenge in
this study was to quantify the velocity as a function of time, in order to discern the

changes in velocity as a function of time, which would allow measurement of pulsatility.
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Figure 6.12: Demonstration of the SVD algorithm.

Each line-scan is split into overlapping segments (A), and each segment is smoothed
and masked. The segment is rotated incrementally through a range of angles (B), and
for each angle, the SVD parameter P (which equals the first singular value squared
divided by the sum of all singular values squared). P produces a maximum at the angle
at which the RBC bands in the segment become horizontal. In this example, the angle is

36.1°, which corresponds to a velocity of 1.51 mm/s.
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6.3.7.1 The SVD Algorithm

The analysis algorithm for velocity measurement from line-scans was based on
an SVD technique, first described by Kleinfeld et al. [221], which can detect the angle or
slope of the RBC bands in a line-scan image. The algorithm scheme is shown in Fig.
6.12. Each line-scan image is divided into overlapping segments. The algorithm
computes the average slope of the RBC bands in each segment. Each segment is
resized so that it is square (if needed), smoothed, and masked with a circular mask, to
remove the corners of the square, as these sometimes interfere with the SVD
computation. Each segment is rotated incrementally through a range of angles, and at
each increment, an SVD parameter, P, is calculated for the segment:

Pla)= @) (1)
> (s, (@)

n=1

where s is a m x 1 array of the singular values from the SVD computation of the image
segment of size m x m, rotated by the angle a. The SVD parameter P has a maximum
at the rotation angle where the bands in the rotated image segment become horizontal
or vertical. By identifying this peak and the corresponding rotation angle, the slope of
the RBC bands in the segment is determined. Velocity is calculated from the inverse of
the slope. The algorithm is then repeated for all segments to produce a velocity
waveform for the entire line-scan image.

Since each line-scan segment produces a single data point for the velocity
waveform, the temporal spacing between adjacent segments, or segment stepsize,
determines the resolution of the waveform. The segment size (i.e. number of scan-lines

in the segment) determines the magnitude of the averaging effect. The segment size
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was 30 scan-lines (~45 ms), and adjacent segments were separated by 10 lines (~15
ms). Segment size and stepsize were chosen by taking into consideration velocity
accuracy, desired temporal resolution in velocity waveform and computational speed.
Calculations were initially performed at a lower temporal resolution, with a stepsize of
30 lines (~45 ms), but this produced a statistically significant drop in PI for all animals of
6-10% compared to the higher temporal resolution analyses (the discrepancy was
discovered during statistical analyses, where we found that results with higher heart rate
were being underestimated; the underestimation occurred because at a temporal
resolution of 45 ms, velocity waveforms at a heart rate of 6-7 Hz would be
undersampled, containing only 3-4 datapoints per cardiac cycle, causing pulse
amplitudes to be artifactually lower). To identify the optimal segment size and stepsize,
a group of line-scan images were reanalyzed at several different segment sizes and
stepsizes, from which the high-resolution segment size and stepsize of 30 and 10 lines
were selected. While the higher temporal resolution also led to more vessel
measurements being excluded due to spike artifacts (at higher resolution, periods with
no RBC’s become more frequent), we felt this was the better choice to ensure accurate
Pl measurements.

Rotation of the line-scan segments was carried out using the imtransform

command from Matlab’s Image Processing Toolbox, using the affine transformation

matrix S:
cos(a) sin(a) 0
S =| —sin(a) cos(a) 0 (2)
0 0 1
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where a is the counter-clockwise rotation angle. The imtransform command was used
instead of the simpler imrotate command, because for “loose” transformations (where
the resulting image is large enough to contain the entire rotated image, and is generally
larger than the original image), the imtransform command can fill the background
(region outside the original rotated image) with any predefined value, whereas the

imrotate command fills the background only with zeros.

Preprocessing

Before the SVD algorithm could be used, several preprocessing steps had to be
applied to all line-scan images. All files had to be checked visually to determine the
orientation of the bands, i.e. whether the slopes of the bands were positive or negative.
Images with negative slopes were flipped along the left-right dimension. Because the
SVD parameter produces a peak when RBC bands are either horizontal or vertical, it
was necessary to ensure that the RBC bands had a positive slope, and restrict the
rotation range between 0 and 90°. Also, several line-scan images had “dark” edges,
where the scan-line extended outside the vessel. These edges had to be “trimmed”,
otherwise they can produce artifacts in the algorithm. Trimming was done automatically
for good quality images and manually by mouse-clicks for poorer images, and was

verified visually.
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Iteration Scheme

The SVD algorithm was a very time consuming computation process, since
querying angles in the range 2-85°, at increments of 0.5°, requires over 160 rotation
transformations and SVD computations for each of the 1000 segments in each line-scan
image. On the lab PC (1.86 GHz Intel Pentium M processor, Intel Corp., Santa Clara,
CA) each line-scan image required 15 minutes of computation time to be analyzed. To
speed up the process, an iteration scheme was devised where angles were queried at
7° intervals in the first iteration (typical SVD peaks spanned 15°). The highest value
would be presumed to lie at the SVD peak, and angles would be queried over a smaller
range centered at the highest value in the next iteration. Four iterations were required to
locate the peak with an accuracy of 0.3°. This iterative scheme reduced number of
computation steps by a factor of over 4 and provided greater accuracy. An accuracy of
at least 0.5° was necessary, because at a mean velocity of 2 mm/s, an angle difference

of 1° corresponds to a velocity difference of 0.25 mm/s.

6.3.7.2 Pulsatility Index Calculation

Pulsatility was calculated from the Fourier transform of the velocity waveform,
using the method employed by Czosnyka et al. [233]. Pulsatility was quantified from the
velocity waveforms with the Gosling pulsatility index (P1), which is typically calculated in
the time domain from the ratio of the mean peak-to-peak amplitude of the waveform to
its mean velocity [234]. However, in order to limit pulsatility calculations to cardiac-

induced pulsations, Pl was computed in the frequency domain from the Fourier
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transform of the velocity waveform by integrating over the cardiac frequency peak and
its second harmonic, which were identified using the animal’s heart rate extracted from
the ECG waveform. This integral was then divided by the first bin of the Fourier
transform, which corresponds to the mean velocity, to produce the PI. The pulsatility
was computed in quadrature, i.e. the Fourier transform was squared before computation
of the integral over the cardiac peaks, and the square root of the integral sum was
calculated. A baseline, computed from the average of the spectral points immediately
adjacent to the peaks, was subtracted from the Fourier transform prior to Pl calculation,
to remove the effects of background noise at the cardiac frequency.

To evaluate whether the quadrature integration was appropriate or needed, a
group of files with clean, noise-free velocity waveforms were selected, and their Pl in
the time domain was calculated by detecting peaks and troughs and computing
amplitudes from the mean. The Pl was also calculated in the Fourier domain in
quadrature and with a linear integration (non-quadrature). It was found that the temporal
pulsatility (which was the true, gold-standard pulsatility) did not match the linear
integration, but matched the quadrature integration, although the quadrature values
were slightly lower than the temporal values in all cases. This can be explained because
the quadrature method captures the pulsatility due to only the cardiac frequency
components, while the temporal method cannot avoid influence of other frequencies
that might be present (such as low frequency oscillations, e.g. respiration). On the other
hand, the linear integration overestimates the pulse amplitude because it includes
spectral leakage at the edges of the cardiac peaks. Spectral leakage is eliminated in the

quadrature technique, and so this is the most suitable method.
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6.3.7.3 Noise and Error Handling

In several waveforms, spikes were produced by the SVD algorithm due to noise
artifacts caused by respiratory motion or abnormal flow (low RBC flux). Spikes are
produced in image segments with no RBCs, which have no recognizable features for
the velocity calculation. The SVD algorithm was adjusted to correct the more severe
spikes. Less severe spikes were removed with a median filter. Averaging filters were
applied to the input image before SVD, which helped reduce noise. There were a
number of good images with segments of noise, where either the vessel momentarily
moved out of the scan line (due to respiratory motion), or the flow stopped momentarily
or reversed. In extremely poor images (the RBC bands in such images were barely
visible by eye), SVD analysis produced waveforms with too much noise. Because of
these issues, after SVD was done, all waveforms were visually inspected. Waveforms
that contained too many spikes or too much noise were discarded. In images with an
unusable segment (due to motion or stopped flow), only the usable portion was selected
out and used to compute pulsatility. These procedures were carried out using Matlab

scripts.

6.3.7.4 Vessel Width Calculation

Capillary diameters were measured from 2D planar scans by selecting a profile
perpendicular to the axis of the capillary, averaged over the segment through which flow
was measured. A flat topped function with Gaussian edges was fit to this profile, and

diameter was measured as the full-width at half-maximum of the function.
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6.3.8 Modifications in Techniques for Experiments at AECOM

After the microscopy studies at SBU were completed, we repeated the
experiments on a group of animals at Albert Einstein College of Medicine (AECOM).
AECOM was equipped with a two-photon microscope in which the optical system was
optimized for in vivo animal studies, as opposed to the SBU facility which was originally
designed for in vitro studies. In addition, isoflurane was available as an anesthetic at the

AECOM microscopy facility.

6.3.8.1 Experimental Design

All animals studied at AECOM were adult female Sprague-Dawley rats of weight
200-250 g. Capillary flow and pulsatility data were acquired in 8 animals at the acute
stage of CH, which was 5-7 days after induction (acute group). Ventricular dilation and
aqueductal CSF flow was measured in these 1-2 days prior to microscopy. Stroke
volume (SV) of aqueductal CSF and ventricular volume (VV) were quantified using the
techniques described in §4. Capillary flow and pulsatility was also measured in 12 intact

controls and 2 saline controls (control group).

6.3.8.2 Choice of Anesthesia Delivery

Isoflurane anesthesia was used in these experiments. Anesthesia was induced
initially by placing the animal in a plastic induction chamber and using 5% isoflurane
mixed with O, (1 L/min flow). Anesthesia was subsequently maintained with 1.5-2.5%

isoflurane delivered through a nose cone during surgery. For microscopy, the animal
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was placed in a clear plastic chamber (the Iso-Chamber) (Fig. 6.13). Isoflurane was
delivered into the chamber, providing a stable anesthetic plane throughout the imaging

session.

(A) (B)

Figure 6.13: Iso-Chamber used to deliver isoflurane in AECOM experiments.

The Iso-Chamber (A) was a clear plastic box into which isoflurane was delivered,
producing a stable anesthetic plane throughout the imaging plane. The animal’s head
was affixed to the base of the Iso-Chamber by means of a ring (B), which was attached
to the skull with cyanoacrylate; the ring was then fit into a groove in the base of the Iso-
Chamber using cyanoacrylate.

6.3.8.3 Surgical and Head Restraint Techniques

In experiments at the AECOM facility, all surgical procedures were identical to
those used at SBU. The primary change in experimental procedure was animal head
restraint and placement in the microscope. Craniectomy and cranial window attachment
were done with the animal positioned in the head-holder used previously. After the glass
coverslip was sealed, an aluminum ring (inner diameter = 10 mm, outer diameter = 14

mm) was attached to the skull with cyanoacrylate gel with the coverslip in the center of
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the ring. The animal was removed from the head holder and placed supine in the Iso-
Chamber. The ring fit into an opening on the base of the Iso-Chamber, where it was
attached with cyanoacrylate gel; this ensured stability of the head and minimized
motion. The Iso-Chamber was designed to fit precisely into the inverted microscope

above the objective (Fig. 6.13).

6.3.8.4 Microscopy and Data Acquisition

Two-photon microscopy at AECOM was carried out in the Gruss Lipper
Biophotonics Center. This facility was equipped with an Olympus 1X81 inverted two
photon microscope (Olympus America Inc., Center Valley, PA), powered by a MaiTai
DeepSee Ti:Sapphire femtosecond laser (Spectra Physics, Newport Corp., Irvine, CA)
and equipped with a 25X water immersion objective (NA = 1.05).

Individual line scans were approximately 5 seconds long with temporal resolution
of 1.8 £ 0.1 ms per line at the AECOM facility. ECG was captured using a commercial
acquisition hardware (Biotrig, Bruker Biospin Corp., Billerica, MA), which allowed real-

time monitoring and recording of the animal’s respiration and heart rate.

6.3.9 Statistical Analysis

The SBU and AECOM data were analyzed separately. Differences in vessel
diameter, vessel depth and heart rate between the experimental groups in each dataset
were compared using one-way repeated measures ANOVA. PI for the SBU data were

compared among the three experimental groups (acute, chronic and control) using two
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linear mixed models, treating repeated measures in each animal as a random effect and
controlling for vessel diameter, vessel depth and heart rate (HR), all of which varied
randomly within the datasets. In one model, fixed effects of experimental group,
diameter, depth and HR on Pl were tested. In a second model, three interaction terms
group by depth, group by diameter and group by HR were added to the model to test for
differences within the groups based on linear variations in PI with these varying
experimental parameters. Pl for the AECOM data were also compared among the three
experimental groups (acute, intact control and saline control) using two linear mixed
models, which were identical to those used for the SBU data except that vessel
diameters were not available.

Based on the results of these initial models, showing significant group by depth
and group by HR interactions, post-hoc analysis was carried out to identify specific
subgroups of depth and HR ranges contributing to differences between the groups. PI
data of the SBU animals were split into six subgroups: three depth ranges (<200 um,
200-300 ym and >300 uym) and each with two HR ranges (low and high HR, separated
by the median HR of 240 beats per minute (BPM)). Within each subgroup, Pl was then
compared between experimental groups using repeated measures ANOVA. Pl data for
the AECOM animals were split into four subgroups: two depth ranges (low and high
depth, separated by mean depth of 336 um) and two HR ranges (low and high HR,
separated by mean HR of 346 BPM). Within each subgroup, Pl was compared between
acute and control animals using one-way ANOVA.

Pearson correlations were used to examine the association between capillary Pl

(calculated for each animal, averaged over all vessels) and aqueductal stroke volume.
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Similarly, Pearson correlations between Pl and ventricular volume were also used to
determine the relationship between capillary pulsatility and ventricular dilation.

All data are reported as mean * standard deviation. Normal distribution of data
was verified using histograms. Statistical computations were carried out in SAS (SAS

Institute Inc., Cary, NC), and results were considered significant at p < 0.05.

6.4 Results: SBU Animals

6.4.1 CH Induction Results

Three chronic animals did not develop hydrocephalus and were excluded from
analysis. Fig. 6.14 illustrates the marked difference in ventricular size between
hydrocephalic and control animals. Mean VV was 132 £ 31 and 77 £ 31 pl for the acute
and chronic groups respectively; the difference between these groups was significant (p
< 0.01). Mean CSF stroke volume (SV) was 256 * 96 nl and 30 = 19 nl for the acute and
chronic animals respectively; this difference was also significant (p < 0.01). While MRIs
were not performed on intact control animals, previous studies have shown that these
values for both VV and SV are significantly elevated compared to normal control values

(VV: 15,5 + 2.0 pl, SV: 0.72 + 0.13 nl [152]).
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Figure 6.14: Coronal MRI images of a CH and a control animal.

Representative T2-weighted coronal magnetic resonance images at the level of the
foramen of Monro (A & C) and the temporal horn of the lateral ventricles (B & D). In the
acute CH rat (A & B), the lateral ventricles (asterisks) and third ventricle were markedly
dilated. In some animals, the periventricular white matter was edematous (short arrow),
and flow voids due to elevated CSF pulsatility were usually noticeable (long arrows).
This pattern was also observed in chronic CH animals (not shown). In a control rat (C &
D) the lateral ventricles were slit-like and no edema was found in the periventricular
white matter. The white boxes (A & C) show the region of the cortex imaged by
microscopy, to a depth of about 500 uym from the pial surface, primarily covering cortical
layers 2 and 3 (the dorsal edge of layer 4 lies at approximately 500 pym in a control
animal).

6.4.2 Image Quality

The maximum depths achieved by microscopy were in the range of 500 pym,
which is near the dorsal edge of cortical layer IV. Nineteen percent of line scan images

were discarded due to the presence of artifacts, poor quality or abnormal flow. In some
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images, cardiac- or respiratory-induced pulsations caused excessive vessel motion and
periodic motion artifacts in the line scan images. Images with very low RBC-density
resulted in large data segments with no RBCs, and thus no recognizable features for
the velocity calculation. This was the primary cause of spikes in the extracted velocity
waveform, and as noted above, datasets with less than 4 seconds of continuous RBC
motion were excluded. In some vessels, blood flow in a capillary slowed or stopped, and
then resumed after a few seconds or even minutes. In rare cases, flow would reverse
direction. In images with such artifacts or aberrant flow, the portion of the image
containing the artifact(s) or arrested flow was discarded, and only the portion of the

image with good contrast was used for velocity waveform analysis.

6.4.3 Depth, Width and Heart Rate

Valid RBC velocity waveforms were collected in 765 capillaries (323 acute CH,
184 chronic CH and 258 intact controls). Average depth of capillaries for all animals was
254 + 90 um beneath the pial surface; all capillaries were deeper than 40 ym, with one-
third deeper than 300 um, and the deepest capillary was imaged at 549 ym. The
maximum depth achieved in each animal depended mainly on the quality of the cranial
window. Because the dura was left intact, capillaries could not be visualized in most
animals beneath 450 ym. Mean capillary depths for the acute, chronic and control
groups were 276 = 78, 259 + 98, and 242 + 99 um, respectively; the depth for the
control group was significantly smaller than that of the acute group (p < 0.02). Mean
capillary diameters were 4.4 + 0.7, 4.5 + 0.8 and 4.7 + 1.0 um for the acute, chronic and

control animals, respectively. Diameters for the control animals were significantly larger
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than that of both acute and chronic animals (p < 0.001 and p < 0.05, respectively).
Mean heart rates were 276 + 72, 224 + 45, and 240 + 58 BPM for the acute, chronic
and control animals, respectively; these differences were not statistically significant.
While mean blood flow was not the focus of our work, flow rates extracted from our
mean flow velocities and capillary diameter data were 0.6 £ 0.6, 0.8 £ 0.7, and 0.8 £ 0.9
nl/min for the acute, chronic and control animals respectively; blood flow in the acute

group was significantly lower than in the control group (p < 0.001).
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Figure 6.15: Examples of line-scans with velocity waveforms and power spectra.

Two representative line scans, with their corresponding velocity waveforms (A). The line
scan on the left (Line scan # 1) has rapid flow (mean velocity = 1.18 mm/s), while the
one on the right (Line scan # 2) has slower flow (mean velocity = 0.32 mm/s). Pulsatility
can be clearly seen in the waveforms; pulsatility indices were 0.41 and 0.14,
respectively. As discussed in the Methods section, Pl for each line scan was calculated
in the frequency domain by integrating over these peaks in order to extract a cardiac-
induced pulsatility measure only. Indeed, the corresponding power spectra (B) verify
that the pulsatility is primarily cardiac in nature, as is evident from the prominent
frequency components at the heart rate frequencies (4.0 Hz and 2.5 Hz for these two
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vessels respectively).
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6.4.4 Capillary Pulsatility

Most waveforms were clearly pulsatile, with a distinct frequency peak at the
ECG-derived heart rate. Two representative examples of line scan images, and their
associated velocity waveforms and frequency spectra, are shown in Fig. 6.15.

The highly significant, linear relationship between absolute pulse amplitude and
mean flow velocity for all measurements in the study, illustrated in Fig. 6.15, provides
good justification of the choice of pulsatility index, the ratio of pulse amplitude to mean
velocity, as a measure of flow pulsatility which is minimally influenced by variations in

vessel caliber and mean flow velocity.
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Figure 6.16: Pulse amplitude and mean velocity in the SBU animals.

Linear relationship between absolute pulse amplitude and mean velocity, plotted for all
vessels and all experimental groups in the study (plotted on log-log scales). The highly
significant, linear relationship provides the justification for using the ratio between pulse
amplitude and mean velocity, the pulsatility index, as the experimental measure of
choice. The use of Pl minimizes the variability of pulsatility measurements due to
changes in absolute blood flow, which is well-known to be lowered in hydrocephalus
and was in fact found to be lower in the acute group.
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Figure 6.17: Pl in the time domain and differences in Pl calculation methods.

Pl can be calculated in the time domain by detecting the upper and lower envelopes of
the velocity waveform, and computing the difference to generate the pulse amplitude
(A). The quadrature-Pl matched the time-domain-PI closely (although always lower due
to the presence non-cardiac variation accounted for in the time domain), while the non-
quadrature-PI was significantly larger than the time-domain PI, on account of spectral

leakage (B)

6.4.4.1 Quadrature vs. Non-quadrature calculation and Background Subtraction

As described before, pulsatility index was initially calculated in quadrature, where

the pulse amplitude is calculated by taking the square root of the integral of the square

Test samples
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of the peak. A question arose as to whether the quadrature calculation was appropriate
as opposed to a straight integration. Pulsatility indices for a group of vessels were
calculated in quadrature, non-quadrature and also in time domain. These results are
shown in Fig. 6.17. It was found that the quadrature technique was the most
appropriate, and matched the most closely with the time domain technique. The non-
quadrature technique fails, because it severely overestimates the pulsatility index. This
is presumed to be due to “spectral leakage”, i.e. the presence of frequency sidelobes
and peak broadening in the FFT of a discrete waveform. The non-quadrature technique
includes spectral leakage, and is overestimated. However, the quadrature technique
minimizes spectral leakage, and is thus a more accurate representation of the pulse

amplitude.
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Figure 6.18: PI for the acute, chronic and control animals in the SBU group.
Without accounting for variations in vessel diameter, depth or heart rate, there was no
significant difference between the groups, other than a trend toward higher pulsatility in
controls (p = 0.07).

153



6.4.4.2 Relationship of Capillary Pulsatility with Depth, Width and Heart Rate

Pulsatility indices for the acute, chronic and control groups, as analyzed in the
first linear mixed model without controlling for HR, depth or vessel size, are shown in
Fig. 6.18. Pls were 0.15 + 0.06 (acute), 0.14 + 0.05 (chronic) and 0.18 + 0.07 (control);
although there was a trend toward lower Pls for the hydrocephalic animals, this was not
statistically significant (p = 0.07). However, Pl varied significantly over vessel depth (p <
0.0005), HR (p < 0.0001) and diameter (p = 0.02). The second linear mixed model,
which did control for these experimental parameters, showed that Pl was significantly
larger in controls compared to both acute and chronic animals (p < 0.0001 and p <
0.005), when accounting for varying depth, diameter and HR. The association between
Pl and depth differed significantly across the groups: in controls, Pl increased with
increasing depth (0.02 for every 100 um), while there was no increase in Pl with depth
for either CH groups (control vs. acute: p < 0.05, control vs. chronic: p < 0.0005) (Fig.
6.19). The association between Pl and HR also differed significantly across the groups
(p < 0.0001). Pl increased in the control group with HR (0.08 for every 100 BPM), but
not in the acute and chronic CH groups (control vs. acute: p < 0.0001, control vs.
chronic: p < 0.005). The association between Pl and vessel diameter did not differ
significantly across the groups (p = 0.24). In summary, Pl increased significantly with
depth and heart rate in the controls, but not in the acute or chronic animals.

Post-hoc analysis showed that Pl differences between control and hydrocephalic
animals were most prominent in the high HR-largest depth subgroup (Fig. 6.20B).
Although this difference was not statistically significant because of the small number of

vessels in this subgroup, there was a trend toward higher Pl in the control group (p =
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0.08). In addition, Pl was significantly increased in controls compared to chronic CH
animals, in the low HR-largest depth subgroup (p = 0.03) (Fig. 6.20A). Thus, while the
subgrouping weakened the statistical significance, the post-hoc analyses in general
showed that the PI differences between the control and hydrocephalic groups were

primarily driven by increased Pl in the control group in the largest depth vessels.
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Figure 6.19: Effect of vessel depth on Pl in SBU animals.

Effect of vessel depth on Pl in the acute (A), chronic (B) and control (C) groups in the
SBU animals. Linear mixed model analyses revealed a significant depth association in
the controls, with pulsatility increasing with increasing depth from the pial surface, but
no such relationship in either of the hydrocephalic groups. There was also a significant
association between Pl and heart rate in the control group, again with Pl increasing with
the higher heart rates (not shown).
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Figure 6.20: Post-hoc subgroup analysis of Pl in the SBU animals.

Post-hoc analysis, where Pl data were split into six subgroups, 3 depth ranges, each
with two heart rate ranges, low heart rate (A) and high heart rate (B), to confirm that the
differences between the groups were primarily being driven by increased pulsatility in
the deeper vessels of control animals compared to the pulsatility in similar depth
vessels. The statistical significance of these tests was dramatically impacted due to the
smaller number of vessels in each individual subgroup. Nonetheless, the increase in
pulsatility for control animals with depth can be clearly seen in both graphs, and the

increase in pulsatility for deeper vessel in controls compared to hydrocephalics is now
starkly evident.

157



6.4.4.3 Relationship of Capillary Pulsatility with CSF SV and VV

Pl results for the acute and chronic CH animals, averaged over all vessels in
each animal, were compared with their CSF stroke volumes and ventricular volumes
(Fig. 6.21). No correlation was found between either ventricular volume or aqueductal
CSF stroke volume and PI, for either acute or chronic CH animals. Based on prior
measurements of CSF stroke volume in intact control animals [152], we can conclude
that there is no change in microvascular flow pulsatility, even in the presence of a 10 to

500-fold increase in ventricular CSF pulsatility as measured at the cerebral aqueduct.
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Figure 6.21: Relationship between Pl and SV in the SBU animals.

Mean pulsatility index, averaged by animals, for both acute and chronic hydrocephalic
animals against CSF stroke volume in the cerebral aqueduct. There was no correlation
in either group. For comparison, Pl is plotted for all control animals, with stroke volumes
taken from the mean control stroke volume from §4. The plot clearly indicates that even
in cases where the ventricular CSF pulsatility is markedly elevated (with a 10-500 fold
increase compared to normal) there is no increase in cortical microvascular pulsatility.
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6.5 Results: AECOM Animals

6.5.1 Microscopy and Data Acquisition

In the AECOM animals, capillaries were imaged in the cortex of the right parietal
lobe, as in the SBU animals. The maximal depths achieved were between 500-650 um;
several vessels were deeper than 600 um in a few of the acute animals. Quality of the
images were superior compared to the SBU data; 9% of the vessels had to discarded

due to poor quality (as compared to 19% in the SBU data).

6.5.2 CH Induction Results

Mean VV for the 8 acute CH animals was 144.9 + 79.0 pl while their mean SV

was 148.0 £ 112.3 nl.

6.5.3 Image Quality

Valid RBC velocity waveforms were collected in 626 capillaries (293 acute and
333 control). Mean depths for the acute and control groups were 354.43 + 129.88 uym
and 320.88 + 95.90 um, respectively. Average depth for all capillaries was 336.56 *
114.22 ym beneath the pial surface (range: 131.89 — 658.26 um); two-thirds of all
vessels were deeper than 277 pym; a quarter was beneath 400 um. The maximal depths
achieved were between 500-650 um; several vessels were deeper than 600 um in a few

of the acute animals.
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Mean heart rates for the acute and control animals were 362.14 + 58.61 and
331.62 £ 70.10 BPM (p = 0.2). The higher heart rates in these animals compared to the

SBU animals are likely due to the use of isoflurane as the anesthetic medium.

6.5.4 Capillary Pulsatility

Velocity waveforms in the AECOM dataset were clearly pulsatile, as in the SBU
data, with a distinct frequency peak at the ECG-derived heart rate. The highly
significant, linear relationship between absolute pulse amplitude and mean flow velocity
for all flow measurements that had been observed in the SBU group was also found in
the AECOM animals, as shown in Fig. 6.22. This result provided further justification for
the choice of using pulsatility index as the measure of flow pulsatility which is minimally
influenced by variations in vessel caliber and mean velocity, since this was in a different

group of animals under a different anesthetic regime as compared to the SBU cohort.
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Figure 6.22: Pulse amplitude and mean velocity in AECOM animals.

Linear relationship between absolute pulse amplitude and mean velocity, plotted for all
vessels in both acute and control animals in the AECOM set (plotted on log-log scales).
As in the SBU animals, the significant linear relationship justifies the use of the ratio
between absolute pulse amplitude and average velocity, i.e. the pulsatility index, as the
experimental outcome. This reduces the variability of pulsatility measurements due to
changes in cortical blood flow, which is well-known to be decreased in hydrocephalus.

6.5.5 Relationship of Capillary Pulsatility with Depth and Heart Rate

Pl for the acute and control animals were 0.20 + 0.09 and 0.17 = 0.07
respectively (Fig. 6.23). Pl for acute animals was significantly higher than that of the
intact controls (p < 0.02), while there was no significant difference in Pl between intact
controls and saline controls (p = 0.5), according to the analysis in the first linear mixed
model, which did not control for HR or depth. Additionally, PI did not vary significantly
over HR (p = 0.2) or depth (p = 0.2) across all groups.

The second linear mixed model, which controlled for HR and depth, also showed

that P1 was significantly higher in acute animals compared to intact controls (p = 0.03),
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while there was no difference in Pl between intact controls and saline controls (p = 0.5).
The association between Pl and HR varied significantly between the acute animals and
intact controls (p < 0.006). Pl increased significantly in the acute group (0.04 for every
100 BPM). PI did not change significantly with HR in the saline controls (p = 0.6) or the
intact controls (p = 0.1). The association between Pl and depth did not differ significantly

across the groups (p = 0.7).
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Figure 6.23: Pulsatility indices of acute and control animals in the AECOM group.
In contrast to the SBU data, pulsatility index of the acute animals in the AECOM group
was significantly higher than that of controls.

Pl and depth were not correlated in the control animals when all vessels were
included in the regression. However, when the vessels were divided into two groups
based on the mean heart rate of 346 BPM, significant correlations were found between
Pl and depth in the control animals (intact and saline) (Fig. 6.24). Pl increased
significantly with depth (R? = 0.026, p = 0.02) in vessels with low HR (HR < 346 BPM).

On the other hand, PI decreased significantly with depth (R? = 0.105, p < 0.01) in
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vessels with high HR (HR > 346 BPM). No correlations were found between depth and
Pl in the acute animals, neither when all vessels were considered together nor when

vessels were grouped by median HR (p > 0.10 in all cases) (Fig. 6.25).
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Figure 6.24: Effect of vessel depth on Pl in the AECOM control animals.

Pl was significantly correlated to depth in the AECOM control animals when the Pl data
was divided into two groups by mean heart rate (346 BPM). At the lower heart rates, PI
increases with depth significantly (R = 0.0259, p = 0.02) (A). This relationship is similar
to that seen in the SBU control animals. On the other hand, at the higher heart rates,
the relationship in the AECOM data is reversed and Pl decreases with depth (R®
0.1045, p < 0.01) (B). Pl was not correlated to depth when values at all heart rates are
considered together.
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Figure 6.25: Effect of vessel depth on Pl in the AECOM acute animals.

No correlation was found between Pl and depth in the AECOM acute animals, neither
when the Pl data was grouped by mean heart rate (346 BPM) (A: low HR, B: high HR),
nor when values at all heart rates were considered at once.
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Figure 6.26: Post-hoc analysis of Pl comparison between acute and controls.

Pl data were split into four subgroups, two depth ranges, each with two heart rate
ranges (A: HR < 346 BPM, B: HR > 346 BPM), to determine whether the differences
between the groups were primarily being driven by pulsatility variation with depth and
heart rate. The increase in pulsatility for acute animals is most prominent in the highest

depth and highest heart rate subgroup (B).
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Post-hoc analyses showed that the PI difference between the acute and control
groups was most prominent in the highest HR-highest depth subgroup, where the
control Pl was 41% lower than acute PI (p < 0.001) (Fig. 6.26 B, right). PI differences
between acute and control animals were also significant in the low HR-low depth and
low HR-high depth subgroups (p = 0.003 and 0.01), but the differences were smaller in

these cases (15% for both).

6.5.5 Relationship of Capillary Pulsatility with CSF SV and VV

Pl results for the acute CH animals, averaged over all vessels in each animal,
were compared with their CSF stroke volumes (Fig. 6.27) and ventricular volumes. No
correlation was found between Pl and either aqueductal CSF stroke volume (R? = 0.05,

p > 0.6) or ventricular volume (R? = 0.02, p > 0.7).
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Figure 6.27: Relationship between Pl and SV in the AECOM animals.

Mean pulsatility index, averaged by animals, for acute CH animals against CSF stroke
volume in the cerebral aqueduct. No correlation was found (R®> = 0.05, p > 0.6). For
comparison, Pl is plotted for all control animals, with stroke volumes taken from the
mean control stroke volume from §4.
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6.6 Discussion

Our results from the AECOM data indicate that pulsatility of capillary blood flow in
the rat neocortex is elevated in CH, which supports the pulsatility redistribution theory of
communicating hydrocephalus. Our initial findings from the SBU animals had shown
that pulsatility in the rat neocortex was not elevated in CH. The SBU experiments were
conducted using ketamine-xylazine anesthesia, whereas the AECOM experiments were
conducted using isoflurane anesthesia. This suggests that capillary pulsatility is highly
influenced by the mode of anesthesia, and that pathophysiological changes in capillary
pulsatility may be evident under isoflurane anesthesia and not ketamine-xylazine.
Statistical analyses accounting for multiple experimental factors were able to
demonstrate a new finding, that there are normally significant changes in capillary
pulsatility with depth from the pial surface, that this effect depends on heart rate, but

that this effect disappears in hydrocephalus.

6.6.1 Differences due Anesthesia Regimen

As mentioned earlier, the ideal anesthetic for use in these experiments is
isoflurane, because of its ease of use and stability induced in the animal [230].
Isoflurane was not available for use at the SBU facility, and ketamine-xylazine was
chosen as the alternative, as it has been used in other rodent blood-flow studies [235,
236]. However, ketamine-xylazine has been shown to cause a decrease in mean
cerebral blood flow as compared to isoflurane (this effect is thought to be primarily due
to xylazine) [237, 238], as well as respiratory depression [239] and hypotension [240,

241]. Its effect on flow pulsatility is unknown. We had anticipated that since all animals
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received the same anesthetic regime, effect of the anesthesia on pulsatility would be the
same in all experimental groups, and the differences that existed in awake animals
would be preserved under anesthesia. Clearly, this is not the case, since the results are
different under isoflurane anesthesia. One possible explanation for this difference is that
brain metabolism of ketamine-xylazine is altered in hydrocephalus, and this anesthetic
has a more potent effect on CH rats than normal animals, as a result of which flow
pulsations were depressed more in the CH rats than in controls. Brain metabolism is
known to be altered in hydrocephalus [242, 243], but changes in anesthesia metabolism
in hydrocephalus has not been studied.

An additional factor that may also explain the differences between the two
anesthetic regimes is intracranial pressure (ICP). Anecdotal evidence from our
experiments indicate that ICP is elevated in CH rats at the acute stage of CH (since
brain herniation in these animals is greater than in controls). Ketamine-xylazine is
depresses the cardiovascular system far more severely than isoflurane [239], and a
greater drop in ICP may be produced in the acute animals under the influence of
ketamine-xylazine than isoflurane. In contrast, the corresponding drop in ICP in control
animals may not be so large. As discussed earlier (§5), due to compliance changes,
pulsatility is decreased at lower mean ICP. Therefore, increased pulsatility in the acute
animals may not be apparent under the influence of ketamine-xylazine, as opposed to

isoflurane.
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6.6.2 Relationship of Pulsatility with Vessel Depth, Diameter, and Heart Rate

Three parameters, depth of the vessels from the pial surface, vessel diameter,
and heart rate, were examined in the SBU animals in order to assess their effect on
pulsatility. In the SBU control animals, our results show a complex dependence of
pulsatility on all three parameters. Vessel diameter is expected to affect mean flow
velocity and therefore absolute pulse amplitude. Studies documenting changes in
capillary morphology also show that cortical capillary density is altered in
hydrocephalus, with an initial decrease in the acute phase followed by a compensatory
increase [147, 244]. Such effects may give rise to changes in mean blood flow and
absolute pulse amplitude in capillaries, but should not affect their ratio. Thus, in order to
mitigate the effect of vessel diameter and density on our results, pulsatility index was
chosen as the outcome measure. The SBU results do show a very small increase in
pulsatility with vessel diameter, which may be related to changes in effective vessel
compliance with size. However, there was no difference in this dependence between
experimental groups, indicating that any differences in intracranial compliance between
the groups which might lead to changes in pulsatility are driven by factors unrelated to
vessel morphology but more likely driven by extra-vascular factors.

Pulsatility index in the SBU data showed a much stronger dependence on depth
and, in contrast to vessel diameter, this dependence differed significantly between
control and hydrocephalic animals. In controls, pulsatility increased significantly with
depth, while there was no change in pulsatility with depth for either of the hydrocephalic
groups. Similarly, there was a relationship between pulsatility and heart rate in control

animals, with pulsatility rising with increasing heart rate, which was not significant in the
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hydrocephalic animals. Heart rate varied over time and from animal to animal in an
uncontrolled manner, either due to physiological variation or due to changes in depth of
anesthesia. Based on these depth-by-group and heart rate-by-group associations, we
conducted a post-hoc test to identify subgroups of pulsatility measurements responsible
for these differences. This analysis revealed that the subgroups with the deepest
vessels were primarily responsible for the significant differences between the groups,
with a significantly higher pulsatility in controls compared to hydrocephalic animals.

Our findings in the AECOM animals, in terms of pulsatility relationship to vessel
depth and heart rate, were similar to the SBU results. Pulsatility in the AECOM control
animals increased with depth when heart rate was 346 BPM or less. This is similar to
the result obtained in the SBU control animals, in which the highest heart rates were
near 400 BPM. Because data at higher heart rates were not obtained in the SBU
animals, we did not see the effect of pulsatility decreasing with depth at hearts greater
than 346 BPM, which we observed in the AECOM animals. As in the SBU data, there
was no association between Pl and depth in the hydrocephalic animals, in either heart
rate range. Based on these depth-by-group and heart rate-by-group relationships, we
conducted a post-hoc analysis in the AECOM data to identify subgroups of pulsatility
measurements for differences in pulsatility between the acute and control animals. As in
the SBU data, this test showed that the AECOM subgroup with the deepest vessels and
highest heart rates were primarily responsible for the significant difference between the
groups.

Our results in both the SBU and AECOM data can be explained in terms of

changes in brain compliance with the development of hydrocephalus, and the effect
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compliance changes may have on the distribution of pulsations throughout the brain. As
discussed earlier in §6, the relationship between intracranial compliance and pulsatility
is based on the pressure-volume relationship [201]. Marmarou showed that the
exponential pressure-volume relationship in the brain leads to a larger pressure
pulsatility with either an increase in intracranial pressure or a decrease in intracranial
compliance (see Fig. 5.1 & 5.2). Thus, the increase in pulsatility with depth
demonstrated in the SBU and AECOM control data can be explained by a change in
relative compliance for vessels deeper within the cortex. The primary sources of
intracranial compliance are the veins and CSF filled subarachnoid spaces, because of
their direct communication with the compliant extracranial compartment. With this in
mind, we can understand why deep vs. shallow capillaries might experience varying
compliance effects: shallow capillaries are in closer proximity to the CSF-filled cortical
subarachnoid spaces, as well as the dural sinuses, resulting in an effective higher
compliance (Fig. 6.28A). This would explain the increase in pulsatility for vessels further
from the cortical surface, as seen in the SBU control data and the AECOM control data
at low heart rates.

This situation can change in hydrocephalus, providing a new compliance
mechanism not present in the healthy brain: a new effective pathway to the compliant
extracranial spaces has opened up through the dilated aqueduct and the enlarged
ventricles provide enhanced coupling of brain tissue to this pressure outlet (not a flow
pathway, but rather a compliance pathway which allows for redirection of pulsations via
the mechanical coupling between the ventricles and brain parenchyma) (Fig. 6.28B).

Thus, while the foramen magnum normally provides the primary exit pathway for
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pulsations, the enlarged ventricles in hydrocephalus can provide an alternate exit
pathway for pulsations. The enlarged ventricles in hydrocephalus may thus create an
effective increase in deep brain compliance, leading to a drop in flow pulsatility
compared to the normal brain, explaining the decrease in deep vessel flow pulsatility in

hydrocephalic animals compared to controls.
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Figure 6.28: Proximity of ventricles to SAS in CH and control animals.

Coronal slice images of a typical control rat (left) and a severely hydrocephalic rat
(right), with the ventricles and the CSF-filled cortical subarachnoid space (SAS)
highlighted. The approximate region of the cortex where capillaries are imaged by
microscopy are indicated (white boxes). In control animals, the cortical SAS may
dominate compliance effects, giving rise to decreasing pulsatility with decreasing
depths. The small ventricles are far away and may have no effect. The situation is
reversed in CH, where the enlarged ventricles are in closer proximity to deeper
capillaries; additionally, the dilated aqueduct (not shown) may be providing an alternate
compliance pathway for redirection of pulsations, which may be the reason decreased
pulsations with depth.

In support of this understanding of compliance effects in hydrocephalus, a recent
study showed that brain parenchymal compliance is in fact increased in normal

pressure hydrocephalus [206]. Using magnetic resonance elastography (MRE),
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increased brain compliance was demonstrated in the periventricular tissue, as well as in
deep white and cortical grey matter. Since pulsations are expected to be reduced under
conditions of increased compliance, this study supports our findings of reduced capillary
pulsatility in CH. It should be noted, however, that these results are in sharp contrast
with findings from several other studies: compliance measured by Marmarou’s CSF
infusion technique [201] and vascular compliance measured by MRI at the sagittal sinus
were both reduced in hydrocephalus [189, 190, 198]. These disparities might be
explained by considering that the MRE is a measure of “local” tissue compliance, while
CSF infusion measures the “global” compliance of the entire cranial CSF system, and
thus may reflect different aspects of compliance changes in the brain. As explained
above, our capillary pulsatility data are likely a reflection of local tissue compliance, and

so may better match the MRE compliance results.

6.6.2 Significance of Pulsatility in CH

The primary motivation for studying capillary pulsatility in hydrocephalus was to
elucidate a possible role of microvascular pulsations in the pathogenesis of
hydrocephalus. While ventriculomegaly is a well-explained phenomenon in cases with a
clear obstruction to ventricular outflow, in communicating hydrocephalus clear-cut
explanations for the mechanisms of ventricular dilation are lacking [6, 8]. As discussed
in §2, a number of early studies suggested that ventricular dilation in CH may be a
result of elevated ventricular pulsations, and that reduction of the CSF pulse wave can
inhibit ventricular dilation [74, 76]. The most striking evidence came from a study

demonstrating that ventricular dilation could be induced in the absence of any CSF
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obstruction by artificially elevating the CSF pulse wave with a pulsating, intraventricular
balloon [79]. Finally, elevated pulsations have also been extensively reported in clinical
studies [91, 198, 245, 246].

The present study was thus designed to detect increased flow pulsations in
neocortical capillaries with the induction of CH as a test of a pulsatility redistribution
theory. Our results from the AECOM animals support this theory: neocortical capillaries
do exhibit increased pulsatility with hydrocephalus induction. However, our results from
the SBU animals, which were studied under a different anesthetic regime, indicate that
differences in anesthesia may have a significant effect on capillary pulsatility. Our
explanation for decreased pulsatility is that the hydrocephalic brain metabolizes
ketamine-xylazine differently than the normal rat brain, resulting in a more significant
depressive effect on pulsatility in CH. Changes in anesthesia metabolism with

hydrocephalus has not been investigated and requires study.

6.6.3 Limitations

One potential limitation of the study with respect to the SBU data is related to the
anesthesia delivery. Since an injectable anesthetic was used with supplemental boluses
as needed rather than a continuous infusion, the level of anesthesia varied over time,
and may have been responsible for some of the variability in pulsatility. In particular,
studies of the effect of hypercapnia on pressure pulsatility show that the systemic
arterial and CSF pulse amplitudes are elevated with hypercapnia, with the latter
attributed to capillary dilation [212, 247]. However, there is a clear correlation between

anesthesia depth (and thus potentially hypercapnia, due to depressed respiratory rate)
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and heart rate. If anything, our data show increased pulsatility in controls with increased
heart rate, not the reverse, and no change in hydrocephalic animals. A further possible
concern is the effect of anesthesia on cerebral blood flow. As discussed above,
ketamine-xylazine has been shown to cause a decrease in cerebral flow as compared
to isoflurane [237, 238]. However, this is an effect on mean blood flow and the effects of
ketamine-xylazine on flow pulsatility are not known. Moreover, because all animals
received the same anesthetic regime, we did not expect the particulars of the
anesthesia to have affected our final results.

We have explained the differences in results between the SBU data and the
AECOM data by suggesting that the metabolism of ketamine-xylazine is altered in
hydrocephalus, giving rise to a decrease in flow pulsations as compared to controls, but
the reverse may also be true in case of isoflurane: if isoflurane metabolism is altered in
the hydrocephalic brain, giving rise to increased flow pulsations as compared to the
normal brain, then this effect may be masking our new results. Moreover, isoflurane is
thought to produce spontaneous fluctuations in blood flow [230]. To verify our results, it
may be useful to repeat these experiments under urethane anesthesia, which is thought
to produce a highly stable basal blood flow [248]. Urethane had not been used in our
experiments because it is toxic and carcinogenic, presents potential danger to
personnel and is unsuitable for survival studies.

Our findings indicate that there is an average of about 20% increase in capillary
pulsatility in the rat neocortex in CH. While this is an important finding with respect to
the redistribution theory, this does not provide any information on capillary pulsatility

changes deep within the periventricular region, where pulsatility may be elevated to a
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higher degree. Our maximum imaging depth was 0.5 mm, while the depth of the
periventricular white matter is about 1.5 mm in our most severely hydrocephalic rats.
The theoretical maximum imaging depth for multiphoton microscopy is approximately
one millimeter without resorting to much more invasive surgical procedures. Optical
coherence tomography allows deeper imaging but does not provide the resolution
required for capillary imaging. Use of a smaller animal model, such as a mouse model,
may allow us to elucidate capillary pulsatility changes in the periventricular white matter,
but a mouse model of communicating hydrocephalus does not yet exist.

In the SBU animals, ventriculomegaly was less pronounced in the chronic CH
group in the compared to the acute CH group. The ventricular volumes of these animals
clearly fit our criteria for hydrocephalus, with enlarged ventricles as well as elevated
CSF stroke volume compared to controls. Ventricular dilation in this hydrocephalus
model, as in many other hydrocephalus models, generally varies over a wide range, and
we have to consider it an unfortunate, unexplained coincidence that all animals in the
chronic CH group were only mildly hydrocephalic. We have shown in §4 that chronic
animals can experience the entire range of mild to severe ventricular dilation [152].
Nonetheless, even with the limited ventriculomegaly in this group, we were able to show
that hydrocephalus leads to reduced capillary pulsatility compared to controls at the
deeper cortical levels.

It should be noted that the difference between the SBU and AECOM data may be
due to the differences in animal posture. SBU animals were imaged in a prone position,
but AECOM animals were imaged in a supine position. There are two possible effects

that may manifest in the supine position: 1) weight of the brain may cause increased
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pressure in the neocortex, giving rise to decreased compliance, and 2) weight of the
tongue may obstruct the airway and upset the acid-base balance of blood, causing the
animal to become more hypercapnic. Both of these effects can potentially cause an

increase in capillary pulsatility.

6.6.4 Conclusion

This study is the first attempt to measure capillary pulsatility deep in the rat
neocortex. We have shown that capillary pulsatility is elevated in communicating
hydrocephalus, and normally increases with increasing depth from the pial surface.
Furthermore, we found that the normal increase in pulsatility with depth disappears with
hydrocephalus induction, and explanations of this effect based on local intracranial
compliance changes have been suggested. Future studies will investigate capillary
pulsatility at earlier time-points, potentially within hours of induction, when the kaolin
blockage may cause changes in pulsation distribution but ventricular enlargement has

not yet occurred.

178



Chapter 7

7. Characterization of Behavioral Deficits in
Communicating Hydrocephalus

7.1 Introduction

In the preceding sections of this dissertation, we have presented strong evidence
that aqueductal pulsatility may be an important marker of outcome in our animal model
of communicating hydrocephalus. We have established that aqueductal pulsatility and
ventricular dilation may be influenced by other factors, such as variations in intracranial
compliance with the development of CH, and we have explored cerebral microvascular
pulsatility as a potential source of elevated aqueductal pulsatility in CH. Next, in order to

establish the relevance of aqueductal pulsatility to the clinical presentations of CH, it is
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important to determine the relationship of aqueductal pulsatility to the clinical standards
of the management of CH.

While we inherently used ventricular size as the gauge of severity of CH in the
preceding studies of this dissertation, clinically, ventricular dilation by itself is a poor
marker of the severity of hydrocephalus. While ventriculomegaly has traditionally been
the hallmark characteristic of all forms of hydrocephalus, it also occurs in other
disorders in young adults and the elderly, such as Alzheimer’s disease [249-251], spina
bifida [154, 252], multiple sclerosis [253, 254] and asymptomatic ventricular dilation
[199, 255]. There is great variability in the size of the ventricles among patients, and no
functional relationship has been shown between ventricular dilation and other symptoms
[99, 194]. These problems make it difficult for neurosurgeons to gauge the severity of
hydrocephalus, which in turn makes it difficult to determine which patients might benefit
from shunting, and how to best treat patients suffering from shunt failure [256, 257].
Thus, the diagnosis and management of CH is a difficult problem that continues to be
challenging to clinicians [1, 178, 256, 258].

The gold standard for the assessment of CH severity is the characterization of
behavioral deficits. These are useful in both clinical practice and experimental research,
because they yield data that can be used to correlate functional impairment to severity
in a disease process affecting the central nervous system, such as hydrocephalus [99].
Behavioral outcome measures, such as gait, incontinence and cognitive impairment or
dementia are routinely used in the diagnosis and grading of normal pressure
hydrocephalus [1]. In experimental hydrocephalus, behavioral studies are equally

important in that they provide a measure of functional impairment [99], as well as a
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means to gauge the severity of hydrocephalus and compare it to clinical correlates.
However, a number of critical gaps remain. Behavioral studies conducted in
experimental hydrocephalus to date are limited in number, and most have been
conducted in young rats [99, 192, 193, 196, 259-264]. Moreover, all such studies were
investigated in obstructive forms of hydrocephalus, either using H-Tx rats, which have
hydrocephalus caused by aqueductal stenosis, or rats in which hydrocephalus was
induced by cisternal kaolin injections obstructing the fourth ventricle outlets. No
behavioral studies have yet been conducted in experimental communicating
hydrocephalus, mainly due to a lack of appropriate communicating models, but this is
now possible with our rat model of CH.

Clearly, the pathophysiology of CH is best gauged by behavioral deficits, so it
would be very informative to correlate aqueductal pulsatility with results from behavioral
studies in our animal model, as they may indicate to what degree aqueductal pulsatility
is associated with severity of hydrocephalus. This would also help establish a link
between aqueductal pulsatility and the clinically relevant features of CH. Numerous
studies have been conducted to explore the importance of aqueductal pulsatility and
intracranial pressure pulse amplitude in human CH [70, 91, 93, 94, 181, 210, 265-268] ,
but these were conducted in the context of shunt responsiveness or physiological
parameters. One study examined aqueductal pulsatility with severity of symptoms, but
did not provide any data on the relationship between pulsatility and severity [188]. Thus,
the question of whether any relationship exists between aqueductal pulsatility and

severity is still unanswered.
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The objective of this study was thus to measure behavioral characteristics in
cognitive memory and motor coordination in control and kaolin induced hydrocephalic
animals. In particular, it was hypothesized that CH rats will exhibit behavioral deficits in
memory, cognitive ability and motor coordination, compared to normal rats and that
behavioral deficit scores of CH rats will be correlated with aqueductal pulsatility, and not

to volume of the ventricles.

7.2 Methods

All animal handling and surgical techniques were approved by the Institute of
Animal Care and Use Committees (IACUC) of Stony Brook University and Albert
Einstein College of Medicine. All experimental procedures were carried out in accordance
with the NIH Guide for Care and Use of Laboratory Animals. All efforts were taken to

minimize any suffering of the animals and the number of animals used in experiments.

7.2.1 Behavioral Study Techniques

Behavioral studies were conducted at the Behavioral Core of Albert Einstein
College of Medicine. Five behavioral tests were conducted: open field (OF), object
placement (OP), object recognition (OR), balance beam (BB) and social preference
(SP). General descriptions of the tests given below, and the specific parameters used in
this study are given later.

The open field, object placement and object recognition tests were carried out in

an arena, a 27" x 27" x 12” (high) box made of wooden floors and walls without a top
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cover. Dark blue or black plastic sheets on the floor provided maximum contrast to
differentiate the animals on video. The walls were left bare and were light gray. Each
wall was labeled with a different symbol near the eye level of the rat, to give the animals
spatial references. Since rats are blind to red light, illumination was provided with
ambient red lighting using floor/table lamps directed at the wall next to the arena. For
the social preference test, a Y-maze was used, which consisted of three arms, 25” x 8”
x 16” (high) each. The floor was covered with dark blue plastic sheets, and the walls
were left bare and were light grey in color.

The open field, object placement, object recognition and social preference tests
were video recorded using a monochrome digital video camera (Sony exwaveHAD,
Sony, Tokyo, Japan), which was positioned about 6 feet above the arena. Videos were
recorded by the behavioral analysis software Viewer2 (BIOBSERVE Gmbh, Bonn,
Germany). Before experiments, the software was set up to trace and record the

animal’s movements over the arena or the Y-maze.

7.2.2.1 Open Field

The open field test [269, 270] was carried out to allow animals to become
acclimated to the arena for the object placement and object recognition tests, and to
provide a measure of the level of activity. Open field tests lasted 9 minutes, broken into
three 3-minute continuous intervals. The number of times the animal reared up on its
hindpaws was recorded manually. The tracklength, or total length of ambulation, was

calculated by the Viewer2 program from the recorded video.
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7.2.2.2 Object Placement

The object placement test was designed to obtain a measure of spatial memory
in animals [271-273]. This test consisted of a training phase and a testing phase. In the
training phase, two identical visually-rich objects (defined as inanimate objects with
textured surfaces), objects A and B, were placed at two spatially asymmetric positions
in the arena (with respect to the walls), not near the center and not near the walls. The
animal was introduced into the arena and allowed to explore the arena and the objects
freely for a period of 5 minutes, and then returned to its cage for a retention period
(retention periods of 5,7, 10 and 20 minutes were tested in these experiments).

In the test phase, object B is moved to a new position, ensuring that the positions
of the two objects are still spatially asymmetric with respect to the walls of the arena and
the orientation is distinguishable from that in the train phase. After the retention period
has elapsed, the animal is returned to the arena for the test phase and allowed to
explore the arena and the objects for 3 minutes. The amount of time the animal spent
exploring each object in each phase was recorded. Animals that explored the objects in
the test phase for less than three seconds were excluded (no-explore).

A spatial memory score was calculated for each animal from the ratio of the
period of time spent exploring object B to the total time spent exploring both objects in
the test phase. Object placement tests were typically carried out once per animal per
retention period. When the test was repeated (either using a new retention period or to
repeat a no-explore test), a new spatially unique position and a new pair of objects were

used.
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7.2.2.3 Object Recognition

The object recognition test was to measure visual memory, also consisting of
training and testing phases [271-273]. Test conditions were identical to the object
placement test, with a few exceptions. Two identical visually-neutral objects (defined as
objects with plain and smooth sides), objects A and B, were used in the training phase,
which consisted of 3 minutes. Retention periods of 20, 25, 30 and 60 minutes were
used. In the test phase, object B is replaced with object C, a different visually neutral
object. A visual memory score is computed from the ratio of the time spent by the
animal exploring object C to the total time exploring both object A and C in the test
phase. Object recognition tests were also carried out once per animal per retention

period; for repeated tests a new set of visually-neutral objects (A, B and C) were used.

7.2.2.4 Balance Beam

The balance beam test was designed to estimate motor deficits in animals [274,
275]. In this test, animals walk across a wooden beam 5 feet long with 1.5" diameter
circular cross section. Animals with normal motor coordination are generally able to
cross the beam from end to end without any slips or falls. Slips are defined as instances
where the animal loses its footing and the axis of its spine stops being parallel to the

beam.
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Figure 7.1: Top-view schematic of the balance beam setup.

The balance beam suspended between two tabletops/carts. A bright light source was
placed at the starting end (A) to encourage the animal to start walking across the beam.
A dark “hide” and the animal's home cage was placed at the finishing end (B), to
encourage the animal to cross the beam.

A schematic of the experimental setup is shown in Fig. 7.1. The balance beam is
positioned about 3-4 feet above the floor and kept horizontal, suspended between two
tabletops/carts. Animals are initially placed on the beam ~6 inches from one end (A) and
allowed to walk across to the other end (B). To encourage animals to readily cross to B,
a darkened “hide” is placed at B, since rats prefer dark places. Additional
encouragement is provided by placing food stimulus in the hide, and by placing the
animal's home cage near B. To discourage animals from returning to A, an
incandescent white light-lamp is placed at A, since rats do not prefer bright lights. Motor
deficits are scored by counting the number of times animals slip while crossing the
length of the beam. To ensure that animals cross the balance beam readily during the
test, animals are pre-trained using a 3.5 inch wide plank of the same length as the

balance beam, set up in the same fashion as the beam. Animals are placed on the
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plank and encouraged to walk across, with gentle prodding at first if needed. Animals

are pre-trained 2-4 times, after which they generally cross the plank readily.

7.2.2.5 Social Preference

The social preference test was designed to measure deficits in social preference
in rats [276]. Rats are normally highly social animals, and when given a preference
between an inanimate neutral object and another rat, rats should have a preference for
other rats. The social preference test was conducted using the Y-maze. The arms of the
Y-maze are labeled A, B and C. An 8” long section at the ends of arms B and C was
closed off from the rest of the maze using perforated plastic screens. A neutral
inanimate object was placed in the partitioned section of C, and a stimulus animal was
placed in the partitioned section of B. Ovarectomized female rats of weight 250-300g
were used as stimulus animals. During the test, the test animal was placed in arm A and
allowed to explore the maze freely for a period of 5 minutes. The time spent by the test
animal exploring the inanimate object and the stimulus animal was recorded. A social
preference score was measured as the ratio of the total time spent by the animal
exploring the stimulus animal to the total time spent exploring both the stimulus animal

and the inanimate object.

7.2.2 Experimental Design

Forty female Sprague-Dawley rats (250-300g) were used for behavioral analysis.

These included kaolin induced CH animals (n = 13), surgical CH control animals (n =
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16) and intact controls (n = 11). All surgical procedures for the kaolin CH and surgical
CH control animals are described in Chapter 3. Animals were divided into 3 cohorts

(details in Table 7.1).

# of kaolin CH # surgical CH controls # intact controls
Cohort 1 0 5 5
Cohort 2 5 5 0
Cohort 3 8 6 6

Table 7.1: Number of animals used in each cohort

Cohort1 | Cohort2 | Cohort 3
Open Field (OF) X X X
Balance Beam (BB) X X X
Social Preference (SP) X X

Object Placement:

5 X
X
Retention Interval -------4--------mmmmotoooo et
1 X
P20 X
Object Recognition: .
20 LX
D25 X : :
Retention Interval = \-------- e bommmoeoees dooee e
L 30 ! : : X
60 X X

Table 7.2: Parameters of the different tests performed in the animals.

188



The tests carried out in each cohort are shown in Table 7.2. Open field, balance
beam and object recognition tests were carried out in all cohorts. Object placement and
social preference tests were carried out only in cohorts 1 and 2, as these tests were not
able to demonstrate any difference between the groups and was thus abandoned in
cohort 3. Behavioral studies were carried out 1-2 weeks post induction for cohort 1
animals, 2-3 weeks post induction for cohort 2 animals and 3-4 weeks post induction for
cohort 3 animals. All tests were completed in the span of 1-2 weeks.

During the behavioral studies, the experimenter was blinded to animal surgical
status. All animals within each cohort were randomly numbered and identified using tail
color markings. To ensure that intact control animals had the same external appearance
as surgical controls, intact controls in cohort 1 were anesthetized with isoflurane, their
necks were shaved, and a neck incision was made under aseptic conditions, similar to
the neck incision made during surgeries of saline control and kaolin CH animals, and

immediately closed.

7.2.3 Data Analysis and Statistics

Statistical comparison between two groups was done using a two-tailed t-test
and a one-way ANOVA followed by an LSD post-hoc test. Differences were considered

significant for p < 0.05.
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7.3 Results

7.3.1 CH Induction Results

All animals tolerated surgery well. In Cohort 2, 4 animals developed CH (VV > 30
ul), with VV of 433.1 + 142.2 yl and SV of 189.2 + 57.7 nl. In Cohort 3, 8 out of 11
animals developed CH (VV > 30 pl), with VV of 135.8 + 77.0 pl and SV of 110.8 + 81.0

nl.

7.3.2 Open Field Results

Overview

All animals completed the open field test. The tracklength for all animals was
2715 = 1150 cm (range: 24 — 4630 cm). The largest tracklengths were recorded for 2
intact control animals, with values over 4400 cm. The animals with very low tracklengths
tended to remain in a corner of the arena for most of the test (the lowest values were
from two surgical controls and two kaolin animals). During exploration of the arena, it is
typical for rats to rear up on their hindlegs; this is another means of exploration of the
arena for rats. The number of rears for all animals was 42 + 22 (range: 4-81). The
lowest number of rears was recorded for the surgical control that also had the lowest
tracklength. A strong correlation was found between number rears and tracklength for
all animals across all cohorts (Fig. 7.2). This is not unusual, since both these values are

expressions of animal activity and level of exploration.
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Figure 7.2: Tracklengths and number of rears for all animals.
A significant correlation was observed between tracklengths and the number of rears
across all cohorts (R = 0.66, R? = 0.43, p < 0.0001).
Animal Grouping

In cohort 1, a significant difference was found in the number of rears between
surgical controls and intact controls (29 + 21 and 58 £ 13, p = 0.03) (Fig. 7.3A). Surgical
controls in cohort 1 also had a trend towards a lower tracklength than intact controls in
cohort 1, although this difference was not significant (1147 £+ 1058 cm vs. 2648 * 665
cm, p = 0.07) (Fig. 7.3B). The kaolin induced animals had a significantly lower number
of rears than the saline controls in cohort 2 (17 £ 14 vs. 46 £ 16, p = 0.02) (Fig. 7.3C).
However, there was no significant difference between tracklengths for these animals
(Fig. 7.3D). In cohort 3 animals, significant differences were found between tracklengths
of intact controls vs. saline controls (4190 £ 377 cm vs. 3476 + 472 cm, p = 0.02) and
intact vs. kaolin animals (4190 £ 377 cm vs. 3171 £ 543 cm, p = 0.001), while no

significant difference was found between tracklengths of saline controls vs. kaolin
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animals (3476 + 472 vs. 3171 = 543, p = 0.22) (Fig. 7.3E). On the other hand,
differences in number of rears was not significant for any of the groups in cohort 3 (61

18 (intact), 47 + 17 (saline), 36 + 20 (kaolin)) (Fig. 7.3F).
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Figure 7.3: Tracklengths and number of rears for the different cohorts.
This figure shows the number of rears (left column) and the tracklengths (right column)
for cohort 1 (A & B), cohort 2 (C & D) and cohort 3 (E & F).
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7.3.3 Object Recognition Results

In cohort 1, two animals, one intact and one surgical control, were excluded from
both OR tests. The intact control did not explore the arena or objects, and the surgical
control had less than 3 seconds of exploration in the training phase. In the 60 minute
retention interval test, 3 of 4 intact controls and 2 of 4 surgical controls had a preference
for the novel object; preference scores were not significantly different (75.9 + 23.6 vs.
55.2 £ 16.8, p = 0.20). In the 25 minute retention interval test, all animals had a
preference for the novel object; preference scores were also not significantly different
(64.6 £ 11.3vs. 79.5+ 17.4, p = 0.20).

In cohort 2, in the 60-minute retention interval OR test, two kaolin and one
surgical control animals did not explore the objects and were excluded. All three kaolin
animals and three of four surgical controls had a preference for the novel object (scores:
79.2 £ 9.5 (kaolin) and 58.8 £ 10.2 (control)). Preference scores for the kaolin animals
was significantly higher (p = 0.043). In the first 20 minute retention interval test, 7
animals (4 kaolin and 3 control) did not explore the arena. The test at this retention
period was repeated, and 2 kaolin animals did not explore the arena and were
excluded. Two of three kaolin animals and four of five surgical controls had a preference
for the novel object (scores: 69.6 + 22.4 (kaolin) and 65.7 + 22.7 (control)). There was
no significant difference between these scores (p = 0.82).

In cohort 3, 5 kaolin animals, 1 surgical control and 1 intact control did not
explore the objects and were excluded. All of the remaining 6 kaolin animals had a
preference for the novel object (score: 80.6 + 11.4). Four of five surgical controls had a

preference for the novel object (score: 77.3 £ 17.6). Three of five intact controls had a
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preference for the novel object (score of 54.6 £ 27.1). The preference scores of the 3

groups were not significantly different from each other (p = 0.095).
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Figure 7.4: Animal outcome for object recognition tests (visual memory).

This figure shows the number of animals that had a preference for the novel object, the
number of animals that did not, and the number of animals that were excluded due to
lack of exploration.
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Figure 7.5: Preference scores for the object recognition tests.

In summary, the object recognition test results were inconclusive since the kaolin

animals had similar or better preference for the novel object than the control animals.
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7.3.4 Object Placement Results

Several animals completed the object placement test successfully, but a number of
them did not explore the arena and the objects adequately and had to be excluded. A
few animals were excluded because they climbed over the objects, producing a bias. In
cohort 1, in the 20 minute retention test, 1 intact control and 3 saline controls were
excluded. Among the remaining, 2 of 4 intact controls had a preference for the novel
object, while 1 of 2 saline controls had a preference for the novel object. The preference
score for the intact controls was 43.7 + 25.2, and the preference score for the surgical
controls was 47.4 + 26.6. In the 7 minute retention test, 2 surgical control and 1 intact
control were excluded; of the rest, only 1 intact control had a preference for the novel
object while 4 did not. Two intact controls had a preference for the novel object, and 1
saline control did not.

In cohort 3, 7 minute retention, 1 kaolin animal and 2 saline controls were
excluded. Two of 4 kaolin animals had a preference for the novel object, while only 1 of
3 of the remaining saline controls had a preference for the new object. Preference
scores were 57.0 + 12.3 and 50.7 x+ 37.9 for the kaolin and saline controls respectively.
In the 10 minute retention test, 2 kaolin animals were excluded. One of the remaining 2
kaolin animals had a preference for the new object while 3 of the 5 saline controls had a
preference for the new object. Preference scores were 47.7 £ 24.7 and 58.8 + 18.3 for
the kaolin and saline controls respectively. In the 5 minute retention test, 1 kaolin and 1
saline control animals were excluded. Three of the remaining 4 kaolin animals had a

preference for the new object, while all4 remaining saline animals had a preference for
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the novel object. Preference scores were 50.6 £ 20.5 and 72.4 + 16.2 for the kaolin and

saline controls respectively.
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Figure 7.6: Animal outcome for object placement tests (spatial memory).
This figure shows the number of animals that had a preference for the novel object, the
number of animals that did not, and the number of animals that were excluded due to

lack of exploration.
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Figure 7.7: Preference scores for all cohorts for all object placement tests.

7.3.5 Balance Beam Results

All animals except one were able to complete the balance beam test
successfully. One animal, which was found to be severely hydrocephalic, had over 20

slips before completing the balance beam and was removed. In cohort 1, the intact
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controls had 4.8 * 1.8 slips while the saline controls had 3.5 £ 1.3 slips (p = 0.26). Three
of the intact controls registered 6 slips each, while two of the saline controls registered 4
and 5 slips.

In cohort 2, the surgical control animals had 0.4 + 0.6 slips, while the kaolin
animals 10.8 £ 8.0 slips (p = 0.02). The high variability in the cohort 2 kaolin animals
was due to the fact that one of the animals did not develop hydrocephalus and had only
3 slips, while one hydrocephalic animal, with a high ventricular volume of 540 pl, also
registered 3 slips. The number of slips for the hydrocephalic animals alone was 12.8 +

7.8, which was also significantly larger than that of the saline controls (p = 0.009).
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Figure 7.8: Balance beam slips for the different groups in each cohort.
Hydrocephalic animals had significantly higher number of balance beam slips than
controls in each group.

In cohort 3, the intact control animals had 0.5 £ 0.55 slips, while the saline
controls had 2.2 + 1.8 slips. One of the saline controls registered 5 slips. The kaolin
animals in cohort 3 had 6.7 = 7.2 slips; 3 of these animals did not develop
hydrocephalus and registered 2 or fewer slips each, while one animal, which had a
ventricular volume of 26 ul (lower than the threshold for hydrocephalus) registered a

high number of 17 slips. The difference in the number of slips among the 3 groups was

not statistically significant when all kaolin animals were included, although the kaolin
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animals did have a trend toward higher number of slips (p = 0.059). However, when the
3 kaolin animals with normal ventricles and low number of slips were excluded, then the
difference becomes statistically significant (p = 0.005 for kaolin vs. intact controls, and p

= 0.02 for kaolin vs. saline controls).
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Figure 7.9: Regression analysis of motor deficits with stroke volume and
ventricular volume.

A weak correlation (including all animals, saline and kaolin) was found between
ventricular volume and balance beam slips (R? = 0.26, p = 0.03), but this may have
been driven by the surgical control animals clustered near the origin of the graph. No
correlation was found between stroke volume and balance beam slips.

Regression analysis between balance beam slips and ventricular volumes

revealed a weak but statistically significant correlation (R = 0.51, R? = 0.26, p = 0.03)
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(Fig 7.9A). However, this correlation was probably being driven mainly by the surgical
control animals, clustered near the origin. No significant correlation was found between
balance beam slips and aqueductal pulsatility (measured as CSF stroke volume) (Fig.

7.9B)

7.3.6 Social Preference Results

One CH animal from cohort 2 failed the social preference test, because it
remained sitting in Arm C and did not move throughout the test and was excluded. This
resulted in a net sample size of 4 kaolin animals in cohort 2. All remaining animals
completed the social preference test. Overall, all animals had a preference for the social
stimulus (ovarectomized rat) as opposed to the neutral object. Average social
preference score for all animals in all cohorts was 84.4 + 8.2%. There was no significant
difference in social preference scores of intact and surgical controls in cohort 1 (78.2 £
7.4% vs. 86.9 £ 8.8%, p = 0.13), nor between surgical controls and kaolin animals in

cohort 2 (88.7 + 7.8% vs. 83.4 + 6.6%, p = 0.32).

7.4 Discussion

Deficits in behavioral characteristics, such as cognitive and motor deficits, are
one of the most uselful methodologies for determining clinical outcome in
communicating hydrocephalus (CH). We therefore characterized behavioral traits in
normal rats and surgical controls in order to determine deficits in behavior in our CH rat

model. Two of the tests used, open field (OF) and balance beam (BB), which
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characterize animal activity and motor coordination respectively, showed promise in
being able to discern between control and hydrocephalic animals.

In the OF test, the two measures used, total tracklength and total number of
rears, are both measurements of animal activity. A statistically significant difference was
found between the tracklengths but not the number of rears of control and
hydrocephalic animals in one cohort, while a significant difference in the number of
rears but not tracklength was found in another cohort. The differences being seen
between these groups may be due to the small number of animals used. One
confounding factor is that significant differences were found between the results of
intact controls and surgical controls. Surgical controls do not develop any symptoms of
hydrocephalus, so the differences found between the two control groups may be due to
the fact that all these tests was done within a few weeks after surgery, especially
cohorts 1 and 2, which were tested only 2 weeks after surgery. A longer delay after
surgery may mitigate these differences.

The BB test showed a major difference between control and hydrocephalic
animals, with the latter having significantly greater gait abnormalities based on the
number of slips on the balance beam. This is an important finding: gait disturbances are
usually one of the first symptoms that present in human hydrocephalus. The fact that
our animal model also exhibits prominent gait abnormalities support the clinical
relevance of our animal model. A weak correlation was found between the number of
balance beam slips and ventricular size; however, no correlation was found between the
number of balance beam slips and aqueductal pulsatility. This is likely due to the fact

that a few animals with high aqueductal pulsatility registered only a few slips when
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crossing the balance beam. This may be an indication that the BB test is not highly
sensitive unless a larger group of test animals are included.

The behavioral tests used in this study are all voluntary tests, in the sense that
animals are not deprived of food or water or subjected to noxious stimuli to force them
to perform the tests. A drawback of this feature is the possibility that some animals may
choose not to perform the test. Previous studies by other investigators have shown that
this voluntary factor is usually not a serious problem, and that the results from these
tests are similar to those obtained from coercive behavioral tests (such as those utilizing
electric shocks) [271-273]. In the present study, though, a number of animals refused to
complete some of the tests, mainly the spatial and visual memory tests. Of course,
issue can be addressed simply by using a larger number of animals. Another limitation
is the use of Sprague-Dawley rats as the animal model. Sprague-Dawley rats have poor
vision, the same as other albino rat strains [277-279], but have excellent olfactory
ability; it is very likely that these rats carry out most of their exploration and other
behavioral activities using olfactory cues, rather than visual cues. The behavioral tests
used here were designed to be visual based rather than olfactory, and care was taken
to remove olfactory cues, by cleaning the arena with alcohol and wiping down the test
objects with alcohol. On the other hand, if visual or spatial memory was tested using
some form of olfactory cues, the results might be entirely different and may in fact be
more sensitive to behavioral changes in our animal model.

One possible explanation for the lack of visual and spatial memory deficits is the
fact that these animals were tested within a few weeks after induction of CH. It is

possible that deficits in memory may not become evident until a longer period of time
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after induction. Behavioral tests conducted on young rats in an obstructive model of
hydrocephalus showed motor deficits after about 9 months post induction, and not at
earlier time-points [193].

A significant drawback in the design of the balance beam test is the fact that
these tests are not recorded in any way. The test scoring has to be done visually while
the test is conducted, and since the test is not video recorded, it is not possible to verify
the scores. Video recording is difficult, because ambient lighting has to be kept to a
minimum to make the test environment conducive to animals, and video recording with
the available equipment would have been very difficult under such conditions of low
lighting. As a result, there is no way to eliminate or reduce possible human error in the
scoring process. Moreover, the test is single shot, and was not repeated for animals, so
there was no possibility of averaging the scores from multiple trials. The problem with
repeating the test on the same animal is that rats can adapt to the balance beam quite
rapidly, and a second or third trial might not have adequately reflected the animal’'s

motor coordination as compared to the initial trial.
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Chapter 8

8. General Discussion

8.1 Summary of Results

In this dissertation, our main conclusions are:

= Aqueductal pulsatility is clearly elevated in our rat model of communicating
hydrocephalus (CH)

= Aqueductal pulsatility has a relationship with ventricular size, but this
relationship varies over time and may be modulated by other factors such as
intracranial compliance

= Capillary pulsatility is elevated in CH, but not correlated with aqueductal

pulsatility.

8.2 Implications of Our Studies

Our results represent a significant series of steps forward in the understanding of
the complex mechanisms of communicating hydrocephalus. Elevated aqueductal
pulsatility is a phenomenon that has been observed in human communicating

hydrocephalus for some time, but the mechanism of pulsatility increase is unknown.
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Elevated pulsatility has not been studied in a rodent model before, primarily because
the vast majority of pre-existing rodent models mimic various forms of obstructive
hydrocephalus, with at least partial obstruction of fourth ventricle outflow. Our rat model
is the first model of communicating hydrocephalus 1) which produces moderate to
severe levels of ventricular dilation, 2) is reproducible and 3) closely mimics the
pathophysiology of acquired human communicating hydrocephalus without other co-
morbidities [9]. The results of our CSF flow studies clearly demonstrate elevated
aqueductal pulsatility in our CH rats, which is by itself an important breakthrough, as it
paves the way for many future studies to investigate the role that pulsatility plays in the
pathophysiology of CH.

Secondly, we found that aqueductal pulsatility is significantly correlated with
ventricular size in CH, but that this relationship changes over the course of
hydrocephalus development. This suggests that there is no strict one-to-one
relationship between pulsatility and ventricular size. Instead, this implies that changes in
other parameters, such as compliance, may affect both aqueductal pulsatility and
ventricular size. Intracranial compliance is the primary factor underlying changes in
intracranial pressure pulsations: a decreased compliance causes increased arterial-
driven pressure pulsations in the brain [201, 203], and compliance is known to be
decreased in CH [189-191]. Compliance, measured invasively in terms of intracranial
pressure pulsations, has been shown to be a good prognostic marker of shunt outcome
as compared to other tests such as CSF outflow resistance or lumbar tap [179, 265,
267, 280]. However, the effect of compliance on aqueductal pulsatility has not been

studied. If the relationship between intracranial compliance and aqueductal pulsatility
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can be characterized, then this would suggest that aqueductal pulsatility is a viable non-
invasive prognostic marker of shunt outcome. Clinical application of such a non-invasive
measurement would be a significant benefit to patients suffering from CH.

Following up on these observations, our craniectomy and shunting experiments
were an attempt to model the effects of altering compliance on aqueductal pulsatility.
We concluded that aqueductal pulsatility has a strong relationship with compliance, and
that an increased compliance caused either by removal of the rigid calvarium or
diversion of accumulated CSF by shunting causes aqueductal pulsatility to decrease.
This provides strong support for our hypothesis on a relationship between aqueductal
pulsatility and compliance. The next logical step is to elucidate a mathematical
relationship between aqueductal pulsatility and compliance. For such studies,
measurements of intracranial pressure (ICP) are required. ICP levels would need to be
measured at different stages of CH in our rat model, and in the craniectomy studies. A
precise mathematical relationship between compliance and aqueductal pulsatility would
be important in demonstrating whether or not aqueductal pulsatility is a good prognostic
marker for shunting, as described earlier.

Moreover, the shunting experiments represent another significant advance in
experimental hydrocephalus. As our CH rat model was intended to be used for the
study of CSF flow dynamics in CH, the success of shunting these animals further
validates the viability and importance of this model. Success of the shunting
experiments opens up avenues to study shunt failures and malfunctions in the context
of a small animal model. In addition, our results indicate that aqueductal pulsatility is

decreased with shunting, which is similar to results in shunted hydrocephalic patients
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[210]. Our success with shunting provides us the opportunity to investigate why and
how CSF flow patterns change with shunting.

To provide further understanding of the mechanism of intracranial pulsatility and
a potential relationship to vascular pathology, we quantified capillary pulsatility in our rat
model of CH. Our results of elevated capillary pulsatility represent another enormous
breakthrough in our understanding of the mechanism of CH development by providing
support for the pulsatility redistribution theory of CH development. Elevated pulsatility in
cerebral capillary beds has been implicated in the mechanism of CH for some time by
many prominent neurosurgeons [6, 8], but prior to our results, there had been no
experimental evidence to support or refute this vital component of the theory of
pulsatility redistribution. Our results suggest that capillary pulsatility is indeed elevated
in CH, and consequently, it may indeed be involved in the mechanism and
pathophysiology of CH. Increased levels of microvascular pulsatility may be a key factor
in the neuropathology of CH, because increased capillary pulsations are known to affect
normal hemodynamics [281, 282]. With this conclusion, we are now uniquely positioned
to address several important questions regarding increased microvascular pulsatility:
what is the role of increased microvascular pulsatility in the neuropathology of
hydrocephalus? Does microvascular pulsatility affect neuroinflammatory reactions such
as microglia proliferation? Is increased microvascular pulsatility a factor in decreased
capillary density in hydrocephalus? Is increased microvascular pulsatility the key driving
force behind elevated aqueductal pulsatility and ventricular dilation? Is glucose transport

across the capillary endothelium altered by increased capillary pulsatility?
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One of our conclusions from the capillary pulsatility studies is that anesthesia has
a strong impact on capillary pulsatility changes, and in some cases may mask capillary
pulsatility increase. We were able to demonstrate elevated capillary pulsatility in our CH
rats under the influence of isoflurane anesthesia, but our studies with ketamine-xylazine
produced dissimilar results, that capillary pulsatility is not elevated in CH. This is an
important finding, because it suggests that different anesthetics can have varying
effects on ICP and local brain parenchymal compliance, which can mask changes in
pulsatility. Ketamine-xylazine is known to produce a greater decrease in cerebral blood
flow, compared to isoflurane [237]. The effect of anesthetics requires further study of
capillary pulsatility using other anesthetics such as urethane and a-chloralose.

In order to evaluate the relationship between aqueductal pulsatility, severity in
CH and cognitive and motor coordination deficits in our rat model of CH, behavioral
studies were conducted. These results are significant in that they show that the
presentation of CH in our rats is similar to clinical symptoms in terms of gait
disturbances. This by itself provides further validity with regards to the viability of our
model being representative of human communicating hydrocephalus. We found that our
CH rats had motor deficits, but we could not demonstrate any cognitive impairments in
our rats. However, behavioral deficits remain the key method for evaluating

improvement of symptoms following shunting and other possible interventions.
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8.3 Technical Achievements

In order to attain our results, a number of important technical achievements were
made in the course of this dissertation:

=  We refined the surgical technique of induction of communicating hydrocephalus
to achieve a 66% success rate

= We designed the techniques for measuring and calculating aqueductal pulsatility
in a rodent model of CH using phase contrast MRI

= We perfected the techniques for measuring capillary pulsatility in the rat
neocortex, and we designed a suite of algorithms to automatically and efficiently

analyze large volumes of data to quantify capillary pulsatility

8.4 Addressing Overall Hypotheses

Our results have supported most of our initial hypotheses. One of the hypotheses
in this dissertation was that we would be able to measure aqueductal pulsatility in rats
with phase contrast MRI. We found, however, that normal rat aqueductal pulsatility is
very small and below the threshold of noise in our scans. While this gave us an upper
limit for normal aqueductal pulsatility in rats, it would be helpful to determine the actual
value of normal aqueductal pulsatility. This may require the use of a stronger magnet or
a more sensitive flow sequence, such as a phase contrast balanced SSFP.

We had also hypothesized that aqueductal stroke volume will not be correlated
with ventricular size. While we found that there are strong correlations between these

two parameters, the relationship also varies over time, as discussed above. This
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variation indicates that there may not be a one-to-one relationship between the
aqueductal pulsatility and ventricular size, but that other factors, such as intracranial
compliance, may be involved in the changes in aqueductal pulsatility and ventricular
size.

Two of hypotheses regarding aqueductal pulsatility were that that aqueductal
pulsatility would be correlated with elevated capillary pulsatility and with behavioral
deficits in motor coordination, but we were not able to establish these postulates. This
may be due to the fact that aqueductal pulsatility depends significantly on physiological
parameters such as respiration and blood gas levels, factors for which we have not
accounted. Preliminary results of the effects of varying respiration under different levels
of anesthesia show that aqueductal pulsatility can vary significantly under different
physiological conditions. These physiological variations may weaken any correlation
between aqueductal pulsatility and other parameters such as capillary pulsatility and
motor deficit scores. This aspect of aqueductal pulsatility requires further study before
we can comment on the significance of the lack of correlation.

Finally, we had also hypothesized that CH rats would exhibit cognitive deficits in
memory, but we were not able to establish this relationship. As mentioned above, this
may be due to the fact that we studied only a very small number of animals, and larger
animal groups are needed to see differences between normal and diseased rats in the
studies that we used. Another possibility is that cognitive deficits may take much longer
to take effect. A study of cognitive deficits in kaolin induced hydrocephalic rats showed

that cognitive deficits may take several months to manifest [193], whereas we studied
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our animals within a month of induction. Further study is required to assess cognitive

impairment in our rat model.

8.5 Future Directions

Our results pave the way for further exploration of the pathophysiology of CH in

the context of elevated aqueductal pulsations. Important future work includes:

Characterization of intracranial compliance in CH and its relationship to
aqueductal CSF pulsatility. As discussed above, experiments have to be
conducted in which intracranial compliance will be measured by characterizing
the pressure-volume curve from CSF infusion tests, and the relationship of
compliance with aqueductal pulsatility should be explored at different stages in
the development of hydrocephalus in our rat model of CH. In addition,
histopathological studies should also be conducted in these studies to quantify
the extent of gliosis in grey matter and white matter of the brain, to explore the
relationship between compliance and gliosis.

Characterization of intracranial pressure pulsatility in CH and its
relationship to aqueductal CSF pulsatility. Changes in intracranial pressure
pulsatility should be characterized, together with aqueductal pulsatility.

Shunting studies. Shunting studies should be conducted to determine whether
CH in these animals is similar to clinical CH in terms of shunt responsiveness
(i.e. do symptoms in CH animals improve with shunting?). These studies will also
allow exploration of how good a prognostic marker aqueductal stroke volume is

to shunt responsiveness.
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Investigation of the role of physiological parameters on aqueductal
pulsatility. Our preliminary results showed that aqueductal pulsatility is strongly
impacted by different rates of respiration, produced by different levels of
anesthesia. This likely is a consequence of changes in blood gas levels with
depth of anesthesia and respiration. These effects on aqueductal pulsatility need
to be fully investigated, by measuring changes in aqueductal pulsatility with blood
gas measurements. These results may impact many future studies utilizing
aqueductal pulsatility, and could have important consequences in the clinical use
of aqueductal pulsatility in hydrocephalus.

Investigation of the effect of anesthesia on capillary pulsatility. Capillary
pulsatility studies should also be conducted using other anesthetics such as
urethane and chloralose to further evaluate the extent of anesthesia effect on
capillary pulsatility changes.

Changes in capillary pulsatility in other components of the
microvasculature, such as arterioles. While we have shown elevated
pulsations in capillaries, one component of the microvasculature that we have not
investigated is the arteriolar network. Arterioles are larger than capillaries and
may be an even greater source of microvascular pulsatility changes in CH.
Changes in microvascular pulsatility in periventricular white matter. We
have studied capillary pulsatility changes in the neocortex. However, studies
have shown that significant changes in the microvasculature take place deeper
within the hydrocephalic brain, primarily in the periventricular white matter, and

so microvascular pulsatility changes in these regions need to be quantified. The
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main limitation with our experiments is that we only achieved depths of 650 um;
removal of the dura may provide an additional 100-150 um depth penetration
(although this may have detrimental effects on intracranial dynamics), but the
theoretical maximum depth of two-photon microscopy is about 1 mm, whereas
the periventricular white matter was nearly 1.5 mm deep in our most severely
hydrocephalic animals. So, to study changes in the periventricular white matter, a
new technique may be required, such as endoscopy or optical coherence
tomography, or a mouse model of CH needs to be developed. The cortical
mantle of the mouse, especially in hydrocephalus, is much thinner and the
periventricular white matter is easily accessible with our technique.

Super-acute changes in capillary pulsatility. One hypothesis that we did not
address in this dissertation is whether capillary pulsatility is elevated immediately
after induction, before changes in aqueductal pulsatility and ventricular size are
manifested. Such a study would provide very interesting results and further
support the pulsatility redistribution theory, because it may show that capillary
pulsatility is a consequence of CSF obstruction in the subarachnoid spaces, and
as such may clearly be involved in the elevation of aqueductal pulsatility.
Temporal changes in capillary pulsatility. It will be extremely interesting to
measure a time-course of capillary pulsatility changes in mildly CH animals, such
as the group 2 animals described in §4. Aqueductal pulsatility in these animals is
significantly elevated one week after induction, but returns to normal after 2-3

post induction. It would be very informative to determine if corresponding
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changes exist in capillary pulsatility. This may further prove a link between
increased capillary pulsatility and aqueductal CSF pulsatility.

= Behavioral studies. Further characterization of behavioral deficits, especially
with regards to cognitive impairments, is required in our animal model. As stated
previously, behavioral deficits are the most important method for gauging severity
of hydrocephalus, and behavioral results may be important in determining

improvement after shunting or other interventions.

8.6 Conclusion

Communicating hydrocephalus is a complex and multifactorial disorder whose
pathophysiology has received less attention from the scientific community than other
diseases with similar prevalence in human society. This is due to the fact that
hydrocephalus is traditionally viewed as a “plumbing problem” of the CSF system, with
excess CSF accumulation due to an obstruction in the CSF flow pathway or
malabsorption of CSF at the arachnoid granulations. Closer study, however, has
revealed that this view is in fact a gross oversimplification of a far more complex
disorder [283], and many of the issues surrounding hydrocephalus that require further
study are outlined in a recent position paper aptly titled “What we don’t know (but
should) about Hydrocephalus” [57]. This report, however, did not address one
phenomenon that has generated considerable interest in clinical communicating
hydrocephalus and may yet prove to an important marker for severity and prognosis:
elevated aqueductal pulsatility. In this dissertation, we studied elevated aqueductal

pulsatility in our rat model of CH, and have uncovered a number of important new
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findings which have significant implications for hydrocephalus research. We anticipate
that, in the short term, these will help pave the way towards a more complete
understanding of the mechanisms of this dynamic and complex disorder, and in the long

term, these may lead to better treatment options for hydrocephalic patients.
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