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CEREBROVASCULAR RESPONSE TO FOCAL BRAIN IRRADIATION:
MODIFICATION BY ALPHA-DIFLUOROMETHYLORNITHINE
by
Glenn T. Gobbel

The cerebral vasculature is thought to play a significant role in the
development of radiation-induced brain injury, but few investigations have
actually demonstrated an association between alterations in cerebrovascular
physiology and radiation-induced damage. This may be due to the extended
evolution of such damage (weeks to months) and the lack of non-invasive
techniques to sequentially monitor cerebrovascular physiology. For the present
study, non-invasive computed tomography-based methods of measuring
edema, blood-brain barrier (BBB) breakdown, regional cerebral blood flow,
blood mean transit time, and vascular volume were developed and combined
with established methods of measuring volumes of tissue necrosis and contrast
enhancement. Cerebrovascular physiology was monitored weekly for up to 6
weeks after the implantation of an 125| source into the brain of beagle dogs.
Dose was 20 Gy at a point 0.75 cm from the source. Approximately half of the
dogs received a-difluoromethylornithine (DFMQO), a polyamine inhibitor and
potential modifier of blood-brain barrier breakdown, for 2 days prior and 14
days after 125| implantation. The remaining dogs were treated with physiologic
saline. Within the saline treated group, tissue necrosis was maximal 3-4 weeks
after irradiation, after which the necrotic region became filled in with fibrous
tissue and new vessels. Cerebral edema also peaked 3-4 weeks after
irradiation, while blood-to-brain transfer of iodinated contrast material increased
throughout the 6 week period. Blood flow and vascular volume were reduced

for up to 4 weeks after irradiation in the tissue surrounding the region of
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necrosis, and there was a significant relationship between increased edema
and decreased blood flow. Treatment with DFMO produced an alteration in
blood-to-brain transfer, as expected, but also reduced the amount of cerebral
edema and altered radiation-induced changes in vascular volume, necrosis
volume, and volume of contrast enhancement. There was a significant
relationship between alterations in blood-to-brain transfer and cerebral edema,
suggesting that DFMO-induced modifications of edema were mediated by its
effects on BBB breakdown. The alteration of blood-to-brain transfer, cerebral
edema, and necrosis volume by DFMO suggests that cerebrovascular

permeability plays a significant role in the development of radiation-induced

brain injury. % /7/

John R Fike, Ph D

Chairman, Dissertation Committee
Associate Professor in Residence
Department of Neurosurgery
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INTRODUCTION

RATIONALE
The prognosis for patients with malignant brain tumors is grave; the

tumor recurs within two years following therapy in most cases.!

Post-surgical
radiation therapy is the most effective treatment for such tumors,? and normal
tissue injury is the major limitation to such treatment.! Increased radiation dose
is associated with an increase in survival of patients with malignant brain
tumors,® 4 but it is also associated with an increased incidence of
complications.5

Brachytherapy, in which radioactive sources are implanted directly into a
tumor, has been employed to deliver relatively high radiation doses to the tumor
while limiting the dose to the surrounding normal brain.2 Although the results
of brachytherapy trials appear promising in terms of patient survival,!
approximately half of all patients so treated require chronic corticosteroid
administration and/or additional surgery to manage the cerebral edema and
radiation necrosis which occurs following therapy.z' 6 Furthermore, long term
corticosteroid administration can result in a number of deleterious side-effects
including gastrointestinal ulceration and bleeding, loss of muscle mass, and
osteoporosis.7' 8 If the complications associated with brachytherapy could be
reduced, larger radiation doses might be used, and the success of this
treatment modality thereby increased. In order to develop methods of treating
or reducing the complications, the cellular and physiologic factors which are
responsible for the development of radiation-induced brain injury must be
understood.

The present work focuses on the alterations in cerebrovascular

physiology which accompany radiation-induced brain injury and attempts to



determine whether those alterations are responsible for the development of the

injury.
HISTORICAL BACKGROUND

Previous Studies of Radiation-induced Brain Injury

The first studies of radiation-induced brain injury, done in the early
1900's, attempted to simply determine how much radiation the normal brain
could withstand.2'! Radium sources were placed either interstitially or on the
brain surface of experimental animals. Dosimetry was crude, and doses were

9-11  Treatment

reported as milligram-hours of filtered or unfiltered radium.
follow-up focused primarily on clinical symptoms and the histopathologic
alterations present at euthanasia, which was generally 1-2 months following
irradiation. In general, the findings of these studies were similar: 1) the tissue
immediately surrounding the radium suffered severe degeneration; and 2)
beyond this was a region in which the neurons and glial cells were spared
while the vasculature was severely damaged.®'! The vascular damage was
manifest as blood vessel congestion, vessel wall thickening, and hemorrhage.
Based on these findings, two general conclusions were drawn: 1) below a
certain threshold dose, the neurons and glial cells of the central nervous system
(CNS) appeared to be resistant to radiation, and 2) changes in CNS tissue that
occur in response to doses below the threshold were probably secondary to
alterations in the blood vessels.

The importance of the cerebrovasculature was recognized early in the
study of brain radiation injury, but the conclusions of these early studies have
since been questioned. In the 1930's it was shown that in some instances brain

injury became evident only months or years following irradiation!?15. Davidoff



et al'd recognized that this latent period between irradiation and evidence of
histopathologic injury was dose dependent. The dose dependency of the
latency might explain why the early studies, which used high activity radium
sources, failed to observe the latent period and instead observed primarily an
acute type of injury. Although some investigators in the 1930's were still
attributing radiation-induced brain injury to blood vessel changes, such as
Scholz and Hsii'® who described fibrotic alterations resulting in “"blood stream

6 as well as Davidoff

functional disturbances which cause . . . necroses”, Ross
atal '3 were describing histopathologic changes associated with only minimal
changes in blood vessels. In those studies,'the damage was confined primarily
to the neurons and glial cells, and demyelinization was noted in regions
dissociated from blood vessel changes. These studies raised two fundamental
issues which have been the driving force behind many of the subsequent
studies of radiation brain injury. The first issue involves why there is a dose-
dependent latent period between irradiation and the expression of radiation
injury, and the second involves whether radiation-induced brain injury is due to
glial or cerebrovascular alterations.

Regarding the first issue, both neuroglial and vascular endothelial cells
have long potential doubling times, which probably results in the extended
latent period.!”" 18 Endothelial cells of the adult mouse brain have a growth

19, 20

fraction of 0.3% and cell cycle time of 20 hrs, which would correspond to a

potential doubling time of 6-7 months.” Others have estimated the potential

doubling times of brain endothelial cells to be greater than a year.2'

* The growth rate constant would be 0.003/20 hrs or 0.00015 hr-1; if there was no

cell loss, the number of cells, N, at time t would be N=Nye(0-00015 het * 1) where No
is the starting number of cells. The potential doubling time is the time at which N would

equal 2N, assuming no cell loss, so that 2No=Noe(0-00015 hel 1) ang, solving for t,
t=In 2/0.00015 hr-1.



Neuroglial cells (considering astrocytes, oligodendrocytes, and microglial cells
as a single group) of the adult mouse brain have a growth fraction of 0.4% and
cell cycle time of 20 hrs,'® 20 which would correspond to a potential doubling
time of approximately 5 months.'® 20 Thus, at radiation doses below those
causing acute cell death, the expression of damage could be delayed until
mitosis and the subsequent mitotic-linked death of either endothelial or glial
cells. In addition, there could be a delay because a certain number of cell
deaths might be required to produce histopathologic evidence of tissue injury.

The primary target cell of radiation, i.e. the second issue raised above, is
uncertain at the present time. If the degeneration of a single cell type could be
identified as the primary cause of radiation brain injury, it might be possible to
shift the study of radiation brain injury from whole brain to single cell studies
and thus better focus the study of radiation injury. This is a strong motivation for
trying to identify a primary target cell. The reason that the primary target cell has
not been identified appears to be related to the reliance of prior studies on
histopathologic results and the failure of these studies to consider the
interdependence of cell populations comprising the CNS.

Histopathologic evidence appears to support both of the two
hypothesized primary cellular targets of brain irradiation, the glial (primarily
oligodendroglial) and the endothelial cell. Before the work of Ross,'® virtually
all the studies suggested that the the vascular system was responsible for
injury,211: 20 implying that the endothelial cell was a more likely target than the
glial cell. Although a number of the early studies concentrated on acute
alterations in the cerebrovasculature following apparently high doses of
radiation,®1! later studies described such changes at more prolonged times
following irradiation.'® 15 Lyman et al'* described "severe hyaline

degeneration and obliterating sclerosis of arterioles" 5 months after a "dose" of



18 human erythema skin doses directed at the occipital lobe’. The studies of
Scholz and Hsii'® described primarily vascular alterations in human patients
one and a half years following total brain "doses" of 4 times the erythema skin
dose. On the other hand, following the initial evidence suggesting that the glial
cell might be the primary target,'® a number of other studies also demonstrated
either demyelination and white matter injury'3: 2225 or radiation injury
unaccompanied by significant vascular changes.?® These later studies
involved both human brain tumor patientszs' 26 and investigations of non-
human primate brain.13: 22 23,25 A number of different doses and methods of
administration were employed, '3 22: 23,25 an4 demyelination was a consistent
finding. In some cases, the demyelination appeared to progress to necrosis of
myelin, axons, and/or glial cells.13 22 23, 25 Aghough alterations in blood
vessels were sometimes described,'® more often only demyelination was
seen. 13 22-24

The experimental findings demonstrating primarily demyelination and/or
white matter necrosis provide strong evidence for the oligodendrogilial cell
target hypothesis. '3 2224 |n addition, Zeman and Samorajski%’ have pointed
out that if the endothelial cell was the primary target, the gray matter, which has
approximately twice the number of capillaries as white matter,28 would be
expected to be more sensitive to radiation, which is exactly the opposite of what
experimental results have indicated.2 2% 30 |t has even been suggested that
some vascular alterations might be secondary to surrounding parenchymal
changes rather than causes of those changes.29 However, others have argued

against the oligodendroglial cell target hypothesis. Histopathologic evidence

* One human skin erythema dose was equivalent to an exposure of 800 roentgens
[Scholz, 1938 #10].



supporting the endothelial cell target has already been mentioned.>'!: 15 |n
addition, Myers, Rogers, and Hornsey2! point out that there is no known
pathologic pathway by which damage to oligodendrocytes alone would
produce tissue necrosis. There are existing animal models of demyaelination in
which tissue necrosis is never seen.32 In some cases, radiation-induced
demyelination may be due to Wallerian degeneration, which is the axonal
degeneration and demyelination that sometimes occurs distal to the point of
nerve damage, so that demyelination might be caused by ischemic alterations
occurring in regions unassociated with the histologic tissue section.3! Further
evidence against the oligodendroglial hypothesis comes from a study on the
effects of neutron irradiation on primate brain.24 In this study, demyelination
was seen following irradiation despite there being no apparent loss of
oligodendrocytes, which suggests that radiation can cause demyelination
without producing oligodendrocyte death. If nothing else, the above findings
and conclusions demonstrate the difficulty in identifying a single cell type within
a tissue as the target of radiation based on histopathologic results.

The disparity in the histopathologic findings may be clarified, in part, by
studies demonstrating that not only the length of the latent period but also the
type of damage produced is dose-related.2% 33 For instance, in rat brain, at
doses of approximately 20 Gy, primarily vascular-related alterations were seen
with a latency of >12 months.2? At doses of 25 Gy, alterations were confined
primarily to the white matter with latencies of <12 months.2® At even higher
doses, the latent period further decreased accompanied by another increase in
vascular damage such as hemorrhage.33 These findings might explain why the

9-11

early studies using radium applied directly to the brain reported primarily

vascular-related alterations. An additional factor that may influence the



character of radiation injury is volume, so that when smaller volumes of tissue
are irradiated, there is a shift from white matter to vascular damage.33

Although the aforementioned findings may help to explain the apparent
discrepancy in histopathologic results, they do not explain the mechanism by
which an alteration in the dose or volume of irradiation would lead to an
alteration in the character of radiation injury, nor do they answer the question of
whether there is a single target cell population for radiation brain injury. An
apparent weakness of studies relying only upon histopathology is that they
demonstrate changes in cell morphology but reveal little if anything about cell
functionality. Studies of cell and tissue function following irradiation might
provide evidence of alterations which precede histopathologic changes and
might better demonstrate the pathogenesis of the development of radiation-
induced brain injury. They might also reveal that the term "latent period" is
something of a misnomer. In fact, it has already been demonstrated that
alterations in cell function can occur in the absence of and prior to
demonstrable tissue necrosis.3% 34 Rose®? demonstrated increased uptake of
the 24Na in the brain of rabbits exposed to as little as 5 Gy, which is well below
the dose associated with morphologic alterations. Delattre et al*# also noted
increased blood-to-spinal cord transfer of alpha-amino-isobutyric acid (AlB) in
the rat 30 days following 35 Gy delivered to spinal cord segments T2-T9, which
preceded findings of tissue necrosis by approximately 4 months. Whether the
functional alterations demonstrated by these two studies play a role in the
evolution of radiation injury or are merely consequences of such changes is
unknown. However, they demonstrate that morphologic studies do not
adequately reveal all the sequelae following brain or spinal cord irradiation.

The findings of Rose and Delattre gt al also raise the question of whether

there might be important radiation effects on the function of critical cell



populations besides the endothelial cells or oligodendrocytes. For instance,
Hopewell et al.'” noted smooth muscle cell atrophy in the choroid plexus of rats
following whole brain irradiation. Changes in the function of smooth muscle
cells could conceivably lead to alterations in blood flow and, secondarily, gross
tissue damage. In addition, Clemente and Holst 3° demonstrated that
alterations in the astrocytes might play an important role in the expression of
radiation-induced brain injufy. Their study examined radiation-induced
histopathologic and blood-brain barrier (BBB) alterations in macaque monkeys
6 hours to 6 months after single doses of 15 to 60 Gy delivered to the whole
head. Regions of BBB breakdown were detected with intravenously
administered trypan-blue dye, which is unable to cross from the
cerebrovasculature into the parenchyma in regions where the BBB is intact.
BBB breakdown was observed in all of the animals treated with 60 Gy, none of
the animals treated with 15 Gy, and 30-40% of those treated with intermediate
doses. The authors noted that regions of BBB breakdown were "co-extensive"
with regions of astrocytic degeneration, and, of particular interest, regions of
BBB breakdown corresponded to the regions of the most intense neuronal
damage. The damage to neurons in those cases were attributed to what
Clemente and Holst3® referred to as the "indirect" effects of radiation on tissue,
i.e. secondary effects arising due to alterations in supporting cells. It is apparent
from their study that tissue integrity in the brain is dependent upon the inter-
relationships of the cellular elements comprising that tissue, which could make
it difficult to identify a single cell as the primary target of radiation and cause of
tissue breakdown. In a study examining correlated alterations in the
morphology of endothelial cells and astrocytes following irradiation of the rat
brain, Calvo et al?° considered the radiation damage of these two cell types to

be so closely related that they chose to refer to damage to the "glial/vascular



unit." In an analytical review of target cell theories of radiation injury to the
CNS, van der Kogel®? states that "one cannot analyze the role of one target cell
without considering the damage induced in another population. The ultimate
expression of tissue damage will depend on the interactions between the
different tissue components.”

The hypothesis that a change in the function of one cell type can lead to
secondary alterations in other cell types suggests that there are factors besides
cell survival that may affect the expression of radiation injury. Ascher and
Anson3® demonstrated that one such factor is systolic blood pressure. In their
study, hypertension was artificially induced in rats by ligating a renal artery.
After irradiation of the cervical and thoracic spinal cord with doses of 15 to 30
Gy, all hypertensive animals showed signs of ataxia and/or died during the 9
month follow-up period. In addition, histopathologic examinations
demonstrated vascular lesions in the spinal cord of all the hypertensive rats. In
marked contrast, none of the control animals showed evidence of any kind of
injury following irradiation. Later, studies by Hopewell and Wright®7
demonstrated that hypertension could also alter radiation injury of the brain.
That study combined with those of Rose,3° Dellatre gt al.34 and Clemente and
Holst3® demonstrate that it is important to consider factors other than cell
survival to understand the radiation response of a whole tissue or organ such
as brain.

Models have been introduced to account for these other factors that may
influence the expression of radiation injury in late responding tissues such as
brain and spinal cord.3% 38. 39 Factors included in the models are not only the
radiosensitivity of the cells comprising the tissue but also rate of cell loss of the
lethally irradiated cells, proliferative capacity and rate of proliferation of the

surviving cells, and the ability of the surviving cells to compensate functionally



for the killed cells.3® The last factor is in turn dependent upon the functional
demand placed upon the cells. Consideration of these factors and the idea that
cell types are likely to be dependent on one another for survival might explain
the earlier question of why the expression of radiation injury is dose and volume
dependent as well as being dependent upon blood pressure. For example, it
seems likely that glial and endothelial cells would have not only different
radiosensitivities but also different abilities to proliferate in response to injury
and functional demands; two different radiation doses would then cause tissue
necrosis secondary to alterations in glial function at one dose and secondary to
alterations in vascular function at the other. The volume dependence could be
explained by the smaller demand placed on surviving cells for proliferation and
function when smaller volumes of tissue are irradiated.*® The effect of arterial
pressure on the expression of radiation damage could be explained by greater
mechanical stress and functional demand placed on surviving cells at high
blood pressure. Other explanations of these phenomena probably exist;
nevertheless, the importance of understanding how factors such as functional
demand may alter the expression of radiation injury was well understood by
Michalowski and co-workers3® when they stated that such an understanding

might lead to post-irradiation manipulations that could modulate radiation-

induced tissue injury. In late-responding tissues such as the CNS, post- -

irradiation manipulations are of particular interest because they might be used
weeks or months following radiation therapy, at a time unlikely to interfere with
the tumor response.

Alterations in functional demand may be due not only to factors extrinsic
to the irradiated tissue, such as blood pressure, but also to intrinsic factors. For
example, cell death may stimulate a mitotic response of surviving cells and put

increased functional demands on the remaining cells.*!: 42 This is supported
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by a study of the turnover of neuroglial cells following irradiation of the rat

41 Rats were given intraperitoneal injections of 3H-

cervical spinal cord
thymidine to label mitotically active cells at various time points up to 4 months
after irradiation. A pronounced increase in the labelling-index was noted at the
4 month time point, which is just before the onset of cervical cord necrosis and
accompanying paralysis. In another study of the radiation response of rat
cervical spinal cord, Zeman*3 examined changes in the labelling index of
neuroglial cells over a period of several days after the initial labelling. Just
before the onset of necrosis, the mitotic index fell from 10% at 3 hours after
labelling to 3% three days after labelling, which Hubbard and co-workers
attributed to mitotic cell death.*2 The inability of surviving cells to keep up with
the increased demand can then lead to further cell death and tissue damage,
resulting in an “"avalanche" effect.3%: 42 While the surviving cells are
proliferating to replace dead cells, they must also compensate for the lost
functionality of the dead cells. If the compensation is inadequate, tissue
damage could again become progressive.33 40 It would appear that cell death
and the ability of the surviving cells to compensate for cell death are both
important determinants of the amount of tissue injury.

The present study concentrates on the alterations in cerebrovascular
function that may be responsible for the progression of tissue injury following
brain irradiation. The reasons for concentrating on cerebrovascular rather than
oligodendroglial cell alterations are due to a number of considerations. Some
of these have already been mentioned and will be reiterated here. First, there is
no clear path by which oligodendroglial cell death would lead to the
progression of tissue necrosis. In contrast, damage to the cerebral vessels
could clearly lead to tissue necrosis through the process of ischemic

infarction.3!: 44 In addition, alterations in BBB function resulting from vascular

11



damage might lead to increased levels of edema, increased interstitial pressure
within the brain parenchyma, vascular compression, and further ischemic
1

injury.3 Lastly, it has been suggested that the presence of cerebral edema

may cause myelin damage;3* 4% 46 thus, vascular damage and the associated
BBB breakdown might account for the demyelination seen following irradiation.
The need to further study the role of the vasculature in radiation injury was
pointed out by Hopewell et al,'” who stated that the consequence of alterations
in the vasculature following irradiation "varies from tissue to tissue and
depends on complex adaptations and physiologic relationships which are at
present little understood ... A fuller understanding of the reasons for these tissue
differences may lead to the development of techniques for preventing or
modifying late normal tissue damage after irradiation." In the hope of
addressing some of these complex physiologic relationships, the primary
questions considered in the present work are: 1) what are the cerebrovascular
alterations that occur in response to radiation, and 2) do such alterations

influence the expression of radiation-induced injury.

Prior Studies of Post-Irradiation Cerebrovascular Function

There have been only a limited number of studies that have quantitatively
assessed alterations in cerebrovascular function, such as blood flow and
permeability, following brain irradiation.3% 4651 |n one of the earliest studies,
the right occipital cortex and underlying white matter of eight macaque monkeys
were irradiated with 35 Gy; treatment follow-up included sequential monitoring
of cerebrospinal fluid (CSF) pressure and a terminal measurement of regional
cerebral blood flow (rCBF).50 At CSF pressures that were 2-3 times pre-
irradiation values, marked reductions in rCBF were noted in the edematous

white matter. In two monkeys with CSF pressures that were greater than 3

12



times their pre-irradiation values, rCBF was diffusely reduced throughout the
brain. In addition, rCBF was elevated in the regions immediately surrounding
the radiation lesions, a finding which is typical of ischemic brain injury. Those
results are consistent with the earlier stated hypothesis that radiation injury to
the brain may be secondary to alterations in blood flow due to edema,
increased interstitial pressure, and subsequent ischemia.3!

In an effort to determine the source of radiation-induced edema,
Groothuis and colleagues‘” studied changes in BBB transfer of radiolabeled
AIB 7-717 days after the permanent interstitial implantation of 5-7 mCi 125|
sources in dog brain. They noted that the resultant lesion consisted of a central
necrotic zone surrounded by a region of viable brain tissue with an increased
blood-to-brain transfer. The increased AIB transfer was relatively constant

between days 7-392, and returned to normal by 716 days. Extensive edema

was also noted histologically in dogs that survived up to 392 days but not in

those surviving 716 days. Although the cerebral edema was attributed to

34, 46, 52 Groothuis

alterations in BBB permeability as also suggested by others,
ot al*’ pointed out that AIB may be a poor marker of processes associated with
edema because it is trapped intracellularly and cannot diffuse very far.53 Thisis
particularly important because radiation-induced edema following interstitial
irradiation can be found in regions distant from the area of BBB breakdown,
probably due to the diffusion and bulk flow of proteins from the site of BBB
breakdown.#” Groothuis and co-workers conceded that "the physiological
mechanisms of 125|-induced hemispheric edema remain to be studied."
Because cerebral edema is one of the primary complications of
brachytherapy,’* this comment emphasizes the importance of studies to

elucidate the relationship of cerebrovascular permeability to cerebral edema.
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There are at least two reasons for the limited number of studies of
cerebrovascular function following brain irradiation. The first is related to the
fact that most of the studies done within the past 20-30 years, when methods for
evaluating cerebrovascular function existed, were done using external beam
radiation at doses of 15-30 Gy. There is typically a long latent period preceding
brain injury following external beam radiation at those doses.®®> The long
latency makes it imperative to do multiple studies over long periods of time in
order to detect subtle alterations in blood flow which might precede
morphologic injury; in the case of invasive techniques such as the hydrogen
clearance and microsphere methods of blood flow measurement,>® this
generally necessitates using multiple animals. If the most significant
cerebrovascular alterations are assumed to occur at some critical time just prior
to the onset of morphologic injury, it might seem that the difficulties presented by
the long latency could be avoided by limiting cerebrovascular studies to that
critical time period. However, the latent period can vary by up to 3 months5%: 55
so that multiple time points would still be required. The second reason is that
cerebrovascular radiation injury following external beam radiation is
multifocal,?® 57 which could make it difficult to define precisely the
cerebrovascular changes that take place following irradiation. To avoid
difficulties associated with the extended and varied latent period, the present
study has employed high activity 1251 sources that are directly implanted in the
brain. The delay prior to the maximal expression of injury is generally shorter
(3-4 weeks rather than 3-4 months) and less variable than that seen after
external beam irradiation.52 58 |n addition, the resultant lesion is well-defined
making it possible to focus the study of cerebrovascular alterations on a small

region of the brain.

14



To overcome the problems associated with invasive techniques of
measurement of cerebrovascular function, a non-invasive method of blood flow

59, 60 and a non-invasive

measurement was developed for the present study,
method of quantitatively assessing BBB breakdown was derived from a positron
emission tomography (PET) method.5! Although non-invasive methods of
rCBF measurement such as PET and single photon emission computed
tomography (SPECT) have been available for the past 15-25 years,52 63 the
resolution of these methods has generally restricted their use to regions of
interest (ROIs) of at least 1 cm3.54. 65 Therefore, such methods might be unable
to detect small regional alterations in cerebral blood flow accompanying
radiation brain injury.2% 57. 66, 67 while PET has been used to study alterations
in BBB function following irradiation, 4 the expense associated with PET has
limited its availability. Magnetic resonance imaging (MRI) methods have much
better spatial resolution than either PET or SPECT, but unfortunately no
quantitative methods to measure rCBF have been developed, despite efforts in
that area.%8-75 MRI has been used for qualitative detection of BBB alterations
following radiation,4®: 76: 77 but the complex relationships determining image
intensity78 have probably limited its use for quantitative studies. Computed
tomography (CT), like MRI, has good spatial resolution and is widely available.
Unlike MRI, the relationships determining image intensity following the
administration of contrast media appear to be more straightforward. For
example, the change in CT image intensity, measured in Hounsfield Units (HU),
following administration of an iodinated contrast agent is directly proportional to
the amount of agent within the tissue of interest.”® For these reasons, CT was
chosen over PET, SPECT, and MRI as a method for the measurement of rCBF
and BBB breakdown.
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CT has alread.y been used for measurement of blood flow in a number of
other organs, including liver,2? kidney,8' cardiac muscle,®2 and brain.83 The
technique used for brain consists of a series of CT images of a given section of
brain obtained during the inhalation of xenon gas, which is radiodense and thus
serves as a contrast agent. Regional CBF is then determined from the rate of
uptake of the gas into the tissue, which can be determined from changes in
image intensity. Unfortunately, spatial resolution of the xenon CT technique is
limited to ROIs of greater than 1 cm3.8% Axel® proposed a dynamic CT method
for assessing rCBF, in which a series of CT images is obtained during the
passage of a bolus of iodinated contrast agent through the brain. Changes in
contrast concentration as a function of time can be determined from the CT
images, and rCBF-related information can be derived from these changes

84-86

based on indicator dilution theory. Previous studies attempting to utilize

dynamic CT to measure blood flow were limited by scan acquisition times and

interscan delay times of 1.5 -2.0 seconds and greater.85: 86

The development
of the ultrafast CT scanner, with acquisition times of 50-100 msec and interscan
delay times of 0.6 seconds, has reduced these limitations.8” However, despite
the use of the ultrafast scanner to measure blood flow in a number of organs,
the development of an accurate means for estimating blood flow within the brain
with such a scanner had not been established prior to the present work.
Determination of the cerebrovascular changes associated with radiation
damage is most useful if one can distinguish which of the changes actually
mediate the injury. One method of accomplishing this would be to specifically
modify one of the cerebrovascular changes and see if the injury is also
modified. Such modifications might be induced by the administration of drugs
which affect either rCBF or cerebrovascular permeability. Although there are no

known examples of studies using agents to modify rCBF following irradiation,
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there are examples in which brain irradiation was followed by the administration
of agents which modify cerebrovascular permeability.“s' 51 Jo6 and
colleagues48 studied BBB leakiness after the implantation of 90yttrium sources
and administration of metiamide, a histamine Hz receptor blocker. BBB
damage was quantified at 24 or 72 hours after implantation by the extent of
tissue staining by Evan's blue dye, which in a normal brain is confined' to the
cerebrovasculature. They noted significantly reduced staining in the
metiamide-treated animals. In addition, they reported that, unlike saline-treated
controls, metiamide-treated animals showed no clinical signs of edema such as
somnolence or apathy. Although the amount of edema was not quantified, the
apparent association of altered BBB damage with an altered extent of edema
strongly suggests that changes in cerebrovascular leakiness are not end results
of radiation damage but actually play a role in the evolution of such damage.

Similarly, Warnke and co-workers®!

studied the effects of
dexamethasone on radiation injury induced in dog brain by thve interstitial
implantation of radioactive sources. After 3 days of treatment with
dexamethasone, the investigators noted a reduction in the blood-to-brain
transfer constant, which was accompanied by an increase in rCBF in the
edematous region. One implication of this study is that alterations in BBB
function are associated with alterations in rCBF.

Another agent which has been found to modify cerebrovascular
permeability is a-difluoromethylornithine (DFMO).88-92 DFMO is an inhibitor of
ornithine decarboxylase, a key enzyme involved in the formation of the
polyamines putrescine, spermidine, and spermine from the amino acid
ornithine.%3 Following creation of a focal cryogenic lesion in rat brain, it was

found that there was a significant increase in polyamine levels within the lesion,

whereas there were no or minimal alterations in polyamine levels outside the
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lesion. The injury was accompanied by an increase in BBB permeability
signified by abnormal leakage of fluoroscein from the cerebrovasculature into
surrounding tissue. DFMO administered 10 minutes prior to induction of the
cryogenic lesion prevented the subsequent increases in polyamines and
cryogenic injury; the administration of putrescine abolished the effects of DFMO.
Because DFMO appeared to affect permeability, it was suggested that the
compound might also be useful in reducing cold-injury induced edema.
Furthermore, in a model of ischemic injury in cat brain, it was found that DFMO
pretreatment resulted in a reduction in Evan's blue dye staining of the ischemic
region and a "significant return to control values for specific gravity",94
suggesting that permeability changes were accompanied by alterations in
edema.

Based on the above studies, DFMO appears to be a promising agent for
the alteration of radiation-induced cerebrovascular permeability and the
subsequent edema. n DFMO reduces radiation-induced alterations in the
permeability of endothelial cell monolayers,g5 but there are no known studies of
the effect of DFMO on both radiation-induced permeability and subsequent
radiation-induced tissue damage. In the present work, DFMO is used as a
cerebrovascular permeability modifying agent in order to determine how such a

modification might alter subsequent radiation brain injury.

SUMMARY

There are a number of compelling reasons to examine the role of the
cerebrovasculature in radiation brain injury. Despite the importance and
relevance of determining the primary target cell responsible for radiation-
induced brain injury, efforts toward this end have been unsuccessful to date.

Reasons for the lack of success include the lack of emphasis as well as
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techniques to study the variety of factors that play a role in the expression of
radiation injury within a complex tissue or organ.38 One important factor is the
interdependence of the various cell types within a tissue. Because of this
interdependence, a loss or reduction of function of one type can potentially lead
to the death of another type. Perhaps the clearest example of this is the role of
endothelial cells in maintaining the vasculature and nutrient supply of all other
cells within a tissue. Despite the obvious importance of the vasculature to
tissue integrity, it has been difficult to determine what role the cerebral
vasculature might play in the expression or radiation brain injury based on
histopathologic results. Although studies of in vivo cerebrovascular function
should avoid some of the inherent limitations of histopathologic studies, there
have been only a limited number of such studies. ’

The present study was designed to elucidate the changes in
cerebrovascular physiology that mediate cerebral edema and radiation injury.
The design of the study was based on the hypothesis that radiation-induced
BBB damage leads to cerebral edema, ischemia, and, in turn, tissue necrosis.
To sequentially study the changes in cerebrovascular function following
irradiation, non-invasive CT methods for the quantitative determination of blood
flow, blood-to-brain transfer, and cerebral edema were developed. Following
development of these methods, a well-described beagle model of radiation
brain injury>? 58 was used to non-invasively study cerebrovascular parameters
and tissue injury following irradiation. In this model, radiation injury is manifest
on CT images as a focus of low density surrounded by a ring of tissue that is
characterized by profound enhancement by conventional iodinated contrast

medium (Figure 1). The enhancement delineates a region of BBB breakdown.
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Figure 1 Transverse, contrast-enhanced CT scan of dog brain 2 weeks
post-irradiation with a single 125| source. Radiographic characteristics of the
focal radiation lesion include an area of necrosis (N), visible as a region of low
density centered around the site of implantation of the radioactive source,
surrounded by a ring of contrast enhancement (RE). Diffuse edema (arrows)

can be visualized on the scan by the low density throughout the hemisphere.
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Diffuse low density is also observed within and outside of this region of BBB
breakdown. Histologically, the focus of low density corresponds to necrosis, the
ring of contrast enhancement (RE) corresponds to the region at the interface of
necrosis and surrounding non-necrotic tissue, and the diffuse low density
corresponds to vasogenic edema. Following irradiation, changes in rCBF,
vascular volume, mean transit time of blood, blood-to-brain and brain-to-blood
transfer of iodinated contrast, edema volume, and volumes of necrosis and
contrast enhancement were non-invasively quantified weekly with CT for up to 6
weeks following the implantation of 125| sources into the white matter of 9 adult
beagle dogs. In addition, tissue and CSF polyamine levels were assessed 2,
4, and 6 weeks after irradiation. To assess the role of cerebrovascular
permeability in the subsequent radiation-induced tissue injury, DFMO was
administered at a dose of 150 mg/kg for 2 days prior and 14 days post-
irradiation in an additional 7 dogs, and the ensuing changes in the
aforementioned measures of cerebrovascular function, tissue injury, and

polyamine levels were determined.
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METHODOLOGY, VALIDATION, AND RESULTS

METHOD OVERVIEW

Animals

All studies involving experimental animals were carried out using male
and female purebred adult beagle dogs approximately one year of age. The
dogs were purchased from a commercial supplier and housed under
standardized conditions. They were given routine veterinary care including the
prophylactic administration of anthelmintics for intestinal parasites and
vaccinated against distemper, hepatitis, leptospirosis, parainfluenza, and parvo
virus. Dogs were anesthetized for all surgical and imaging procedures.
Preanesthetics included atropine sulfate (0.05 mg-kg-!) and acepromazine
maleate (0.25 mg-kg-!) administered subcutaneously 20-30 minutes before
induction. General anesthesia was induced with sodium thiamylal (4% to effect)
given through an 18-20 gauge catheter placed in a cephalic vein. After
endotracheal intubation, anesthesia was maintained either with supplemental
boluses of thiamylal (CT studies of blood flow and blood-to-brain transfer
constants) or with a mixture of methoxyflurane gas and oxygen (see Appendix |.
General Anesthesia for details).

All irradiated dogs (see below) were given a general physical and
neurologic exam one week prior to irradiation and weekly thereafter. The
neurologic exam was done to determine the effects of focal radiation injury on
sensory and motor function and incorporated subjective assessments of
response following naturally occurring or induced stimulation. Included in the
neurologic exam were evaluation of proprioceptive and nociceptive reflexes,

righting and placing reactions and assessment of cranial nerve function.
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CT-Based Measurements

Yolumes of Necrosis, Contrast Enhancement. and Edema Volumes
were measured using a GE 9800 CT scanner (General Electric Medical
Systems, Milwaukee, Wisconsin). After induction of general anesthesia, the
dog was placed in sternal recumbency with head extended onto a plastic head
rest within the gantry of the CT scanner (Figure 2). A CT number calibration
phantom containing tubes filled with water, saline, 10% serum albumin, and
mineral oil was positioned under the head during scanning.52: 55 58 A |ateral
computed radiograph of the skull was obtained in order to select the
appropriate levels for scanning.

For the CT studies of edema volume, 20 contiguous 3 mm thick
transverse CT scans were obtained in approximately 5 minutes. The head was
scanned from the tentorium of the cerebellum to the cribriform plate using
contiguous, 3 mm thick sections, technique factors of 140 kVp, 100 mA, and 4 s
exposures. Images were reconstructed on a 320 X 320 matrix with a pixel size
of 0.488 mm.

For determination of edema volume, three ROls were drawn on each of
the 20 scans-using a manually-directed, trackball-guided cursor. The first was
drawn as a circle approximately 1 cm in diameter around the water within the
calibration phantom. The last two ROIls were drawn around the left and right
hemisphere. In drawing these ROls, it was important to exclude the tissues
close to the bone-brain and brain-ventricle interface due to the artifacts present
adjacent to such interfaces.%® To accomplish this, contrast within the image
was maximized by setting the window of visible CT numbers on the computer
console equal to the range of CT numbers within the brain and by setting the

level equal to the center of that range. The hemispheric ROls were then drawn
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Figure 2 Photographs demonstrating positioning of dog within the 9800
General Electric CT scanner. Note that the dog is in sternal recumbency and
maintained on methoxyflurane/O2 gas anesthesia during scanning. The head is
fixed in place with velcro straps within a plastic holder with a standardized
water, mineral oil, albumin, and saline filled calibration phantom (closed
arrows) placed beneath the head. A jacket (open arrows) containing an

infusion pump for intravenous administration of DFMO or saline is also visible.
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in such a way that the ventricles, the radiation lesion, and a 1.5-2.0 mm margin
surrounding the bone-brain, brain-ventricle, and brain-lesion interfaces were
excluded. When a radiation lesion was excluded from an ROl drawn around
one hemisphere, a comparable region was excluded from the contralateral
hemispheric ROI.

The volume (V) of edema (ED) within each tissue section was then

calculated according to the equation

Vep = ViH(CTiH - CTcH)/(CTheo - CTch) (1)

where CT4 is the CT number of the hemisphere containing the focal radiation
lesion (i.e. the irradiated hemisphere-IH), CTcH is the CT number of the
contralateral hemisphere, and CTHzo is the average CT number of the water
within the phantom (see Appendix Il. Measurement of Edema Volume using
CT). V|4 was determined from the scan thickness and number and size of pixels
within the ROI within the irradiated hemisphere.

Immediately after completion of the CT scanning for edema
measurement, the dog was scanned for measurement of volumes of necrosis
and ring enhancement. lodinated contrast medium (Na/meglumine-
iothalamate, Conray 400® Mallinckrodt, Inc., St. Louis, MO) was infused
intravenously using a Harvard infusion pump at 7 mi-min-1 for 3 minutes and
then at 2 ml-min-1 for at least 2 minutes and during scanning in order to
maintain relatively constant blood iodine levels.%2 Five minutes after the start of
infusion, 5§ contiguous 3 mm thick transverse CT scans were taken. The five
scan levels were based on the pre-contrast images and chosen so as to
encompass the focal radiation lesion. Technique factors and image

reconstruction were the same as for CT-based edema measurement studies.
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The scan levels included the level of the twist drill hole in the skull used for 123
implant and two scans both rostral and caudal to this level. The CT studies of
volume of necrosis and contrast enhancement immediately followed the edema
volume study.

During image analysis, image contrast was maximized as in the edema
volume analysis. The focal lesion was readily visible on the contrast enhanced
images in virtually all cases; the lesion appeared as a focally low dense area
(referred to as necrosis) surrounded by a ring of contrast enhancement (Figure
1). ROls were drawn around the regions of necrosis and RE using the
manually-directed trackball-guided cursor, and the number of pixels within each
ROI noted. Total volume of necrosis and RE were calculated from these values
by summing values from one or more CT scans based on the pixel width (0.488
mm) and slice thickness.

I fer Constants. Blood Fl Transit Ti |y lari
Measurements were made using a C-100XL ultrafast CT scanner (Imatron Inc.,
South San Francisco, California). Dogs were anesthetized and placed within
the scanner with the calibration phantom as for the CT-based volumetric
measurements. In order to select the appropriate level for scanning, a lateral
computed radiograph of the skull and scout transverse images were obtained.
The scan level containing the twist drill hole for 1251 was chosen.

For the determination of transfer constants, a 20 ml bolus of iodinated
contrast agent (Conray 400®) was injected into a cephalic vein at a rate of 7
ml/second using a mechanical injector (Medrad, Mark |V, Pittsburgh,
Pennsylvania). A series of 40 CT scans was initiated at the beginning of the
injection using interscan delays of 30 seconds for scans 1-2, 15 seconds for
scans 3-20, and 60 seconds for scans 21-40. Scan duration was 0.2 seconds.

Scan thickness was 6 mm. The scanner was operated at 130 kVp and 126
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Figure 3 CT images of irradiated dog brain illustrating the various regions
of interest in which blood flow and blood-to-brain transfer constants were
measured. The regions outlined are: A) lesion, B) brain surrounding lesion, C)
white matter, and D) gray matter. Region A was also used for determination of

transfer constants and Vp.
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mAs. Images were reconstructed on a 360 X 360 matrix, and pixel size was 0.5
mm. A 1 ml intravenous blood sample was obtained from a saphenous vein at
the completion of scanning for determination of peripheral hematocrit (Hct).

For the analysis, a manually directed trackball-guided cursor was used to
outline a ROI that encompassed the entire focal lesion (i.e. necrosis and RE)
(Figure 3). The size, shape and placement of the ROI for each dog was the
same from week to week and was dictated by the lesion characteristics seen
during the two week volumetric CT study. The location of the ROl was based on
bony and soft tissue landmarks, including location of the twist drill hole used for
implantation of the 125| source, the vein of the corpus callosum, and the lateral
ventricle. The CT number for the ROl was obtained from each scan, and the
change in CT number (ACTRo)) for scans 2-40 was calculated relative to scan 1.
Two pixels, one in the left and one in the right lingual artery, were used to
determine the change in CT number of an artery, ACTarT. TO minimize any
inaccuracy of ACTagrT values due to volume averaging (inclusion of non-arterial
tissues in the arterial ROI), the pixels with the greatest increase in CT number
over baseline were chosen.

The value of each of the transfer constants and plasma vascular volume

were obtained from the equation

ACTroi(T)(1-HetyACT art(T)

= Ki(1-Vp/(1-0.5Het) ( jo ACT ART(t)eKot-AYACT ART(T)) + Vp )

where K; is the blood-to-brain or influx constant, Vp is the volume of the ROI
occupied by plasma within the cerebral vasculature, and Ky is the brain-to-

blood transfer or backflux constant (see Appendix Il
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Theory of Transfer Constant Determination for details). This equation is in the
form of the equation for a straight line, y=mx+b, where m represents the slope of
the line and corresponds to K;, and b represents the intercept and corresponds
to Vp. K, was obtained using an iterative method (see Appendix IV. Iterative
Algorithm for K, Determination) to obtain the best linearity of the experimentally
determined points, and Vp and K; were then calculated from the intercept and
slope, respectively, of the line obtained using a least-squares fit.5'

In the initial pilot studies of blood flow parameters within normal dog
brain, the level chosen for measurement was the same as that used for 125|
implant (see Appendix VIil. 125] implant and Removal #7). For dogs with 125]
lesions, the blood flow measurement was done 5-10 minutes following the end
of the permeability measurement. A 15 ml bolus of iodinated contrast agent
(Conray 400®) was injected into a cephalic vein at a rate of 5 mi/second using a
mechanical injector (Medrad, Mark 1V, Pittsburgh, Pennsylvania). A series of 20
CT scans was initiated at the beginning of the injection using interscan delays
of 2.0 seconds for scans 1-3 and 0.8 seconds for scans 4-20. Scan duration
was 0.1 seconds. Scan thickness was 6 mm. The scanner was operated at 130
kVp and 63 mAs. Images were reconstructed on a 360 X 360 matrix, and pixel
size was 0.5 mm.

To select the best image for delineating brain morphology, an elliptical
ROI encompassing most of the brain was drawn, and the average CT number of
the pixels within the outlined regions was determined for each of the 20 scans
and plotted versus time. Based on this plot, the scan at which the CT number
peaked within the brain was determined and used for subsequent ROI analysis.
The various regions of the brain appeared to be most easily visualized on this
image. The image contrast was maximized as for the edema volume analysis

(see above).
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A manually directed trackball-guided cursor was used to outline ROls
within the CT images. The regions used in normal dogs included the left and
right internal capsule, neocortex, basal ganglia, and hemisphere. These
regions were well-defined anatomically on the CT images, thus minimizing
operator influence on the choice of the region boundary (Figure 4). In dogs
treated with radiation, regions used included the lesion (i.e. the necrosis and
region of contrast enhancement as described above), the entire hemisphere
excluding the lesion (as described in the measurement of edema), the white
matter region of the internal capsule ventral to the region of the lesion, the gray
matter region of the neocortex just lateral to the white matter region, and
comparable regions within the contralateral hemisphere (Figure 3).

In order that measured rCBF would reflect parenchymal rather than pial
blood flow, care was taken to insure that ROls containing peripheral gray matter,
such as the hemisphere and the neocortex, were drawn so that overlying pial
vessels were largely excluded. To accomplish this, use was made of the finding
that pixels within vessels tended to have a large maximal rise in CT number;
pixels that were within 5 mm of the brain surface, ventricles, or mid-sagittal
sulcus and had a maximal rise in CT number exceeding the maximal rise in CT
number of deeper brain tissue were excluded from ROls.

To minimize averaging of the arterial volume with the surrounding
parenchyma, the single pixel within the left or right lingual artery that showed
the greatest rise in CT number was determined from the automatic gamma-
variate curve fit routine (see below), and this pixel was used as the arterial ROI.
In similar fashion, in an arbitrary group of the normal dogs, a single pixel was
selected within the vein of the corpus callosum for determining k in Equations

V.13 and V.14. The average CT number of the pixels within the outlined
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Figure 4 One of 20 CT images of the dog brain used for comparing ultrafast
CT measurements of rCBF to microsphere measurements. Similar ROls were
used in the study comparing ultrafast CT measured rCBF to xenon CT
measured rCBF. Outlined are the various regions of interest used including A)

basal ganglia, B) internal capsule, C) neocortex, and D) lingual artery.
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regions was determined for each of the 20 scans and plotted versus time
(Figure 5).

A gamma-variate curve of the form ACT(t)=C(t-t,)Ae-(tc)B, where ACT(t)
is the change in CT number from baseline at time t and A, B, C, and t, are
parameters obtained from the curve fit, was then automatically fitted to the data
by the scanner software. The curve fit was initiated at the point that the CT
number increased to 15% (for neocortex, hemisphere, gray matter, venous, and
arterial ROIs) or 30% (for basal ganglia, internal capsule, lesion, and white
matter ROls) of the maximal rise in CT number and was terminated at the point
when the CT number fell back to 50% of the maximum. The reason for using
different initiation points for the fit was related to the lower maximal rise in CT
number and greater noise in the data from smaller ROIs (i.e. the basal ganglia)
and ROls with lower flow (i.e. the lesion and white matter) (see below).

For use in the actual calculation of rCBF, parameters characterizing the
fitted curve, A, B, C, and t, as well as area under the curve (AUC), center of
gravity of the curve <t>, and peak increase in CT number, were automatically
displayed adjacent to the CT image. The rCBF, mean transit time, <t;>, and
vascularity, Vg, were then calculated according to the formulae (see Appendix

V. Theory of Blood Flow Determination)

rCBF= Vpy<t> (3)

Vgi = [(1-HCTpa)/(1-j:HCTpA)] - [ AUCROVAUCPA] (4)

<tr>=[2-(1-m)/(1+k2)]-(<troP>-<tPa>) ‘ ©)
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Figure 5 Time-concentration data obtained for the region of the neocortex.
Each open box corresponds to the concentration of indicator (i.e. CT number)
within the ROI at that particular time after the start of injection. The line passing
through the open boxes is the gamma-variate curve fitted using a least-squares
approximation. The carat at approximately 10.5 seconds corresponds to the
time of maximal concentration of indicator within the ROI and is equal to the time

of acquisition of the image used for drawing the neocortical ROI.
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CT-BASED MEASUREMENT DEVELOPMENT AND VALIDATION

CT provides a method to non-invasively measure the x-ray attenuation
coefficients of the regions comprising a cross-section of tissue. These x-ray
attenuation coefficients can be translated to a corresponding gray scale, and
the coefficients of the section viewed as a conventional CT image. Regional
variations in the attenuation coefficient are then evident within the image as
variations in image brightness, with greater brightness typically corresponding
to a higher attenuation coefficient.

The attenuation coefficient of a region is a function of the probability with
which a photon passing through the region is either absorbed by the
photoelectric process or scattered by the Compton process."’7 This probability
is determined by both the photon energy and the atomic composition of the
region.97 The attenuation coefficient is measured by determining the proportion
of incident photons that are transmitted through the region.97 The region's CT
number in Hounsfield Units (HU) is then derived from this attenuation

coefficient, u, of the region (T) and that of water according to the formula®’

HU=1000(p7-+20)/Ht20 (6)

Because regional attenuation number and hence CT numbers are a function of
the atoms comprising the tissue, changes in tissue composition can be
evaluated by monitoring alterations in CT number. This makes it possible to
measure alterations such as changes in brain water content that might
accompany cerebral edema. In addition, because contrast agents that enter the
region can cause marked alterations in the attenuation characteristics of the

tissue, it is also possible to use CT to study the dynamics of accumulation and
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washout of such agents. This is the basis of using CT to measure blood flow
and blood-to-brain transfer.

it should be noted out that there is some uncertainty in measurements
based on changes in CT number. Because any measurement of attenuation
must be based on a finite number of photons, there is imprecision or "statistical
noise" associated with such a measurement and therefore inaccuracy in the
derived CT number. As the number of photons used in the measurement is
increased, the precision will increase.?’” However, to use CT numbers
effectively, it is important to have some quantitative appreciation of their
precision.

One method of determining precision associated with measurements of
CT number is to examine the CT numbers of a homogeneous region, such as a
water-filled phantom. In theory, CT number of the water should be the same
throughout the region, but in practice there will be some fluctuation in the
number due to statistical noise. The standard deviation, o, of the values gives a
measure of the spread of values or noise associated with any CT number
measurement. The uncertainty in the measured CT number for a ROI is
determined by the uncertainty of the mean, oy, of CT numbers for the region. If
there are N CT numbers corresponding to N pixels within the ROI, this

uncertainty can be estimated from the expression®®

oM = 6/N172 (7)

Because the variation in CT numbers within an image is not random, this
equation actually overestimates the standard deviation of the mean and should
be considered as the upper limit of the true value.®” The equation is accurate

for long, narrow, rectangular ROIls in which the area is increased only by
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increasing the length of the longer side.9% However, for circular ROIs of
increasing area, oy decreases proportional to 1/N3/4 98 Therefore, for
irregularly shaped ROls, oy would be expected to be proportional to 1/N* where
x would be between 1/2 and 3/4.

The theory and/or methodology of the CT-based measurements of
volume of necrosis, contrast enhancement, and edema as well as blood-to-
brain and brain-to-blood transfer, blood flow, mean blood transit time, and

vascularity were developed and/or validated as outlined below.

Region of Interest Volumes

To assess the accuracy of volumetric measurements of small ROIs, such
as those used for determining volume of necrosis or contrast enhancement, a
CT phantom study was done utilizing a water-filled plastic phantom within which
was a second fluid filled compartment roughly the size of the dog brain. Within
the smaller compartment there was a series of glycerol filled cylinders whose
diameters ranged from 2 to 6 mm based on the diameter of the drill bits used in
creating the cylinders; therefore, for a 3 mm thick scan, cylinder volumes were
expected to range from 0.0094 - 0.0848 cm3. The phantom was placed within
the CT gantry and scanned using radiologic technic factors comparable to those
used for the in vivo studies. The differences between the cylinders and
surrounding fluid were less than 100 CT numbers, which was comparable to the
CT number differences between the regions of necrosis, RE, and surrounding
brain. Volume measurements of the glycerol filled cylinders were made using
the trackball guided cufsor to outline the cylinders. Cylinder volume was
calculated based on the number of pixels within the outlined region, pixel size
(0.488 mm), and scan thickness. CT measurements were compared to the

expected volumes of the cylinders. The accuracy of the CT trackball method for
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analysis of small volumes was demonstrated by a highly significant correlation

(R=0.99) between CT measured volume and expected volume (Figure 6).

Cerebral Edema

To assess the validity of the CT-based method of volume of edema
analysis, the CT results were compared to water volume calculated from the wet
and dry weights of tissue. For 14 dogs, 3 cross sectional slices of brain,
approximately 3 mm thick and comparable to 3 CT sections taken 6-15 mm
caudal to the focal lesion, were divided along the midline into left and right
halves. The halves were weighed, dried at 100°C to constant weight, and
reweighed. Per cent water in each half was calculated as [100% - (wet weight -
dry weight)/wet weight], and volume of excess water determined. For each
slice, excess water volume was calculated as [(%H204-%H20¢cH)/100]-V |,
where %H20 is the percent water in the irradiated (IH) or contralateral (CH)
hemisphere and V|4, the volume of the irradiated hemisphere, was determined
by dividing its wet weight by brain density (1.03 g/ml). For each dog, the total
amount of excess water in the three tissue slices was compared to the total
amount of excess water calculated from the CT images.

A significant correlation was seen when CT-based determinations of
edema volume were compared to wet-dry weight based measurements
(R=0.71, Figure 7). However, the slope of the least-squares regression line
relating CT-based measures to the wet-dry measures was significantly less than
one, indicating that the CT-based volumes were greater than the wet-dry
volumes. The reason for this difference is that the CT method depends upon
overall changes in x-ray attenuation within the irradiated hemisphere, and such
changes may be due to a variety of factors in addition to increased water, such

as the leakage of plasma proteins and breakdown of tissue lipids. Therefore,
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Figure 6 Comparison of CT derived volumes (mean * standard deviation)
to expected volumes within a standard phantom. The expected volumes were
calculated from the known thickness of the CT sections (3 mm) and the size of
the bits used to drill the holes in the phantom. There were from 4-6 holes within
the phantom at each of the different volumes. There is a strong correlation (R =
0.99) between the two measurements; the line of unity is shown

for comparison.
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Figure 7 Comparison of CT derived volume of edema and volume of
excess hemispheric water based on wet/dry weight determinations. There is a
significant correlation between the two methods (R=0.85). The line represents

the least-squares line of regression (Wet/Dry Volume = 0.26-CT Volume + 0.05).



46

0.35

0.3

1
N
o

0.25
0.15+

0.1+
0.05

(lw) sawnjoA Aig-19M

CT Volume (ml)



the CT-calculated volumes do not strictly reflect increased water content, as is
the case for the wet-dry weight method. Nevertheless, the significant correlation
between the CT and wet-dry methods suggests that changes in CT-based
volume of edema measured here were largely due to changes in tissue water
rather than protein and/or lipid. For this reason, the CT methodology is a valid
method of quantifying volume of excess tissue water resulting from focal brain

irradiation.

Blood-to-Brain and Brain-to-Blood Transfer Constants

The accuracy of Equation 2 is dependent upon ACT arT(T)/(1-Hct) being
directly proportional to Cp(T), the plasma concentration of the contrast agent,
and ACTRo((T) being directly proportional to Croi(T), the concentration of
contrast within the ROl (see Equation Ill.9). Theoretically, the constant of
proportionality, ¢, should be the same in both cases so that Equation 2 should
be valid. However, CT number of small structures, such as arteries, are subject
to inaccuracies due to volume averaging,g9 which could alter the proportionality
constant relating ACTART(T)/(1-Hct) to Cp(T). Because of this, the actual
proportionality constant was determined in four dogs. Following general
anesthesia, an incision was made near the femoral triangle and 10 cm of Tygon
tubing, 1 mm diameter, was inserted into the femoral artery and advanced into
the aorta. The skin wound was closed and the arterial line flushed with a
solution of heparinized (3 U/ml of heparin) normal saline. During the course of
a permeability study, ten 5§ ml blood samples were collected from the intra-
arterial line. Samples were obtained before the administration of any contrast
agent, and after every 2-5 CT scans. A 100 ul aliquot was taken from each
sample to determine hematocrit, and the remaining blood was allowed to clot,

spun at 2000 rpm for 10 minutes, and the serum removed and frozen until
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evaluated for total iodine concentration using an x-ray fluorescence
technique. 90

The proportionality constant, ¢, was approximated by the slope of the
least-square regression lines relating ACT art/(1-Hct) to Cp in each of the four
dogs. In all cases, there was a strong and highly significant correlation between
ACTART/(1-Hct) and Cp with correlation coefficients ranging from 0.96 to 0.98.
The average value of ¢ for the four dogs was 0.059+0.008 (mean + standard
error (SE)). Two SEs above and below this mean should contain the range of ¢
for approximately 95% of the dogs, which is the range of 0.043 to 0.075. Letting
¢’ be the proportionality constant relating ACTgro|(T) to Croi(T) and ¢ be the

proportionality constant relating ACTarT(T)/(1-Hct) to Cp(T), then

Croi(T)/Cp(T) = [ c'ACTRo(T)VICACT aArT(T)/(1-Het)] (8)
and, if c=c',
Croi(T)/Cp(T) = [ ACTRoT)/[ACT ArT(T)/(1-Hct)] (9)

(see Equation 111.9). Because volume averaging is not expected to significantly
affect the value of c', it is assumed to be constant, which is consistent with
experimental evidence.”® 191 if the value of c' is assumed to be approximated
by the mean value of ¢, 0.059, whereas c is able to vary by as much as two SEs
about the mean or 0.016, then the true value of c'/c could deviate from unity
and could range from 0.059/(0.059+0.016) to 0.059/(0.059-0.016) or 0.79 to
1.37. Thus, measurement of K; based on Equation 2 could potentially be in
error by 21-37%. However, this error range could overestimate the actual error

if the value of ¢’ also varied and was correlated with the value of c. In fact, at
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least some of the variation in ¢ may be due to study-to-study variability in CT
number (i.e. the amount of iodine required on a given scan to produce a given
change in CT number) as opposed to study-to-study variability in the amount of
volume averaging within the arterial ROI. TheA study-to-study variability in CT
number would be expected to have a similar affect on the variability of both c'
and ¢, which would suggest that ¢' and ¢ are correlated and that the calculated
error range should be considered an upper limit.

To determine the accuracy of the numerical method and computational
algorithm used in the determination of K;, Ky, and Vp, a simulation was carried
out in which the expected values of ACTgro(t) and ACTarT(t) were theoretically
calculated based on known input values of K;, Ky, Vp, and Hct (see Appendix VI.
Simulated Change in CT Number Due to Blood-Brain Barrier Breakdown). After
generating the expected values of ACTRo(t) and ACT arT(t) based on these
input values, the values of K;, K, and Vp were then calculated using the curve-
fitting method detailed in Appendix IV, and these calculated values were
compared to the input values. In addition, because the values of ACTRg(t) and
ACTaRT(t) are always associated with some degree of random error as
discussed above, varying amounts of random noise were added onto the
generated values of ACTRo(t) and ACTaRT(t) using a computer-based
pseudorandom number generator, and the effect of this noise on the accuracy
of the determinations of K;, Kp, and Vp was also assessed.

Three sets of values of K;, Ky, and Vp were used in the analysis, and the
values corresponded to the high, middle, and low end of the values measured
in preliminary studies. Noise levels for each of these sets was set at either 0
(i.e. no noise) or 0.8 CT numbers. The value of 0.8 CT numbers was chosen
based on two other values: 1) the SD of approximately 8 CT numbers for a

single pixel within a water-filled phantom scanned using the CT scanner
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Table 1. Comparison of measured values of K;, Ky, and Vp obtained from

simulated CT-based studies of blood-brain barrier breakdown with actual

values.
Input Input Measured:t
Parameter Noise Ki Kb Vp
Value® (CT #) (ml-100 mt'-min-1) (ml-100 mt'-min!)
High 0 3.06 30.48 10.04
0.8 2.9110.91 30.6819.33 10.28+1.89
Middle 0 2.01 15.07 5.05
0.8 1.99140.16 15.67+2.15 4.71+0.99
Low 0 1.00 1.01 2.53
0.8 1.0110.14 0.6510.66 3.04+1.13
. The values of the input parameters correspond to the three sets of values

of Kj, Kp, and Vp used for calculation of the simulated ACTArT and ACTro data
from which the K;, Kp, and Vp were measured. The "high" input values of K;j, Kp,
and Vp were 3 ml-100 ml-1-min-1, 30 ml-100 ml-!-min-1, and 10%, respectively,
the "middle" values were 2 ml-100 mi--min-1, 15 mI-100 mI-*-min-!, and 5%
respective|y, and the "low" values were 1 mi-100 mi-!-min-1, 1 mI-100 ml-1-min-1,
and 2.5% respectively.

t Measured values are given as mean + SD (n=5); no SD is supplied for
the cases of 0 noise because there is no variation in the measured values for

such cases.



settings used in the CT-based transfer constant measurements, and 2) the size
of "typical" ROls for a focal irradiation lesion within dog brain of 25 mm2 (100
pixels) (see Equation 7).

The results shown in Table 1 in the cases of 0 noise demonstrate that
derived values of K;, K,, and Vp generally agree with the input values with an
error of £1%. This suggests that the numerical method and accompanying
computer algorithm used are accurate methods of determining the parameters
of interest when there is no noise in the data. In the presence of noise, the
standard deviations (SD) of the measured parameters demonstrate that there
can be considerable error in a single measurement of K;, Kp, and Vp, but the
mean values obtained from repeated measurements (n=5) of the parameters

were generally within £10% of the known values of the parameters.

Cerebral Blood Flow

The validity of the CT method was evaluated by comparing it to an
accepted method of blood flow measurement, the radioactive microspheres
method. The feasibility, reproducibility, and accuracy of this technique of rCBF
measurement were determined in a series of studies in beagle dogs under
normal physiologic, altered physiologic, and pathophysiologic conditions.

Twenty-five dogs (16 male, 9 female) were assigned to three
experimental study groups; some of the dogs were assigned to more than one
study group. Two of the dogs received brain irradiation before entering Study 3.

Study 1, which included 12 normal dogs, was designed to test the
feasibility of using ultrafast CT to measure rCBF. Regional CBF was measured
as detailed above in the left and right internal capsule, neocortex, basal
ganglia, and whole hemisphere (Figure 4), and the results from the various

regions were compared. During scanning, dogs were ventilated mechanically,
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using a tidal volume of 200 ml and a respiratory rate of 25 breaths per minute.
To determine arterial carbon dioxide tension (paCO2), 1 ml blood samples were
collected from the femoral artery immediately after the last scan of the ultrafast
CT procedure. To reduce variability in rCBF resulting from alterations in paCO2,
only those studies in which p,CO2 was 35-40 mm Hg were compared.

Study 2, which included 12 normal dogs, investigated the reproducibility
of the ultrafast CT technique. For each dog, two rCBF measurements were
made 10 minutes apart and the resulting rCBF values were compared. No
mechanical ventilation was used and arterial blood samples were collected for
the paCO2 determination immediately after the last scan of each ultrafast CT
~ procedure. In addition, to establish inter-observer reproducibility, 12 of the
examinations were arbitrarily selected, and the rCBF values within the left and
right hemispheric ROIs were determined independently by two observers. To
derive the intra-observer reproducibility, five of these studies were evaluated
twice, 1-2 weeks apart, by a single observer. Reproducibility was defined as the
SD of the difference in two measurements expressed as a percent of the mean
of the two measurements.®

Study 3 was used to validate the ultrafast CT technique against the
radiolabeled microsphere method in both normal and abnormal brain. Three
normal dogs, one dog with a focal radiation lesion caused by an 125| brain

implant52

and one dog that had previously received a single radiation dose of
15 Gy to the right hemisphere!%2 were included. Both of the radiation
treatments produce significant and well-characterized increases in BBB
permeability. Up to five simultaneous ultrafast CT/microsphere studies were
done in each dog with an interval of 10-15 minutes between studies. To alter
paCO2, dogs were ventilated mechanically using a tidal volume of 200 ml and

respiratory rates of either 10, 25, or 50 breaths per minute. Arterial blood
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samples were collected for p,CO2 determination after each ultrafast
CT/microsphere study.

For the microsphere studies, a 14 g pig-tail catheter was placed in the
femoral artery and advanced to the left ventricle. Arterial pressure at the
catheter tip was monitored to confirm proper placement. A second 14 g catheter
was placed in a brachial artery. Between 1.5 and 2.0 x 108 microspheres, 15
um in diameter, radiolabeled with 153Gd, 57Co, 85Sr, 95Nb, 54Mn, or 65Zn were
injected into the left ventricle beginning with the start of administration of the
iodinated contrast agent. A reference blood sample was withdrawn from the
brachial artery at a rate of 7.5-8.0 ml/minute for 15 seconds before and for 55
seconds after microsphere injection.

After the last study, the skull was marked at the level of the CT scan
plane, and the dog was euthanized with an overdose of pentobarbital. The left
ventricle of the heart was opened to confirm proper catheter placement. The
brain was removed, sectioned at the level of the scan plane, and fixed in
formalin. Sections of the brain corresponding to the internal capsule,
neocortex, and basal ganglia were dissected and weighed. Additional samples
of the left and right frontal lobes were taken to verify adequate mixing of the
microspheres and uniform distribution to the two sides of the brain. The activity
of each isotope within each section was determined as described
elsewhere. 193
The errors in the gamma-variate curve fits used for CT-based blood flow

determinations were calculated for Study 1 according to the formula

[i(Mi‘Ci)z/ (n*-1 )]1/2'["'/§,Mi] (10)
1 1
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in which M; and C; are the measured and computed values at time i, and n' is
the number of fitted data points.
For the microsphere technique, blood flow was calculated using the

relationship
Qrol = (CountspoyCountsgef)-QRet, (11)

in which Qro is the blood flow (ml-min-1) in the ROI and Qges is the blood flow
(ml-min-1) in the reference arterial blood sample.'®® Countsgo) and Countsget
are the radioactivity of the same samples, respectively.

Simple linear regression analysis was used to evaluate correlations
between repeated measures of blood flow within the same region and between
the ultrafast CT and the microsphere measurements of rCBF. Absolute
differences were evaluated using a paired, two-tailed Student's t-test. The level
of significance was assigned at the 0.05 level. Regional differences in CBF
(neocortex versus basal ganglia, neocortex versus internal capsule, and basal
ganglia versus internal capsule) were evaluated using a one-factor analysis of
variance (ANOVA) followed by the Scheffe F-test, which corrects for multiple
comparisons.")4 Because blood flow was measured up to five times for each
ROI in each dog in the combined ultrafast CT/microsphere studies, combining
all the individual ultrafast CT/microsphere values from all dogs did not constitute
a perfectly random sample. Therefore, the five values obtained from each
normal dog and from the unirradiated regions from each of the irradiated dogs
were averaged for each ROI, and those mean values were used in the
regression analyses and paired f-tests comparing the microsphere and ultrafast

CT results.
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The average time required to perform two ultrafast CT studies, including
the time required for positioning and set-up of ancillary equipment, was
approximately 30 minutes. The procedures used, including mechanical
ventilation and in many cases repeated bolus injections, were well tolerated by
all animals.

The best fits of the curve-fitting routine were for the data from the arterial,
hemispheric, and neocortical ROIs. The average errors in the curve fits for
those respective regions were small and were 0.055 + 0.018, 0.065 + 0.011,
and 0.076 £ 0.018 (mean + SD). In comparison, the errors for the basal ganglia
and internal capsule were 0.137 + 0.058 and 0.187 + 0.085, respectively.

The lowest rCBF values measured in Study 1 were those within the
internal capsule, a white matter region. For gray matter regions, the basal
ganglia showed intermediate values, and the highest values were in the
neocortex (Table 2). Significant regional differences in CBF were detected in
all cases (basal ganglia versus neocortex as well as basal ganglia or
neocortex versus internal capsule), and the variation in side-to-side differences
in rCBF was small relative to the inter-animal variation (Table 2).

Study 2 showed that there was a significant positive correlation between
two rCBF measurements obtained 10 minutes apart for the hemisphere (r=
0.87), basal ganglia (r = 0.77), internal capsule (r= 0.85), and neocortex (r =
0.78). There was a slight but insignificant increase in paCO2 between the first
and second study (3.2 £ 9.1 mm Hg, mean increase + SD), which was
accompanied by insignificant reductions in rCBF (Table 3). The inter-observer
and intra-observer reproducibility in calculated rCBF were 10.2 and 9.9%,
respectively.

In the ultrafast CT/microsphere study (Study 3), paCO> varied over a wide

range (20.7-62.3 mm Hg) resulting in a ten-fold change in rCBF as determined

55



Table 2. Regional and side-to-side variation in CBF measured by ultrafast
CcT '
Region Left Brain Right Brain Left-Right
Difference
Hemisphere 756 +£29.4 76.1 + 34.1 -0.5+123
Basal Ganglia 68.4 + 28.2 62.9 + 26.9 1.8+ 145
Internal Capsule 41.2+150 432+ 16.4 20t 9.4
Neocortex 80.8 £ 37.2 82.6 + 34.2 55+ 17.2

CBF, cerebral blood flow. Values are given in ml-100 g-1-min-! (mean +

SD; n=12).

56



57

Table 3. Comparison of percent differences’ in ultrafast CT measured rCBF

values obtained 10 minutes apart with left-right differences

Region 10 Minute Left-Right
% Difference % Difference
Hemisphere 14.0 + 27.0 18.2+17.3
Basal Ganglia 222 +28.5 1.31+13.0
Internal Capsule 16.8 £ 26.9 941215
Neocortex 12.6 + 33.6 52+9.6

rCBF, regional cerebral blood flow. Values are given in mi-100 g-1-min-1
(mean t SD; n=12).

Percent difference (mean + SD) in two values is defined as (Value 1-
Value 2)/(Average of Values 1 and 2)-100%, in which Value 1 is the
measurement from the first of the two studies separated by 10 minutes or is the
left CBF measurement. Left and right ROIs were averaged for the computation
of regional percent differences for rCBF values obtained 10 minutes apart, and
the two values from the 10 minute studies were averaged for computation of left-

right differences.



by the microsphere technique. A comparison of all of the ultrafast CT rCBF
values with those determined using the microsphere technique revealed good
agreement between the two methods for both normal and irradiated tissues
(Figures 8 and 9). In the normal animals, simultaneous measurements of rCBF
by the microsphere and ultrafast CT methods showed a significant correlation
between averaged ultrafast CT and microsphere rCBF values for the
hemisphere (r = 0.95), the basal ganglia (r= 0.95), and the neocortex (r = 0.94),
but not for the internal capsule (r = 0.51). There were no significant differences
between the rCBF values obtained using the microsphere method and those
obtained with ultrafast CT for any region considered (p>0.10). Both methods
typically demonstrated differences of less than 20% between homologous ROls
on contralateral sides of the brain. In the focally irradiated dog, rCBF in the
irradiated region was reduced relative to that in a homologous contralateral
region by 76.4 + 7.9% (mean t SE for the four measurements of rCBF made
using the microsphere technique and 70.7 + 4.7% (mean + SE) for the four
measurements made using the ultrafast CT technique. These values were
much greater than the left-right differences in the normal dogs (Tables 2 and 3).
In contrast, left-right differences for the dog that had undergone hemibrain
irradiation were 10.4 + 3.2% for the hemisphere, 2.3 £ 12.5% for the basal
ganglia, 32.3 + 11.1% for the internal capsule, and 5.9 + 9.6% for the neocortex
(mean + SE) when determined by the microsphere method, and 8.6 + 10.1%, -
451 17.2%, -6.9 £ 41.3, and 9.2 + 10.9%, respectively, when determined by the
ultrafast CT method.

Regression analysis of rCBF response to alterations of p,CO2 showed
that, for both the microsphere and ultrafast CT techniques, there were significant
positive correlations between rCBF and p,CO- for all brain regions considered

(Table 4). The response of rCBF within the basal ganglia to paCO- alteration
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Figure 8 Ultrafast CT versus microsphere measurements of regional
cerebral blood flow (rCBF, ml-100 g-1-min-1)) for normal hemisphere, basal
ganglia, internal capsule, and neocortex (top), and for a focal radiation lesion
and various regions within an irradiated hemisphere (15 Gy, single dose)
(bottom). There was a significant (p<0.05) correlation between the averaged
ultrafast CT and microsphere rCBF measurements for the normal hemisphere
(r=0.95), the basal ganglia (r=0.95), and the neocortex (r=0.94), but not for the
internal capsule (r=0.51). In no case was the slope of the regression line

significantly different from the line of unity, which is shown for comparison.
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Figure 9 Regional cerebral blood flow measurements (mean + SE in
ml-100 g-1-min-1) within a homologous region contralateral to a focal radiation
lesion (left) and within a focal lesion itself (right) as determined by both the
microsphere and ultrafast CT methods. Both methods demonstrate a marked
reduction in blood flow within the focal radiation lesion relative to the

homologous contralateral region.
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Table 4. Responsiveness of rCBF to alterations in paCO2 determined Using

ultrafast CT and the radioactive microsphere technique.

Average CBF Response to Alterations of CO2

Region
Ultrafast CT Microsphere
Hemisphere 1.12 £ 0.32t 1.66 + 0.22t
Neocortex 1.34 £ 0.36" 2.04 £ 0.267
Basal Ganglia 0.80 + 0.28* 1.77 £ 0.28t
Internal Capsule 0.51+0.17¢ 0.90 £ 0.13t

paCOg, arterial carbon dioxide tension. rCBF, regional cerebral blood
flow. Values are given in ml-100 g-!:-min-1-mm Hg-1. The numbers in the table
correspond to the average of the slopes (+ SE) of the regression lines from the

regression analysis comparing measured ROI blood flow (left and right side

averaged) versus paCO2 in the three normal dogs used in the ultrafast

CT/microsphere study. The p values correspond to the probability that the

slopes differ from zero and that there is significant alteration in rCBF associated

with alteration in paCOo.
* p < 0.05
t p <0.01
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determined by the microsphere technique was significantly greater than the
response determined by the ultrafast CT technique (p<0.05), and the rCBF
response within the internal capsule determined by the microsphere technique
approached being significantly greater (p<0.10). However, the trends of the
regional responses determined by the two techniques were similar, the
neocortex showing the greatest responsiveness, the internal capsule the least,
and the basal ganglia an intermediate level (Table 4).

The significant correlation between the two methods of measuring rCBF
demonstrated that CT is a valid method of quantifying rCBF under a variety of
conditions. However, although there was good overall agreement of the results
obtained with ultrafast CT and the microsphere method over a wide range of
rCBF values (Figure 8), there were instances in which the two techniques
appeared to differ. In the case of the left-right differences in the blood flow to the
internal capsule of the dog that had undergone hemibrain irradiation, the
microsphere method detected a greater difference than detected by the ultrafast
CT method. In addition, rCBF seemed to be somewhat less responsive to
alterations in paCO2 when measured by the ultrafast CT method. However,
studies of rCBF response to paCO2 using the microsphere method have shown
a tendency to report values of rCBF responsiveness that are 1.5-2.0 times
higher than those determined using other methods of rCBF estimation, such as
hydrogen and xenon clearance.’® Lastly, measurements within the internal
capsule showed an insignificant correlation between the ultrafast CT and
microsphere values. This result may have been due to the low range of flow
values within the internal capsule relative to the uncertainty of rCBF values
obtained using these two methods, rather than to an actual disagreement
between the two methods. Furthermore, some of the differences between the

two methods used here could probably be attributed to an unavoidable margin
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for error in sampling exactly the same tissues with the two techniques and to
some imprecision in the measurement of rCBF using the microsphere
method. 105

Improper fitting of the ultrafast CT data by the gamma-variate fitting
algorithm might have also contributed to differences between the two methods
in measurement of rCBF. When the data were noisy or there was only a slight
rise in the CT number within the ROI, the algorithm was more likely to incorrectly
pick the “proper” initial point for curve fitting, and this was evident from the data
deviating substantially from the fitted curves. In addition, there were instances
where a single point differed markedly from the surrounding points and
drastically altered the fit. The gamma-variate fit algorithm may have contributed
to the poor fits by logarithmically transforming the data; by doing so, the
algorithm actually minimized the deviations between the logarithmic
transformation of the fitted function and the logarithmic transformation of the
data rather than the absolute deviations between the fitted function and the
data. Substantial deviations between the data and the fitted function would
appear to be less substantial following logarithmic transformation, and this
could and apparently did in some cases lead to poor fits. A way to avoid such
problems would be to use a non-linear least-squares method of fitting the
gamma-variate function to the data, such as the Marquardt method,'%€ which
can be used to minimize the true (rather than the logarithmic) deviations
between the fitted function and the data. In the present study, because the
Marquardt method was not implemented within the ultrafast CT scanner
software, it was found that the most expedient method of improving a fit was to
exclude data points which appeared to substantially differ from the surrounding
data points. However, because of the observer bias that this could potentially

introduce, a more objective method of non-linear curve-fitting would be
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preferable. Preliminary results suggest that the correlation between the two
methods of rCBF measurement are likely to improve when the Marquardt
method of curve-fitting is fully implemented. |

The most apparent deviations between the microsphere and ultrafast CT
rCBF values arose at flow values greater than 120 ml-100 g-1-min-! (Figure 8).
Because blood flow is proportional to the inverse of the mean transit time
(Equation 3), it was evident that underestimation of the very short mean transit
times which accompany high blood flow could result in significant
overestimation of blood flow as mentioned in the theoretical analysis of the
method. In the case of radiation injury, measurement of low rCBF was
considered to be generally of greater concern. Nonetheless, to avoid the
overestimation of rCBF, a minimal acceptable mean transit time could be
established for blood flow calculations. In our study, all blood flow values of
greater than 120 ml-100 g-1-min-! had corresponding mean transit times in the
range of 0.8-0.9 seconds, which was more than two SDs below the average
mean transit time for all regions combined. Based on this, one second might be
set as a reasonable minimal acceptable mean transit time, and rCBF values
corresponding to mean transit times shorter than this could be handled
differently, such as by recalculating the rCBF with the mean transit time set
equal to one.

The SD of percent differences of ultrafast CT studies done 10 minutes
apart (Table 3) indicates that short-term reproducibility in our study was
approximately 30%. This value is poorer than the 10-15% reproducibility
obtained with invasive methods such as the microsphere technique.5: 105
However, based on our 10% inter-observer and intra-observer reproducibility,
about one-third of the short-term reproducibility was accounted for by

differences in how the ROIs were drawn for evaluation of each of the two
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studies. The poorer reproducibility could also have been related to
hemodynamic alterations, such as arterial vasodilatation,'®”-199 induced by
hyperosmotic contrast agents. However, such effects generally do not appear
until 3-4 seconds after exposure of arteries to the contrast, so it seemed unlikely
that the time-concentration data used for ultrafast CT flow calculations would be
significantly affected by these agents. Consequently, it was felt that a single
flow study would be valid, but the contrast agent might modify the blood flow in
such a way that subsequent measurements would be altered relative to the first
measurement. 199

Another potential source for the poorer reproducibility of ultrafast CT was
the use of a single value for n in Equation V.13. The parameters that comprise
n and that might have changed between subsequent studies were m and
HCTpaA. The factor m could have been altered due to changes in the arrival time
of the bolus at the peripheral artery used for computation of rCBF relative to the
actual arrival time of the bolus at the ROl (see Equation V.12 and related
discussion). HCTpa could change due to changes in cardiac output resulting in
differing amounts of dilution of the hematocrit by the contrast agent. However,
when changes in m and HCTpa were accounted for on a study-by-study and
region-by-region basis, there was no appreciable change in the reproducibility,
suggesting that the use of a single value for n was warranted.

An important finding was that there was good agreement between the
microsphere and CT methods despite the presence of radiation-induced BBB
disruption. This supported the theoretical argument (Appendix V) suggesting
that BBB disruption should not significantly alter dynamic CT-based rCBF
measurements. It also indicated that the method would be valid for the study of

changes in rCBF following focal irradiation.
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Lastly, in agreement with others,!10

the data suggested that left-right
differences in rCBF in normal brain tended to be small. For example, whereas
the reproducibility data suggested that sequential measurements of rCBF might
normally differ by as much as 130%, left-right differences were consistently in
the range of £10-20%. It was evident that this characteristic of rCBF could be
particularly helpful in evaluating pathologic changes in rCBF confined to one
hemisphere, such as a focal radiation lesion. For this reason, sequential
studies of rCBF following irradiation were analyzed for both absolute and
relative (i.e. left versus right) changes in blood flow.

Because of the desire to use the best method possible for rCBF
evaluation following irradiation, the ultrafast CT method was compared to the
xenon CT method, which is an accepted and available method of non-invasive,
CT-based rCBF measurement.83 Six male and 6 female purebred adult beagle
dogs were used for the comparison. Cerebral blood flow was measured in
selected regions in both hemispheres of each dog using xenon CT and ultrafast
CT. The regions examined included the left and right neocortex, basal ganglia,
internal capsule, and whole hemisphere (Figure 4). Xenon CT studies
preceded the ultrafast CT studies in all but one dog, and at least 48 hours
elapsed between the two examinations.

Ultrafast CT studies were carried out as described above. For the xenon
flow measurements, a GE 9800 CT scanner outfitted with a GE Xenon Blood
Flow Imaging System (General Electric Medical Systems, Milwaukee,
Wisconsin) was used. Dogs were placed in sternal recumbency with the head
extended onto a plastic head rest within the CT scanner. Initial xenon studies
were conducted in a manner similar to that used clinically, with the dogs
respiring spontaneously. However, the resultant expired xenon concentration

83

data, which were used to derive the arterial input function of xenon, ®° were so
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variable that the data could not be used (Figure 10). To stabilize xenon uptake,
all subsequent studies were carried out using a mechanical respirator. The
endotracheal tube was connected to a Harvard Respirator set at 200 ml tidal
volume and 16 breaths per minute. The xenon administration tank was then
connected to the inflow valve of the respirator. Expired xenon concentration
was monitored by the system and used to calculate the arterial input function as
detailed elsewhere.!!! The xenon gas mixture was nominally 31% xenon, 0.6-
0.8% CO2, and the balance O3z; the CO2 in the mixture was designed to
stabilize respiration and thus optimize the calculation of the arterial input
function. A venous blood sample was obtained for hematocrit determination as
required by the GE Xenon System.

A lateral computed radiograph was taken of the skull and transverse CT
scans of the brain were obtained for localization of the desired scan plane. A
scan level comparable to that used in the ultrafast CT/microsphere studies was
chosen for the xenon CT study. Two baseline scans were obtained prior to the
inhalation of xenon, and six scans were obtained over a 6 minute period after
the start of xenon inhalation. Scanning parameters were 80 kVp and 200 mA
with a 4 sec scan time; scan thickness was 5§ mm. Images were reconstructed
on a 256 X 256 matrix with a pixel size of 0.488 mm.

Following the xenon flow study, the system software smoothed all the
images to reduce pixel noise, averaged the two baseline CT scans, and
subtracted the resulting pixel density from each of the post-xenon inhalation
scans on a pixel-by-pixel basis to determine the xenon enhancement as a
function of time. By combining the pixel enhancement data with the end-tidal
xenon concentration data, rCBF values were derived for each CT image pixel
according to methods previously described in detail.83 A functional perfusion

image of the brain, in which the gray scale represented the rCBF values within
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Figure 10  Xenon uptake curves (xenon concentration in expired air vs. time
after start of xenon inspiration) obtained during spontaneous respiration (A, top)
and during forced ventilation (B, bottom) demonstrating the irregularity of such

curves when obtained during spontaneous respiration.
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each voxel, was generated from these data. Original scans and computed
xenon images were converted to a standard file format and transferred to a
specially-programmed off-line computer system for analysis.

Irregular ROls, corresponding to the left and right neocortex, basal
ganglia, internal capsule, and hemisphere, were drawn using a manually-
directed, trackball-guided cursor on the CT scan obtained at the peak of xenon
enhancement. Each ROI was then mapped on the corresponding location on
the functional perfusion image, and the average rCBF was recorded. The same
ROls were also used in the ultrafast CT studies (Figure 4), and rCBF for these
studies was computed as described above.

The rCBF within each ROI examined, including left and right hemisphere,
neocortex, basal ganglia, and internal capsule was compared to the rCBF
within every other ROIl. Separate comparisons were carried out for the two
methods of rCBF determination. Differences in rCBF were evaluated for
significance using a single factor, repeated measures ANOVA (see Appendix X.
Analysis of Variance - Description and Rationale) followed by a Scheffe F-test,

104 Ditferences in variances were

which corrects for multiple comparisons.
evaluated using a two-tailed variance ratio test using the F distribution. Side-to-
side correlations for the various ROIs considered were analyzed using simple
linear regression analysis. Significance was assigned at the 0.05 level.

The use of mechanical ventilation resulted in appreciably less variability
in the uptake of xenon (Figure 10). Only data from studies carried out with the
mechanical respirator are included here.

The areas (mean + SE) of the ROIs used in data analysis of the xenon
CT studies were 4.72 + 0.12 cm2 for the hemisphere, 1.51 + 0.31 cm?2 for the
neocortex, 0.60 + 0.02 cm? for the basal ganglia, and 0.66 + 0.02 cm? for the

internal capsule. In the data analysis of the ultrafast CT studies, the areas were
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3.78 + 0.15, 2.05+.10, 0.59 + 0.02, and 0.67 + 0.02 cm?2 for the same
respective regions.

The ranges of blood flow in the hemisphere, neocortex, basal ganglia,
and internal capsule were 41-71, 46-80, 38-87, and 22-73 ml-100 ml-!-min-1,
respectively, when measured by the xenon CT technique, and 35-177, 41-219,
34-210, and 16-107 mi-100 mi-1-min-1! when measured by the ultrafast CT
technique. The variances of the rCBF values determined using ultrafast CT
were significantly greater than those determined using xenon CT for all regions
evaluated. Ultrafast CT detected significantly lower rCBF within the left and
right internal capsule relative to the left and right hemisphere. In addition,
ultrafast CT detected significantly lower blood flow in the white matter region of
the internal capsule relative to the gray matter regions of the neocortex and
basal ganglia in all cases (Figure 11). In contrast, when rCBF was measured
using xenon CT, rCBF was significantly lower in the left or right internal capsule
relative to the other regions only in some cases; blood flow in white matter
regions was not consistently lower than that within the hemispheres and within
gray matter regions (no significant difference for left internal capsule versus left
hemisphere, left internal capsule versus right hemisphere, and left internal
capsule versus right neocortex). Neither technique detected significant
differences in blood flow between the neocortex and basal ganglia or between
homologous regions on opposite sides of the brain.

When rCBF was measured using ultrafast CT, there was a highly
significant side-to-side correlation for all regions considered, including the
hemisphere (r = 0.97), the neocortex (r =.97), the basal ganglia (r =.98), and the
internal capsule (r = 0.88) (Figures 12 and 13). In contrast, only the side-to-side
correlation for the basal ganglia approached significance (r = 0.53, p < 0.10)

when rCBF was measured using xenon CT (Figures 12 and 13).
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Figure 11 Absolute rCBF (mean + SE in ml-100 mi-1-min-1) within the left
(black) and right (gray) hemisphere (Hemi), neocortex (NC), basal ganglia (BG),
and internal capsule (IC) determined using both the xenon CT and ultrafast CT
technique. Although there is greater variance in the rCBF values determined
using ultrafast CT, both methods detected significantly lower rCBF within the
white matter region of the internal capsule relative to the gray matter regions of
the neocortex and basal ganglia. The hemisphere was not included in the
analysis of regional differences in rCBF and is included for comparison

purposes only.
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Figure 12  Comparison of left and right-sided rCBF (ml-100 ml-1-min-1) for the
hemisphere (top, circles) and the basal ganglia (bottom, squares)
demonstrating the strong side-to-side correlation present in rCBF when
determined using ultrafast CT (closed symbols) but not when determined using
xenon CT (open symbols). The line of unity is drawn on each graph for

comparison.
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Figure 13  Comparison of left and right-sided rCBF (ml-100 ml--min-1) for the
neocortex (top, circles) and the internal capsule (bottom, squares)
demonstrating the strong side-to-side correlation present in rCBF when
determined using ultrafast CT (closed symbols) but not when determined using
xenon CT (open symbols). The line of unity is drawn on each graph for

comparison.

78



Ultrafast CT
120
+— 804 *
_-E_,, ]
C 40- Ve
0 ’ T T

0 40 80 120

Y T T 1 ' 1 '
0 60 120 180 240
Left

79

Xenon CT
80
el 60—
c (o]
S
0C 40 % °
(o) (o]
(o)
20 T T o‘ 1 v
20 40 60 80
Left
100
— 80-
i -
Koy
T g o o
UD o
o o
40 Y T N 1

40 60 80 100



Invasive measurements of rCBF within normal white and gray matter
regions of normal brain have repeatedly demonstrated that blood flow within the
white matter regions is typically 1/4 to 1/2 that of gray matter.’® A non-invasive
method of rCBF measurement with a sensitivity cdmparable to invasive
methods should therefore consistently detect differences in blood flow between
white and gray matter. While xenon CT was able to detect regional differences
in blood flow between white and gray matter in many cases, it did not detect
such differences consistently. There were no significant differences between
rCBF in the left internal capsule and the right neocortex. The rCBF within the
internal capsule should also be less than that within the hemisphere, which is a
mixture of both gray and white matter, but xenon CT did not detect lower flow in
the left internal capsule relative to either left or right hemisphere. Ultrafast CT,
on the other hand, detected significantly lower flow in the left and right internal
capsule relative to pure gray matter regions and relative to left or right
hemisphere in all cases. Based on these findings, ultrafast CT appeared to be
more sensitive than xenon CT to regional differences in rCBF.

The xenon CT studies were restricted to a minimum scan thickness of 5
mm, and the most comparable scan thickness available, 6 mm, was selected for
the ultrafast CT study. Because the scan thicknesses used for the two methods
differed, the volumes of tissue sampled were also different, and it was
conceivable that this might have accounted, at least in part, for the greater
ability of the ultrafast CT method to detect differences in rCBF. Because small
ROIs sample minimal amounts of tissue, there is a greater uncertainty in the CT
numbers taken from such samples due to image noise, and thus there is greater
uncertainty in the rCBF values derived from changes in those CT numbers. On

the other hand, larger sample volumes taken from thicker scans may lead to
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greater volume averaging within a given ROI, resulting in more averaging of
gray and white matter within any ROI selected to be pure gray or white matter.
This could also make it more difficult to detect differences in rCBF. Based on
these arguments, it seemed unlikely that ROl volume alone could explain the
observed differences in sensitivity between the two methods.

The absolute rCBF values determined by ultrafast CT varied over a wider
range than those determined using xenon CT. The reason for this difference
was unclear, but the agreement of rCBF values obtained using xenon CT and
ultrafast CT with those obtained using the radiolabeled microsphere technique
suggested that the difference was not due to inaccuracies in either of the CT
techniques. It may have been related to the hemodynamic alterations induced
by the iodinated contrast agent used in the ultrafast CT studies'%7-1%9 and the
xenon/CO2/O2 gas mixture used in the xenon CT studies.®3

The variability of the ultrafast CT measurements reported here could
make detection of alterations in rCBF on the basis of absolute measurements
difficult. Because ultrafast CT demonstrated such good side-to-side correlations
for both large (hemispheric) and small (basal ganglia) ROls, the evaluation of
relative (i.e. left-right) differences in rCBF seemed to be the most viable method
of using ultrafast CT for the detection of slight rCBF alterations. Such an
approach appeared to be less feasible for the analysis of xenon CT data due to
the low side-to-side correlation of such data acquired from normal brain. In
addition, ultrafast CT provided other hemodynamic information in addition to
rCBF, including the mean transit time and vascularity. For these reasons,
ultrafast CT was chosen over xenon CT as the method to study cerebrovascular

alterations following focal brain irradiation.

81



STUDIES OF RADIATION-INDUCED CEREBROVASCULAR ALTERATIONS

Methods

Animals Thirteen male and 3 female purebred adult beagle dogs, 1-1.5
years old were studied. Cerebrospinal fluid (CSF) (1-1.5 ml) was collected from
the cisterna magna for polyamine analysis, and 3 ml of venous blood (3 ml) was
collected from a peripheral vein for determination of hematocrit and serum
cortisol levels 2 weeks prior to irradiation and weekly after irradiation for up to 6
weeks. Collected CSF was spun at 2000 RPM for 10 minutes and the
supernatant collected to remove any possible contamination by red or white
blood cells. Baseline CSF samples were obtained at the time of chronic
intravenous catheter implantation, and all subsequent samples were obtained

under general anesthesia following the ultrafast CT studies. .

DEMO treatment A chronic intravenous catheter was implanted as
described (see Appendix VII. Chronic Intravenous Catheter Implant) for the
continuous infusion of either DFMO or physiologic saline. Three ml of
heparinized (3 U/ml of heparin) normal saline was flushed through the line
every day throughout the course of the study. In addition, 1 ml of a heparin (100
U-mi-1) and penicillin (25,000 U-mI-!) solution was flushed into the line and
withdrawn three times weekly. Subcutaneous injections of antibiotic (penicillin
G benzathine 150,000 U-ml-! and penicillin G procaine 150,000 U-ml-1) were
administered (0.1 ml-kg-1) daily, from one day before to 12 days after surgery.

In all studies, DFMO or saline infusion was started 7 days after placement
of the intravenous line and 2 days before implantation of 125| sources.

Drug/saline treatment was continued during the 2 day irradiation period and for

82



14 days after 'removal of the implant. DFMO was supplied by the Marion Merrell
Dow Research Institute, and stored in powder form in a refrigerator until use.
The DFMO was weighed, diluted in physiologic saline and passed through a
0.2 u Millipore filter immediately before use. Drug dose was 150 mg-kg-1-day-1
and was given by continuous infusion at a rate of 8 ml-day-! using a calibrated
infusion pump (Travenol Auto-Syringe; Travenol Laboratories, Hooksett, NH).
Nine animals were randomly assigned to the radiation plus saline group

and 7 animals to the radiation plus DFMO group.

Badiation Treatment High activity 1251 sources ranging from 16-24 mCi
were supplied by the Department of Radiation Oncology, UCSF. Under CT
guidance sources were implanted into the white matter of the right frontal lobe
via a twist drill hole in the skull as described (see Appendix VIil. 125 Implant
and Removal). A dose of 20 Gy was delivered to a reference point 0.75 cm
away (see Appendix IX. Dose Calculation); dose rate at the reference point was
approximately 45 cGy-hr!. Radiation dose to a tissue region in the contralateral
hemisphere comparable to the site of implant was calculated to be 200-300
cGy; dose rate was 4-7 cGy-hr-!. Sources remained in the brain for 38-56

hours depending upon source activity and then were removed.

Computed Tomography: Volumetric studies Computed tomographic

exams were performed for implantation of 125| sources and weekly thereafter for
up to 6 weeks to measure pathologic changes in the brain. CT scans were
analyzed for tissue attenuation (CT number) and for volumes of tissue injury.
Volume of edema was determined from precontrast CT images and was defined
as the volume of excess water within the right, irradiated hemisphere relative to

the contralateral hemisphere (see above for details). Volumes of necrosis and
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contrast enhancement (RE) were measured on post-contrast images (Figure 1;

see above for details).

Transfer Constants. GBE. M Transit Ti | Vascularit

Measurements were done weekly from the time of 1251 implantation until the time
of euthanasia as detailed above. Briefly, for determination of blood-to-brain
transfer constants and brain-to-blood transfer constants, a series of 40 CT scans
were obtained over approximately 20 minutes following the intravenous bolus
infusion of 20 ml of an iodinated contrast agent. Immediately following this
study, for the determination of rCBF, vascularity, and mean transit time, a series
of 20 CT scans were obtained in approximately 20 seconds following the

intravenous bolus infusion of 15 ml of iodinated contrast media.

Histopathology Animals were killed with a concentrated pentobarbital
solution, and the brains were removed immediately after death. Samples were
taken for determination of tissue polyamine levels (see below), and the
remaining tissue was immersion fixed in a 10% buffered formalin solution for 1
week. Tissue samples containing the focal radiation lesion were embedded in
paraffin and stained with hematoxylin and eosin. Of the 9 animals in the
radiation control group, 2 were killed 2 weeks after irradiation, 3 at 4 weeks and
the remaining 4 at 6 weeks after irradiation. In the radiation .plus DFMO group,

2 were killed at 2 weeks after irradiation, 2 at 4 weeks and 3 at 6 weeks.

Polyamine analysis Tissue polyamine levels (putrescine, spermidine,
and spermine) were determined in tissues from animals killed at 2, 4 and 6

weeks after irradiation. Tissues within the radiation lesion, including the
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necrosis and the RE were obtained for analysis. CSF polyamine levels were
measured from samples obtained weekly. Sample preparation and high
performance liquid chromotography analysis of tissue and CSF polyamines

have been described.!12

Statistical Analysis All statistical analyses were done using the Data
Desk 3.0 statistical software package (Odesta Corporation, Northbrook, IL).
Analyses of variance were used to analyze the significance of the effect of
radiation with and without DFMO treatment on alterations in CSF polyamine
levels from baseline levels.

When there were repeated measures of parameters within individual
animals, i.e., volumes of edema, necrosis, and contrast enhancement, transfer
constants, vascularity, blood flow, mean transit time, CSF polyamine levels,
hematocrit, and serum cortisol, mixed-model ANOVAs (see Appendix X) were
used to test for the effect of DFMO versus saline infusion on the magnitude of
those parameters. In these analyses, both drug (DFMO vs. saline) and weeks
~ after irradiation were included as main factors. An interaction term of drug
treatment and weeks after irradiation (drug-week) was included to determine if
any effects of DFMO were dependent upon time after treatment. In addition, in
these and all other analyses of variance, dog (number 1 to 16) was included as
a factor to account for the fact that measurements were repeated weekly in each
dog and such measurements were therefore not completely independent. The
drug, weeks after irradiation, and interaction terms were considered fixed effects
and dog number was considered a random effect. If the interaction term was
significant, a Student's two-tailed t-test was used to determine the weeks at

which the differences between the treatment groups were most significant. |f the
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interaction term proved to be insignificant (p>0.10), the term was removed and
the model re-analyzed.

Mixed-model ANOVAs were also used to determine if RE volume was a
significant factor in estimating edema volume independent from the effects of
DFMO, and if K;j, Vp, or the interaction of Kj and Vp, had a significant influence
on the estimation of edema volume. Lastly, a mixed model ANOVA was used to
determine if Kj, Vp, or the interaction of Kj and Vp were significant factors in
estimating RE volume.

Changes in rCBF, vascularity, and mean transit time were calculated as
percent differences between regions within the irradiated hemisphere (IH) and
comparable regions within the contralateral hemisphere (CH), the percent
difference being defined as 100%-(Value|y - ValuecH)/Valuey where value
refers to the parameter of interest. A Student's t statistic was used to determine
if the percent differences were significantly different from zero. Mixed-model
ANOVAs were used to determine if edema or K; were significantly related to
changes in rCBF, vascularity, and mean transit time.

Pooled tissue polyamine levels from the DFMO and saline treated
animals were compared using Fisher's exact test. '

For all endpoints and analyses, significance was assigned at the p<0.05

level. Results with a p<0.10 were also‘reported in order to indicate trends.

Results

Implantation of the vena caval catheter, surgical implantation and
removal of the 125| source, CSF taps and weekly imaging procedures were
well tolerated by all animals. Radiation treatments were similarly well tolerated,
with only minimal neurological signs consisting of left-sided weakness and loss

of conscious proprioception in the left rear limb occurring within the first 1-2
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days after removal of the source. By the third day, and throughout the follow-up
period, no further neurologic signs were observed.

Saline Treated Animals In animals treated with radiation plus saline,
CSF putrescine levels were significantly elevated from baseline levels at 1
(Figure 14) and 6 weeks post-irradiation, CSF spermidine levels were elevat;d
at 4 weeks, and CSF spermine was not significantly altered from baseline at
any time. In agreement with previously reported results,52 necrosis and edema
volume within this group peaked 3-4 weeks after removal of the 125| source
and began to decrease after 4 weeks (Figures 15 and 16). In contrast, the
volume of contrast enhancement continued to increase throughout the course of
the follow-up period (Figure 17).

Measurements of Kjand Kp within the radiation plus saline treated
animals demonstrated that blood-to-brain and brain-to-blood transfer of
iodinated contrast was increased relative to normal values (i.e. 0) throughout
the follow-up period. The rates appeared to plateau at 1-2 weeks after
irradiation before further increases from 3-6 weeks (Figure 18).

Average blood flow parameters were significantly altered within all
regions of the hemisphere containing the focal radiation lesion (Figures 19-22).
Within the lesion itself (Figure 19), blood flow was significantly decreased by
20-40% relative to a comparable region within the opposite hemisphere
throughout the follow-up period. Vascularity was significantly decreased 20-
35% trom 1-3 weeks after irradiation before becoming significantly increased by
70% at 6 weeks. Mean transit time was not significantly altered until late in the
follow-up period; it was increased at 4 and 6 weeks post-irradiation by 30 and
130%, respectively.

Blood flow changes within brain surrounding the lesion (i.e. within the

hemisphere containing the lesion but outside the region of necrosis and
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Figure 14  Cerebrospinal fluid putrescine, spermidine, and spermine levels
(mean t SE) in dogs that received radiation plus saline infusion (®) or radiation
plus DFMO infusion (A), as a function of time after removal of a single 125|
source. The asterisks represent significant (p<0.05) differences in the
polyamine level relative to the baseline values (i.e. the values at 0 weeks after
irradiafion, n=11). Sample sizes at 1, 2, 3, 4, and 6 weeks after irradiation were
8, 7,5, 5, and 2 for the saline treated group and 4, 5, 3, 2, and 1 for the DFMO

treated group.
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Figure 15 Volume of necrosis (mean + SE) as a function of time after
removal of a single 25| source in animals treated with either radiation plus
saline (@) or radiation plus DFMO (A). An analysis of variance indicated that
DFMO treatment altered necrosis volume and that the effect was dependent
upon time after irradiation. The daggers indicate the points at which the
differences in the volumes for the two treatment groups were most significantly
different (p<0.10 for all) according to a Student's ttest. Sample sizes at 1, 2, 3,
4, and 6 weeks after irradiation were 8, 8, 5, 6, and 3 for the saline treated group

and 4, 7, 5, 3, and 3 for the DFMO treated group.
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Figure 16  Volume of edema (mean + SE) as a function of time after removal
of a single 25| source in animals treated with either radiation plus saline (®) or
radiation plus DFMO (A). An analysis of variance demonstrated that the DFMO
altered the volume of edema, and the effect was dependent upon time after
irradiation. The asterisks indicate the points at which the volume of edema of
the DFMO group was most significantly different (p<0.05) from the saline group.
Sample sizes at 1, 2, 3, 4, and 6 weeks after irradiation were 9, 9, 7, 7, and 4 for

the saline treated group and 6, 7, 5, 5, and 3 for the DFMO treated group.
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Figure 17  Volume of the ring of contrast enhancement (RE) (mean + SE) as
a function of time after removal of a single 25| source in animals treated with
either radiation plus saline (®) or radiation plus DFMO (A). An analysis of
variance indicated that DFMO treatment altered RE volume and that the effect
was dependent upon time after irradiation. The daggers indicate the points at
which the differences in the volumes for the two treatment groups were most
significantly different (p<0.10 for all) according to a Student's ttest. Sample
sizes at 1, 2, 3, 4, and 6 weeks after irradiation were 8, 8, 5, 6, and 3 for the

saline treated group and 4, 7, 5, 3, and 3 for the DFMO treated group.
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Figure 18  Blood-to-brain (K;, top) and brain-to-blood (Kp, middie) transfer
constants and vascularity (Vp , bottom) (mean + SE) as a function of time after
removal of a a single 125] source in animals treated with either radiation plus
saline (®) or radiation plus DFMO (A). An analysis of variance demonstrated

that the pattern of change of all three parameters as a function of time after

irradiation was significantly altered in the DFMO treatment group. The asterisks

indicate the time points at which the parameters for the two treatment groups
were most significantly different (p<0.05) according to a Student's ttest.
Sample sizes at 1, 2, 3, 4 and 6 weeks after irradiation were 8, 8, 5, 6 and 3 for

the saline treated group and 4, 7, 5, 3, and 2 for the DFMO treated group.
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Figure 19  Percent differences (mean + SE) in blood flow (top), vascularity
(middle), and mean transit time (bottom) within the focal radiation lesion relative
to a comparable region within the contralateral hemisphere as a function of time
after removal of a a single 25| source in animals treated with either radiation
plus saline (solid bars) or radiation plus DFMO (gray bars). The asterisks
represent the time points at which the lesion values were significantly altered
(p<0.05) relative to the contralateral region according to a Student's t statistic.
An analysis of variance suggested that DFMO administration may have altered
the percent differences in vascularity (p=0.055) and mean transit time
(p=0.091), and the effect was dependent upon time after irradiation. The
dagger indicates the point at which the percent differences in vascularity for the
two treatment groups were most significantly different (p<0.05) according to a
Student's ttest. Sample sizes at 1, 2, 3, 4 and 6 weeks after irradiation were 8,
8, 4, 5, and 3 for the saline treated group and 4, 7, 5, 4, and 3 for the DFMO
treated group. Percent difference=100%-(Lesion Value - Contralateral

Value)/Contralateral Value.
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Figure 20 Percent differences (mean + SE) in blood flow (top), vascularity
(middle), and mean transit time (bottom) within the brain surrounding the focal
radiation lesion relative to a comparable region within the contralateral
hemisphere as a function of time after removal of a single 125| source in animals
treated with either radiation plus saline (solid bars) or.radiation plus DFMO
(gray bars). The asterisks represent the time points at which the values within
the region of brain surrounding the lesion were significantly altered (p<0.05)
relative to a comparable contralateral region according to a Student's t statistic.
There were no significant differences between the DFMO and saline treated
groups by ANOVA. Sample sizes at 1, 2, 3, 4 and 6 weeks after irradiation were
8, 8, 4, 5, and 3 for the saline treated group and 4, 7, 5, 4, and 3 for the DFMO
treated group. Percent difference=100%-(Brain Surrounding Lesion Value -

Contralateral Value)/Contralateral Value.
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Figure 21  Percent differences (mean + SE) in blood flow (top), vascularity
(middie), and mean transit time (bottom) within the white matter of the irradiated
hemisphere relative to a comparable region within the contralateral hemisphere
as a function of time after removal of a a single 25| source in animals treated
with either radiation plus saline (solid bars) or radiation plus DFMO (gray bars).
The asterisks represent the time points at which the values within the region of
brain surrounding the lesion were significantly altered (p<0.05) relative to a
comparable contralateral region according to a Student's t statistic. There were
no significant differences between the DFMO and saline treated groups by
ANOVA. Sample sizes at 1, 2, 3, 4 and 6 weeks after irradiation were 8, 8, 4, 5,
and 3 for the saline treated group and 4, 7, 5, 4, and 3 for the DFMO treated
group. Percent difference=100%:(Irradiated White Matter Value - Contralateral

Value)/Contralateral Value.
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Figure 22  Percent differences (mean + SE) in blood flow (top), vascularity
(middle), and mean transit time (bottom) within the gray matter of the irradiated
hemisphere relative to a comparable region within the contralateral hemisphere
as a function of time after removal of a single 125| source in animals treated with
either radiation plus saline (solid bars) or radiation plus DFMO (gray bars). The
asterisks represent the time points at which the values within the region of brain
surrounding the lesion were significantly altered (p<0.05) relative to a
comparable contralateral region according to a Student's t statistic. There were
no significant differences between the DFMO and saline treated groups by
ANOVA. Sample sizes at 1, 2, 3, 4 and 6 weeks after irradiation were 8, 8, 4, 5,
and 3 for the saline treated group and 4, 7, 5, 4, and 3 for the DFMO treated
group. Percent difference=100%-(Irradiated Gray Matter Value - Contralateral

Value)/Contralateral Value.
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contrast enhancement) appeared to mirror the changes in volume of edema,
with the greatest decreases in blood flow occurring at approximately the time of
maximum edema (Figures 16 and 20). Blood flow changes in the specific
regions of white matter and gray matter were similar (Figures 21 and 22). Blood
flow within surrounding brain was significantly reduced relative to contralateral
blood flow by 14-23% at 1-3 weeks; at 6 weeks, there was virtually no
detectable alteration in blood flow. Vascularity was also reduced within this
region with significant decreases in vascularity of 13-18% at 2-4 weeks. Mean
transit time was increased by 10-18% at 1-3 weeks, although the only
significant change was at the 2 week time point.

An ANOVA was used to examine the relationship between alterations in
blood flow, edema, and blood-to-brain transfer. Both edema and blood-to-brain
transfer were found to be significant factors in predicting changes in blood flow
within surrounding brain (Figure 20). They were also significant factors in
determining the alterations in mean transit time but not the alterations in
vascularity. The inclusion of blood-to-brain transfer in the model increased the
significance of edema volume as a predictor of blood flow (p=0.0009 versus
p=0.0028) and as a predictor of mean transit time (p=0.0022 versus p=0.01).

DFEMO Treated Animals Administration of DFMO resulted in
gastrointestinal changes, including vomiting and diarrhea, during the last 1-2
days of drug treatment in 3 of the 7 animals; based on skin turgor, 2 of the 3
dogs showed some degree of dehydration. Twenty-four hours after
discontinuing the drug, all clinical signs of dehydration subsided. Although an
ANOVA suggested (p<0.10) that the hematocrit might be altered by the
presence of DFMO depending upon the time after irradiation, there were no
significant differences (Student's t test; p>0.10) in hematocrit at the time of

dehydration or any other time point. In addition, there were no significant
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differences in CT number of the contralateral hemisphere or serum cortisol
levels between animals that received radiation plus saline or radiation plus
DFMO (ANOVA; p>0.10).

In contrast to saline controls, CSF putrescine levels in animals that
received DFMO were significantly reduced relative to baseline at 1 and 2 weeks
(Figure 14), and CSF spermidine levels were not significantly altered from
baseline. ANOVAs demonstrated significant differences in CSF putrescine and
spermidine levels between the saline and DFMO treated groups. There were
no significant differences in average CSF spermine levels between the 2
treatment groups.

There was a wide variability in putrescine levels within the regions of
necrosis and contrast enhancement with ranges of 5-204 nmol-ml-! for saline
treated animals and below detectable limits (< 5 nmol-mi-1) - 166 nmol-ml-! for
DFMO treated animals. The variability combined with the small numbers of
samples analyzed, made it impossible to determine significant alterations in
putrescine as a function of time or treatment. However, a significantly greater
proportion of samples from the DFMO treated group had putrescine levels
below detectable limits (7 of 14 for DFMO group vs. 0 of 16 for saline group;
Fisher's Exact test). There were no apparent differences in spermidine or

spermine levels between the 2 treatment groups.

An ANOVA was performed on data from sequential CT studies and

showed that volume of edema was significantly reduced in DFMO treated dogs,
and that the reduction was dependent upon week after irradiation (Figure 16).
In addition, there was a significant effect of DFMO on both necrosis and RE
volume that was dependent upon time after irradiation. Although the time
response of the DFMO treated animals was similar to that of the saline treated

animals, the average volume of necrosis was reduced relative to radiation plus
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saline at all time points except 6 weeks where 1 out of 3 animals showed an
increase in necrosis volume (Figure 15). The average RE volume in DFMO
treated animals was reduced relative to saline treated dogs at 2, 3, and 4 weeks
after irradiation (Figure 17).

ANOVA showed that the interaction term of drug treatment and week after
irradiation was a significant factor in determining the magnitude of Kj, Kp, and
Vp, suggesting that DFMO altered the pattern of change in all three of these
parameters as a function of time following irradiation (Figure 18).

Because of a strong correlation between Kp and Vp, Kp was not included
in the mixed model ANOVAs assessing the influence of various vascular-related
parameters on RE and edema volume. These analyses indicated that both RE
volume and the interaction of K; and Vp were significant factors in predicting the
volume of edema and that the interaction of K; and V was also significant factor
in predicting the RE volume.

The changes in the blood flow in the focal lesion of the DFMO treated
animals were not significantly different from those of the saline controls (Figure
19) (ANOVA, p>0.10), but ANOVA suggested that the interaction term of drug
treatment and week after irradiation might be a significant factor in determining
the change in vascularity (p=0.055) and mean transit time (p=0.091),
suggesting that DFMO administration altered the pattern of change in these two
parameters. However, there was no evidence (ANOVA, p>0.10) to suggest that
DFMO significantly altered the blood flow changes occurring after irradiation
within regions outside the focal lesion (Figures 20-22).

Histopathology Histopathologic analysis of tissues showed no apparent
difference between animals that received radiation alone and animals that
received radiation plus DFMO. The changes observed were similar to those

previously reported.52 At 2 weeks, a focus of coagulation necrosis was
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observed within which were blood vessels with fibrinoid necrosis of vessel walls
(Figure 23). The reactive tissue immediately around the necrosis, i.e. the RE on
CT scan, showed variable degrees of vessel damage ranging from fibrinoid
necrosis of capillary walls and piling up of cells perivascularly to normal
appearing and apparently patent vessels (Figure 23). In some regions, an
eosinophilic exudate was present perivascularly. Swollen axis cylinders were
noted (Figure 24), and there was considerable tissue rarefraction, indicative of
edema. There was no apparent increase in glial cells. At 4 weeks there still
was some necrotic tissue at the site of the implant, but there was much more
reactive tissue including the presence of macrophages and the appearance of
fibrous tissue (Figure 25). Endothelial cell proliferation was also observed. At
six weeks, the previously necrotic tissue was completely replaced with fibrous
tissue, new blood vessels, and macrophages (Figure 26). The amount of

microscopic edema was reduced relative to earlier times.
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Figure 23  Histopathologic section of the brain taken 2 weeks after removal of
a single 125| source demonstrating the region of necrosis and surrounding
tissue. The top photograph (magnification 40X) is centered such that the focus
of necrosis is visible to the left and relatively normal tissue is visible to the far
right. Numerous blood vessels with fibrinoid necrosis of vessel walls are visible
within the necrotic region (arrows). Outside this necrotic region, the vessel
damage is variable ranging from fibrinoid necrosis of vessel walls (arrowheads)
and piling up of perivascular cells (white arrows) to normal appearing and
apparently patent vessels (open arrows). The bottom photograph
(magnification 100X) demonstrates perivascular accumulation of exudate (open

arrows) and tissue rarefaction (arrows).
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Figure 24  Histopathologic section (magnification 100X) of the brain taken 2
weeks after removal of a single 25| source demonstrating a swollen axis

cylinder (arrow).
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Figure 25  Histopathologic section of the brain taken 4 weeks after removal of
a single 125| source. The top photograph (magnification 100X) demonstrates
the influx of macrophages (closed arrows), visible as large, round cells with
fairly abundant cytoplasm, and vessels (open arrows), visible due to the
presence of red blood cells within their lumens, into the necrotic region. The
bottom photograph (magnification 100X) also shows an influx of vasculature
(open arrows) as well as fibroblast-like cells (arrowheads), which are

characterized by their spindle shape.
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Figure 26  Histopathologic section (magnification 100X) of the brain taken 6
weeks after removal of a single 1251 source. The previously necrotic region has
been almost completely replaced by macrophages (arrows), visible as large,
round cells with fairly abundant cytoplasm, fibrous tissue and fibroblast-like
cells (arrowheads), which are characterized by their spindle shape, and new
capillaries (open arrows), which are visible due to the presence of red blood

cells within their lumens.
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DISCUSSION AND CONCLUSIONS

OVERVIEW

Radiation-induced brain injury is characterized by cell death, BBB
breakdown, and vasogenic edema, similar to other types of brain injury, such
as ischemic infarction or traumatic compression.4> 113115 However, unlike
other types of brain injury, radiation-induced injury continues to develop over a
prolonged period of time - weeks in the case of the canine model used in the
present study and months in the case of irradiated brain tumor patients. The
prolonged development is undoubtedly related to the slow turnover and thus
slow mitotic-linked death of the proliferating brain cell populations, such as the
glial and endothelial cells.!”20 The mitotic-linked death results from lack of
repair or misrepair of radiation-induced DNA damage so that the DNA cannot
be properly allocated during cell division.'1® Although it is apparent from this
that DNA damage plays a significant role in the development of radiation brain
injury, there are also indications that physiologic factors, such as blood

pressure and cerebrovascular permeability,36: 37, 48

and the interdependence
of cell populations within a tissue, such as the dependence of all cells on
vascular endothelial integrity;'” can also influence the development of injury.
Understanding the role that physiologic factors play in radiation injury could
provide clues as to how to modify of that injury. The present study was
undertaken to better understand the relationship between physiologic changes
occurring after focal brain irradiation and the development of injury so that
possible methods of modifying injury, unrelated to modifying DNA damage,
might become clearer.

A canine model of focal radiation brain injury was used because of its
similarities to the radiation necrosis that occurs in brain tumor patients treated

with brachytherapy.! 52 117 |n addition, the injury develops over a relatively
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short period of time compared to that following hemibrain irradiation, so that
studies of post-irradiation physiologic changes can be focused within a
reasonably short time. Lastly, because of the well characterized and
reproducible morphologic character of the injury, it was postulated that
physiologic alterations would be reproducible, which would facilitate
characterization of those physiologic changes.

Radiation injury in the dog model has been characterized
radiographically by a focus of low density surrounded by a ring of tissue that is
markedly enhanced by iodinated contrast media (Figure 1). The low density
corresponds to necrosis, and the histologic character of the surrounding region
suggests that the ring corresponds to a region with vascular damage in the
early stages of development (Figure 23 and 24) and vascular proliferation in the
latter stages (Figures 25 and 26). The cell death that occurs within 1-2 mm of
the radioactive implants, where radiation dose can approach 1000 Gy, is
probably due to interphase death and presumably occurs acutely (within 24-48
hours of the insult) as in ischemic injury.''® The continued increase in lesion
size for up to 4 weeks after irradiation (Figure 15) is probably due in part to
mitotic-linked death of cells, which would account for the delay in the
expression of injury as mentioned above. Evidence of a proliferative response
is provided by the histologic demonstration of regions of vascular thickening
due to piling up of cells in perivascular regions (Figure 23). As vascular
endothelial and/or glial cells die, there is a loss of BBB integrity, which leads to
the leakage of blood-borne molecules that are normally excluded from the brain
interstitium, such as albumin and other plasma proteins (Figure 24). This
leakage likely leads to greater osmotic pressure within the brain interstitium and
thus leads to increased brain water to offset this gradient.118 This probably

accounts for the relationship between the RE volume, which is the leaky region,
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and edema volume, which was reported previously 52 as well as in the present
study. In addition, cellular breakdown after cell death also likely increases
interstitial osmolarity and brain water due the release of cellular constituents,
such as proteins and membrane lipids. This probably accounts for the
observation that the amount of edema parallels the volume of necrosis.
Eventually the necrotic region is replaced by the influx of macrophages, fibrous
tissue, and neovasculature (Figure 26) so that the amount of edema and
volume of necrosis are eventually reduced (Figures 15, 16, and 27).

Although the relationship of necrosis and contrast enhancement to
edema volume had been examined prior to the present study, no quantitative
measures were used to definitively' establish a relationship between blood-to-
brain transfer of materials and edema.52 In addition, prior to the present work,
there had been no known studies to determine if edema leads to vascular
compression and ischemia and whether such effects might exacerbate
radiation-induced damage. The development and validation of non-invasive,
computed tomographic methods of measuring edema volume, blood-to-brain
and brain-to-blood transfer constants, rCBF, blood mean transit time, and
vascularity made it possible to quantitatively and sequentially evaluate the
relationship of these parameters to the evolution of radiation injury. More
specifically, the development of these methods made it possible to determine
whether BBB breakdown was related to edema formation, whether edema
formation might lead to vascular compression and ischemia, and whether
modification of BBB breakdown might reduce the amount of edema, the extent

of ischemia, and thus the overall extent of tissue injury.
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Figure 27  Graphs illustrating a model of the cellular basis of the formation
and radiographic resolution of a focal radiation lesion. The amount of cell death
and cell proliferation as a function of time after irradiation is assumed to be
sigmoidal in shape. As the amount of cell death increases due to cells
undergoing both interphase and mitotic-linked death (top left, solid line), the
size of the focal radiation lesion increases (top right). Eventually, some non-
lethally irradiated cells are able to mount a proliferative response (top left,
dashed line) such that the focal lesion decreases in size. The focal lesion size
at any time (right graphs) is a function of the difference (shown as solid bars)
between the total amount of cell death (solid line, left) and the total amount of
cell proliferation occurring up to that time (dotted line, left). The maximal size of
the lesion (middie right, solid line) can be reduced if the rate of cell death is
slowed (middle left, solid line) while the rate of cell proliferation stays the same
(middle, left graph, dashed line). The maximal size of the lesion can also be
reduced if the rate of cell death is slowed (bottom left, solid line) and the rate of
cell proliferation is also slowed (bottom left, dashed line), but the resolution of
the lesion '(reduction of lesion size to zero) will be delayed. The focal lesion size
from the top left graph (i.e. normal rate of cell proliferation) is reproduced for

comparison as a dashed line on the middle and bottom left graphs.
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CEREBROVASCULAR EFFECTS OF RADIATION

The results shown here are largely consistent with the hypothesis that
radiation-induced alterations in cerebrovascular permeability lead to cerebral
edema, which reduces blood flow in the edematous region and exacerbates
radiation-induced necrosis. The relationship of permeability to edema is
supported by the finding that focal irradiation resulted in a prolonged increase
in BBB permeability, as evidenced by the continuous increase in K; (Figure 18),
and that the magnitude of K; was strongly related to volume of edema. In
addition, DFMO administration altered K; and reduced the amount of edema.

The significant relationship between edema volume and blood flow in the
tissue surrounding the focal lesion supports the contention that edema causes
vascular compression and reduces blood flow, which may then lead to ischemic
injury. The finding that the vascularity and blood flow were reduced in parallel
(Figure 20) also supports this hypothesis. A possible criticism is that the
relationship between edema, blood flow, and vascularity might be explained by
a reduction in cell number per unit tissue volume due to excess tissue water. A
corresponding decrease in vascularity, blood flow, and metabolic demand of
the tissue would be expected to accompany the reduction in cell number per
unit volume. If alterations in blood flow matched alterations in metabolic
demand, there should not be any deleterious effects on the tissue. However, a
wet/dry weight analysis demonstrated that tissue water within white matter and
gray matter of the lesioned hemisphere was increased by approximately 10%
and 5% at 2 and 4 weeks post-irradiation, respectively (data not shown).
Reductions in blood flow and vascularity were larger and ranged from 10-20%
at these times, indicating that the relationships between e.dema, blood flow, and
vascularity can only partially be explained by changes in cell density and that

the reduced blood flow reported here could potentially result in tissue injury.
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Whether such reductions in blood flow truly lead to metabolic compromise (i.e.
reduced ability to maintain ATP levels and continue normal cellular function) of
the tissues requires further investigation. Measurement of tissue Nat+/K+ ratios
would provide a method of analyzing the metabolic state of the tissue;
intracellular and tissue Nat+ tends to increase in the presence of metabolic
deficits due to breakdown of the ATP-driven sodium-potassium pump.'!®
Alternatively, quantitative nuclear magnetic resonance measurements of tissue
Na+ or ATP levels in the region of reduced blood flow, would provide a non-
invasive and perhaps more appealing method to correlate changes in perfusion
with possible metabolic deficits.

Edema volume and changes in vascularity proved to be significant
factors in an ANOVA modelling alterations in mean transit time as a function of
time after irradiation. The relationship of these two factors to mean transit time
probably arises from the effects of edema on vascularity (i.e. vascular
compression) and the effects of reduced vascularity on flow dynamics. Vascular
compression increases resistance to flow through tissue, resulting in slower
flow through existing vessels. However, this could then lead to a reduction in
perfusion pressure and collapse of some capillaries, which would accentuate
the reduced vascularity. Because of the relationship blood flow =
vascularity/mean transit time (Equation 3), if the vascularity was reduced while
blood flow remained constant, the mean transit time would necessarily have to
increase. Thus, although vascular compression can potentially increase mean
transit time, the effects may be lessened by accompanying vascular collapse.
This would explain why changes in vascularity were more apparent than
alterations in mean transit time (Figure 20).

There were no apparent a priori reasons to believe that K; might be

related to blood flow or mean transit time as was found in the present study.
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One possible explanation for these relationships is that the increased K;
increased the blood-to-brain transfer of blood-borne vasoactive agents, such as
serotonin and norepinephrine.'29 Such agents might then have acted to
contract or relax smooth muscles of the vasculature, altered tissue resistance,
and thereby altered both mean transit time and blood flow.

Although the BBB breakdown and cerebral edema appeared to reduce
blood flow in tissues surrounding the focal lesion, it should be kept in mind that
cells within these tissues, while appearing undamaged histologically, did
receive substantial doses of radiation. The dose varied due to the rapid fall off
in radiation as a function of distance from the source. Irradiation of vascular
cells in these tissues may have contributed to the reduction in blood flow by
modifying the ability of the cells to function physiologically without causing any
cell loss. Although it is difficult to separate blood flow changes due to BBB
breakdown and edema from changes due to cellular DNA damage, the time
course of edema suggests one possible method of doing so. If the ability of the
vasculature to function physiologically is truly altered, there might be
accompanying alterations in the response of the vasculature to changes in
arterial CO> tension or to vasodilatory drugs, such as acetazolamide.!2!
Therefore, to separate the effects of edema on vascular function from those of
DNA damage, the response of the vasculature to altered CO2 could be tested
prior to the onset of edema formation (i.e. <1 week Figure 16), at the point of
maximum edema volume (i.e. 3-4 weeks), and after the resolution of edema (i.e.
> 6 weeks). Alterations in vascular function occurring prior to edema formation
or after the resolution of edema would be suggestive of effects due to radiation-
induced DNA damage, and alterations occurring only at the ‘point of maximum
edema volume would suggest that the cerebrovascular changes were due to

the radiation-induced edema.
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DFMO-INDUCED MODIFICATIONS OF RADIATION INJURY
The alteration of radiation-induced brain injury by DFMO was
presumably mediated by its modulation of polyamine levels, particularly Pu.
There were elevated levels of putrescine in the CSF of saline treated animals at
all time points following irradiation, whereas the putrescine levels in DFMO
treated animals were depressed relative to baseline 1-2 weeks after irradiation
(Figure 14). Furthermore, the polyamine levels of all tissue samples from saline
treated animals were within the measurable range, whereas half of the samples
from animals treated with DFMO were below detectable limits, suggesting that
DFMO reduced putrescine levels in brain tissue as well as in CSF. Although
the relationship between tissue and CSF putrescine levels is unclear, the data
support the thesis that chronic intravenous infusion of DFMO can cause a
generalized reduction in putrescine. At this time the precise role of putrescine
in radiation-induced edema is not known, but other reports of focal brain injury
have implicated this polyamine as an important biochemical correlate of
morphologic cell damage®! and as a mediator in disturbances of the BBB.89: 92
Because the CT method of measuring cerebral edema is not strictly
dependent on the amount of tissue water (see Methodology, Validation, and
Results - CT-Based Method Development and Validation: Cerebral Edema),
there was concern that the DFMO-induced reduction of edema might reflect
differences in some parameter besides water. For example, the CT method
overestimated the amount of tissue water when compared to the wet/dry
method. This indicates that the increase in tissue water could not fully account
for the low CT number of the irradiated hemisphere. CT number of a tissue is
determined by the CT number of its components, which are primarily water,

protein, and lipid. Measurements of the standard phantom used in the present
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study (Figure 2) demonstrate that the CT number of water and lipid are both
lower than that of tissue, while protein is higher. Therefore, the only way to
account for the overestimation of water content would appear to be that the
increase in water was accompanied by an increase in lipid. This lipid cquld
arise from breakdown of cellular membranes or products such as triglycerides
leaking into the tissue across the damaged BBB. [f there were differences in the
amount of lipid within the irradiated hemispheres of the two groups, regression
lines relating wet/dry water to CT measured water should be different for the two
groups. However, an ANOVA did not detect any significant effect of DFMO on
the relation between wet/dry and CT measured water, suggesting that the
DFMO effect on edema is primarily attributable to differences in tissue water.

The clinical usefulness of DFMO in the treatment of cerebral edema

remains to be determined. DFMO has been used to treat protozoal

infections'22 and to inhibit cell proliferation in a variety of clinical situations,
and, in general, it has been well tolerated.'2® But due to its cytostatic effects, it
can have adverse effects, particularly in rapidly proliferating tissues such as the
gut. In our study, some of the animals treated with DFMO developed
gastrointestinal toxicity, including clinical dehydration, 1-2 days before the end
of drug treatment. Brain edema measurements of those animals were in
agreement with those obtained from animals showing no gastrointestinal
symptoms, but there was concern that dehydration might adversely affect the
brain water measurements. Furthermore, there was a possibility that the stress
accompanying such symptoms could lead to the elevation of endogenous
steroids, which could conceivably reduce brain water. However, the findings of
the present study do not support a role for either of these factors in the observed

effects of DFMO; there were no significant differences in the average brain
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density (CT number) of the contralateral hemisphere, the serum hematocrit, or
serum cortisol levels between the two treatment groups.

The reduction of edema by DFMO was probably mediated by the
alteration of K; by DFMO, as suggested by the significant relationship between
edema and K; mentioned earlier. The effect of DFMO on K; is in general
agreement with the study of Trout et al,2 who demonstrated that DFMO could
alter BBB permeability following focal cold-injury. However, changes in Kjalone
could not account for all the alterations in edema volume attributed to DFMO
and, in particular, the alteration seen 3 weeks after irradiation (Figure 16).
Interestingly, Kp, the brain-to-blood transfer constant, was significantly elevated
in the DFMO treated animals at that time (Figure 18), suggesting that the
difference in edema at three weeks may involve faster backflux of materials from
the brain into the blood rather than a slower blood-to-brain transfer. Likewise,
the elevation of Kp in the saline treated group 6 weeks after irradiation might
account for why edema volume was not increased at that time despite an
increased K; (Figures 16 and 18).

The effect of DFMO on contrast enhancement volume (Figure 17) is likely
related to the effects of DFMO on K; and Vp, as suggested by the ANOVA
demonstrating a significant relationship between RE and those two factors.
Contrast énhanoement in the brain is generally considered to be a result of BBB
breakdown, 24 but the data presented here demonstrate that it is also due to a
change in vascular volume.

The morphologic basis of the DFMO-induced alteration in Kjis unknown
at this point, but two possible explanations are related to the poly-cationic
nature of polyamines. Polyamines may assist in the fusion of vesicles with cell
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membranes; <~ the positively charged amine groups on polyamines appear to

neutralize the negatively-charged head groups of membrane lipids, allowing
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two membranes to approach.'2> DFMO-mediated polyamine depletion might
therefore inhibit transcellular vesicular transport, as reported following cold-
injury,%2 by inhibiting membrane fusion. Alternatively, polyamine depletion
might reduce the endothelial cell tight junction breakdown that is reported
following brain injury.'26: 127 The intravenous administration of poly-lysine and
protamine sulfate, both poly-cations, has been shown to increase BBB leakage
and movement of horseradish peroxidase through cerebral endothelial tight
junctions.28: 129 Based on this finding, DFMO might reduce the degree of tight
junction breakdown by reducing the tissue polyamine levels and thus reducing
the level of a highly cationic species. However, the only explanation that is
supported by data from the present study is linked to the relationship of K; to Vp;
both appeared to show a similar response over the 6 week post-irradiation
period (Figure 18), and both were altered by DFMO. Since contrast leaks
through openings in a damaged vascular wall, Vp determines the amount of
leaky tissue and thereby is a factor in determining K;. In addition, DFMO
appears to lessen both the radiation-induced loss of vasculature (such as at 2
weeks - Figure 18) and the vascular response occurring at 6 weeks post-
irradiation. Since BBB leakage in radiation-damaged brain is at least partly
through dead or dying endothelial cells’® and since new vessels within the
brain appear to have increased BBB leakage, '3° both of these phenomena (i.e.
reduced vascular loss and response) could account for the alteration in K.

The vascular volume was measyred two different ways in the present
study. The parameter termed "Vp" was measured during the assessment of K;
and K, (Equation 2), and it is not really applicable to normal tissues in which

there is no BBB breakdown (K; and K, are effectively zero). Therefore, Vp

measured within the focal lesion could not be compared to any Vp

measurement within normal, non-leaky tissue. The parameter which has been
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termed "vascularity” in the present study was measured during the assessment
of blood flow and mean transit time. Vascularity as well as blood flow and mean
transit time were measured both within leaky ahd non-leaky tissue, which made
it possible to evaluate changes in those parameters within the irradiated
hemisphere relative to measurements within the contralateral hemisphere.
Based upon these relative measurements (i.e. percent differences, Figures 19-
22), with the possible exception of 3 weeks after irradiation in the DFMO group,
both groups showed a reduction in blood flow within the focal lesion throughout
the follow-up period (Figure 19). The initial reduction (1-2 weeks after
irradiation) was probably due to loss of the vasculature through necrosis, as
demonstrated by the reduction in vascularity and increase in necrosis during
this time period. There were apparent differences between the DFMO and the
saline treated group in the vascular response associated with this blood flow
reduction. At 3 weeks, vascularity within lesion of the DFMO group was not
reduced relative to the contralateral hemisphere, suggesting that there may
have been either an ingrowth of new vessels or dilatation of existing vessels in
the focal lesion at this time point. An ANOVA suggested (p=0.0546) that the
vascularity in the saline control group was somewhat different, which agrees
with the results from the analysis of Vp; not until 4 weeks did the vascularity
within the lesion approach that of the opposite hemisphere, and the response at
6 weeks was over twice that of the DFMO group. Some of the vascular
response at 6 weeks is clearly due to the ingrowth of new vessels, because
there was histopathologic evidence of vessels within previously necrotic
regions at this time point. Despite the increase in vascularity at 4-6 weeks,
blood flow still appeared to be somewhat reduced at these times, which is
accounted for by the increased mean transit time at these times (see Figure 19

and Equation 3). A similar phenomenon, in which increased mean transit time
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corresponded to the time of increased vascularity, was seen following focal

brain hyperthermia.'33

Interestingly, the cerebrovascular response was
delayed following irradiation relative to the response following hyperthermia.
The increase in vascularity following hyperthermia was apparent at 1-2 weeks
post treatment, which compares to the increase at 3-6 weeks in the present
study. These differences in the response are probably not related to differences
in lesion size - the maximal size of the hyperthermia lesions were similar to the
maximal size of the focal radiation lesions in the present study. The delayed
response following irradiation is probably due to mitotic-linked death which may
occur as endothelial cells divide in order to vascularize the necrotic area. The
accelerated vascular response following hyperthermia made it possible to
determine that mean transit time returns to normal when vascularity returns to
normal.

The basis for the finding that the increase in vascularity was
accompanied by an increase in mean transit time may be related to the
immaturity of the new vessels. Following neovascularization of a tissue, there is
a period during which there is a reduction in vascularity,'®! a process
commonly referred to as maturation. New immature vessels may be redundant

132 which should slow transit of blood

and/or tortuous, like those seen in tumors,
through a region. The vessel loss accompanying neovascular maturation
would reduce the variety of possible paths by which blood could cross a region
and reduce the average path length of molecules traversing the region. Thus,

vessel maturation would be accompanied by a reduction in mean transit time.



THEORIES CONCERNING THE DFMO-INDUCED EFFECTS

The results of the present study demonstrate that DFMO can modify many
of the characteristics of radiation-induced brain injury. The fact that DFMO not
only altered the degree of BBB breakdown but also altered of the magnitude of
necrosis supports the contention that cerebrovascular permeability plays a
significant role in the development of radiation-induced brain injury. However, it
is important to keep in mind that the size of focal necrosis is dependent on at
least three factors: the total amount of cell death, the rate of cell death, and the
rate at which surviving cells proliferate to replace dead cells. A change in any
of these could potentially alter the magnitude of focal necrosis. A hypothesis of
the present work was that DFMO would reduce the magnitude of injury by
diminishing the first factor - the total amount of cell death. The presumed
mechanism was that altered cerebrovascular permeability would limit
subsequent edema, vascular compromise, and degree of ischemia. While there
were differences in the amount of edema between DFMO and saline treated
groups, there were no differences between the groups with respect to blood
flow changes in the tissue surrounding the focal lesion. This finding argues
against the effect of DFMO on necrosis magnitude being mediated through a
difference in the degree of ischemic injury. However, an alternative mechanism
by which DFMO-mediated modification of cerebrovascular permeability might
alter the amount of cell death and which is consistent with the present results is
by reducing the movement of potentially harmful blood-borne materials, such as
glutamate, 34 into the brain interstitium.

Both of the above proposed mechanisms to explain the effect of DFMO
on necrosis depend upon the drug directly modifying permeability, either by
changes in the amount of vesicular transport or the degree of tight junction

breakdown. However, as discussed above, the data suggest that the DFMO-
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mediated effect on permeability (or K;) was more likely due to its effect on
vascular volume rather than direct effects on vesicular transport or tight
junctions. This suggests that the effect of DFMO on necrosis may not be
secondary to the alterations in cerebrovascular permeability. Instead,
alterations in cerebrovascular permeability may be secondary to DFMO-
induced modifications of cell necrosis. DFMO could alter the evolution of
radiation injury by altering the rate of mitotic-linked cell death. This suggestion

is related to the thesis of Michalowski,!3%

who has suggested that mitotic
stimulation following irradiation of slowly proliferative tissues, such as nervous
tissue, would be detrimental. At least some of the cell death occurring following
focal irradiation should be attributable to mitotic-linked death, although the high
doses near the seed probably produce interphase death. DFMO reduces the
rate of cellular proliferation'3¢ and would likely slow the proliferative response
of the cells which attempt to fill in the necrotic area resulting from interphase
death (see Figures 25 and 26) This would delay the onset of mitosis of such
cells and thus delay the onset of any mitotic-linked death. Such a scenario
would result in a reduction of the maximal size of the lesion (Figure 27). This
could account for the differences in the amount of necrosis and the differences
in permeability and perhaps edema formation. If there was less vascular
damage at any given time point due to a reduced loss of endothelial cells, the
BBB breakdown would also be lessened. This would in turn lead to less
leakage of plasma proteins, less of an osmotic gradient forcing the movement of
water from blood into brain, and thus less cerebral edema. An additional
mechanism by which a reduction in the rate of cell death might lessen the
degree of cerebral edema is that slower cell death would result in a slower
breakdown of cells. Osmolarity of the surrounding tissue would still increase

due to release of breakdown products but at a slower rate. A slowed increase
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in osmolarity would then slow the rate at which water would move from blood to
brain. Thus, DFMO-induced slowing of the rate of cell proliferation might
account for a number of the phenomena observed in the present set of
experiments, such as reduced focal necrosis, altered permeability, and reduced
edema. However, simply slowing the rate of mitotic-linked cell death should be
accompanied by a slower rate of replacement with proliferating cells as well, so
that there should be a delay in lesion resolution. While this appears to be
consistent with the present data (Figure 15), preliminary experiments treating
irradiated dogs with a dose of 75 mg/kg of DFMO also results in a reduction in
the amount of necrosis but does not appear to slow the radiographic resolution.
Finally, the possibility that is most controversial yet most consistent with
the present data is that DFMO directly alters the total number of cells that die.
By delaying the onset of cell proliferation, DFMO might allow cells to better
repair radiation-induced DNA damage. Although most findings have suggested
that DFMO inhibits repair, as demonstrated by DFMO-induced inhibition of
potentially lethal damage repair (PLDR),'37 others have suggested that DFMO
may facilitate PLDR in some cell lines.'3® In addition, the phenomenon referred
to as slow repair of radiation damage, which is reported to have a half-time of
approximately 10 days in lung,'3® might be facilitated by the presence of
DFMO. Decreasing the total number of cells that die could account for not only
the alteration in the necrosis volume but also alterations in permeability (less
vascular injury) and edema (less vascular injury and less osmotic changes due

to cellular breakdown - see above).

FUTURE DIRECTIONS
There are a number of experiments that might allow one to determine if

DFMO is altering radiation-induced injury via effects on vesicle formation, tight
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junctions, rate of cell death, or cell survival. For example, histopathology
damonstrated that the cellular changes of the focal lesion could range from
frank coagulation necrosis to areas of interstitial edema and vascular
proliferation to normal tissue over just a few millimeters. Based on this, it would
probably be difficult to quantitatively distinguish effects of DFMO on
cerebrovascular permeability based on ultrastructural features such as the
amount of vesicular transport or degree of tight junction breakdown. However,
such effects might be more easily distinguished using a simpler and more
homogeneous system, such as an endothelial cell culture system. That system
should make it possible to uniformly irradiate a homogeneous set of cells and
quantify phenomena such as alterations in vesicular transport in the presence
or absence of DFMO. This system has already been used to study the effects of
irradiation +/- DFMO on the permeability of an endothelial cell monolayer.95
Whether such a monolayer system would allow the study of radiation-induced
change in tight junctions remains to be determined - the induction of tight
junctions is dependent upon the presence of astrocytes, 140: 141 so that a co-
culture of astrocytes and endothelial cells might be required for those studies.
The co-culture of astrocytes and endothelial cells has been reported with some
degree of success at inducing the formation of tight junctions. 140

An approach to determining whether DFMO is altering the rate of mitotic-
linked cell death was provided by Zeman and colleagues,*® who used 3H-
thymidine to label proliferating cells in animals treated with spinal cord
irradiation. They noted that animals sacrificed at longer times after labelling
had a reduced number of 3H-thymidine positive cells, which has been attributed
to mitotic-linked death of some of the labelled cells.42 it might be possible to
quantify the amount of mitotic-linked death by determining the rate at which

labelling decreased. Of course, at later times after labelling, proper corrections
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would have to also be made for the increased amount of labelling resulting from
successful division of 3H-thymidine positive cells.

An in vitro cell culture system might make it possible to determine
whether long-term DFMO administration (i.e. >48 hrs) alters radiation sensitivity
of cell and thus alters the amount of cell death. In a preliminary experiment, rat
glioma 9L cells were treated with 1 mM DFMO for 48 hours prior to and after
irradiation with 4.0 Gy. Forty-eight hours after irradiation, the media was
changed to a DFMO-free solution, and putrescine was added in order to replete
polyamines in DFMO-treated cells. Cell colony formation was then assayed at
12 days after the media change. There was no significant difference in cell
survival in the DFMO treated group, which might be attributed to the relatively
high level of cell survival (approximately 10%). Drug effects on cell survival
following irradiation are often times not evident until survival is reduced to 0.1-
0.01%.'42 Therefore, the experiment needs to be repeated using higher

radiation doses and perhaps longer DFMO exposures.

CONCLUSIONS

DFMO administration can diminish radiation-induced injury such as
cerebral edema and perhaps focal necrosis. However, the modification of
necrosis volume by DFMO does not appear to result from the modification of
edema and an associated amelioration of blood flow deficits as was originally
hypothesized. More likely, DFMO modification of permeability reduces tissue
injury by decreasing the blood-to-brain movement of harmful blood-borne
materials. Although effects of DFMO on repair of radiation-induced DNA
damage may also play a part in the DFMO-mediated modification of radiation
injury, the association of DFMQ's effects on BBB breakdown with its effects on

tissue necrosis strongly supports a role for cerebrovascular permeability in the
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development of radiation-induced injury.  This suggests that changes in the
physiologic function of a tissue can play a significant role in the development of
radiation damage. While many prior studies have concentrated on altering
radiation injury via changes in cell radiosensitivity, the present study indicates
that the modification of changes in physiologic function might provide an

alternative means of treating radiation injury.
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APPENDIX

GENERAL ANESTHESIA

Atropine sulfate (0.05 mg kg-!) and acepromazine (0.25 mg kg-1) were
administered subcutaneously 10-20 minutes before induction of general
anesthesia.

After clipping the hair overlying the left or right cephalic vein, the region
was swabbed with alcohol and an 18-20 g intravenous catheter was
inserted into the vein and taped in position.

The catheter was flushed with 1-2 ml of normal saline.

Three to four ml of 4% sodium thiamylal was slowly infused into the
intravenous catheter. This was supplemented with 1 ml boluses of
thiamylal in order to induce a surgical plane of anesthesia (i.e. reduced
palpebral and pedal reflexes and minimal jaw muscle tone).

An endotracheal tube was inserted, the cuff of the tube inflated, and the
tube tied in place using a gauze sponge placed around the tube and
either the mandible or maxilla.

A surgical plane of anesthesia was maintained with either supplemental
1 ml boluses of thiamylal or a combination of O, (1 I-min-1) and

methoxyflurane gas.

MEASUREMENT OF EDEMA VOLUME USING CT

The CT number of a region, CTroj, comprised of two materials of known

atomic composition is closely approximated by a linear combination of the CT

numbers of each material, CT¢ and CT,, within the region such that
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CTroi = #1CT1 + (1-f1)CT2 (n.1)

and

f; = (CTroi - CT2)/(CTy - CTy) (1.2)

where f; is the fraction of the region comprised of material 1 and (1-f) is the
fraction comprised of material 2.97 |f cerebral edema is defined as excess water
within otherwise normal brain, then it is evident from Equation 11.2 that the
fraction of the region occupied by excess water can be determined from the CT
number of the edematous region, the CT number of water, CTH20, and the CT
number of normal brain. In the case of a focal radiation lesion confined to one
hemisphere, the CT number of the contralateral hemisphere, CTcH, can be
used to approximate the CT number of normal brain. Therefore, the fraction of
the irradiated hemisphere comprised of excess water, fgp can be derived from

the equation

fep = (CTiH - CTcR)/(CTheo - CTeh) (1.3)

where CTy is the CT number of the irradiated hemisphere. The volume of

excess water is then

Vinfep = VIH(CTIH - CTcH)/(CThzo - CTeH) (1.4)

where V|4 is the volume of the irradiated hemisphere.



M. THEORY OF TRANSFER CONSTANT DETERMINATION

The blood-to-brain influx constant for a given molecule, K; (ml-g-1-min-1),
is defined as the proportionality constant relating the plasma concentration, Cp,
of an indicator at a given time, t, to its rate of accumulation in interstitial brain
tissue under the condition of no backflux from brain to blood. Under the more
general condition, allowing for a brain-to-blood backflux constant, Kp (min-1),
the change in concentration of compound in brain, Cg(t) (g-g-1), can be

described by the equation

dCg(t)/dt = KiCp(t) - KoCai(t) (n.1)

The significance of K; can be better appreciated by recognizing that it is a
function of three parameters: 1) the permeability of the agent, P, in cm-s-1,
which is the average velocity at which molecules pass from blood into brain, 2)
the surface area per unit weight of tissue, S, in cm2-g-1, which is the area directly
accessible to the agent and through which the agent can cross from blood to
brain, and 3) the blood flow through the region, F, in cm3-g-1-s-1 (or equivalently
ml-g-1-s-1), which gives the rate at which the agent is delivered by the blood to

the region. The exact equation relating these three parameters to K;is
Ki=F (1-ePSF) (11.2)
At low blood flows relative to PS, i.e. F<<PS, the term e-PSF becomes effectively

zero, so that K; is closely approximated by F alone, i.e Ki=F. In this situation,

movement of the agent from blood to brain is said to be flow limited. In the case
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that F>>PS, the term e-PS/F can be shown via a Taylor series expansion to be

closely approximated by 1 - PS/F, so that
Ki=F[1-(1-PS/F)] (F>>PS) (1.3)
Ki= PS (1.4)

This equation indicates that when the PS product is low relative to flow, the PS
product alone determines the magnitude of K. This follows because the agent
is being delivered to the region at a much more rapid rate than the rate at which
the agent can move across the BBB. .

The term blood-to-brain transfer constant, K;, and "permeability" are
sometimes used interchangeably. Therefore, the above equations are
important not only because they indicate the parameters which determine K; but
also because they make a distinction between the quantity which is measured
in the present study, K;, and permeability, P. The present work uses the term
permeability in the more general sense to signify leakiness. The letter "P" is
used for any references to the quantifiable parameter.

The CT-based determination of K; is derived from Equation (lil.1). The

solution to this equation is

T
Ca(T)=Ki | Cp(t)eKotT dt (111.5)
0

The concentration of a compound within a ROI in brain at time T, Croi(T), is

determined by the concentration of that compound within both the blood and the
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parenchyma. |f the compound is excluded from red blood cells as is Conray

400,143 the iodinated contrast agent used in the present studies, then

Croi(T) = Ca(T)Vs + Cp(T)Vp (111.6)

where Vg and Vp are the fractional volumes of brain parenchyma and plasma
within the ROI. Vp is related to the fractional volume of blood, Vg, by the
equation, Vp=(1-Hctc)Ve where Hctc is the cerebral tissue hematocrit. The
cerebral hematocrit is reduced by a constant amount relative to the peripheral
hematocrit, Het, so that in dog brain Hctc=0.5Hct.'44 Recognizing that Vg is
simply 1-Vg,, Equation 111.6 can be restated as

Croi(T) = Ca(T)(1-Va)) + Cp(T)Vp = Ca(T)-[1-Vp/(1-0.5Hct)] + Cp(T)Vp  (lIl.7)

Substituting Equation Iil.5 into 111.7 and dividing both sides of the equation by
Ce(T),
T
Croi(T)/Cp(T)=Ki[1-Vp/(1-0.5Hct]-[ j Cp(t)eKbt-T) dt/Cp(T)}+Vp (111.8)
0

This equation is a modification of one used in PET to determine transfer
constants.®!

In CT, alterations in x-ray attenuation or CT number are represented by
ACT, and following administration of a contrast agent, ACTRro; is directly
proportional to the concentration of that agent in the ROL.7® Therefore, the left
side of Equation 11.8 and the integrand of the right side of the same equation
can be determined from CT data by using a proportionality constant of ¢ and the

equations
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Crol(T)/Cp(T)=cACTRoI(T)/CACTp(T)=ACTRroI(T)[ACT ArT(T)/(1-Hct)] (I.9)
and

Cp(t)/Cp(T)=[cACT arT(t)/(1-Hct)/[cACT arT(T)/(1-Hct)]
=ACTaRT(t)/ACTART(T) (111.10)

where ACTp(T) and ACTarT(T) are the change in CT number for the plasma or i
artery, respectively. |

Equations 111.9 and 111.10 can be substituted directly into Equation 111.8 for . —

determination of K;, Kp, and Vp via the equation t*

ACTRol(T)(1-Hct)/ACT arT(T)

= Ki(1-Vp/(1-0.5Hct) ( | ACTaRr(t)eKotNAUACTaRT(T)) + Ve (lIl.11)
0

which is equivalent to Equation 2.

IV.  ITERATIVE ALGORITHM FOR K; AND K, DETERMINATION

A computer program was written to iteratively determine K,. Because
values of K, of less than zero would be physically impossible, Kp was
constrained to a value of greater than or equal to zero. The algorithm made the
assumption that the value of the correlation of the data points with a straight line
would vary parabolically with alterations in K,. The goal was then to find the Kp
which maximized the correlation. This could be accomplished by either

increasing or decreasing K, to determine which change made the correlation



increase and then changing Kp in that direction until the correlation was
maximal. The specifics of the algorithm were:
1. Set Kp =0, y(T)=ACTroi(T)[ACTaRT(T)/(1-Hct)] and x(T)=

T

( j ACTarT(t)eKbtT) dt/ACT ArT(T)) (cf. Equation I1l.11), and determine the
0

correlation between the points x(T) and y(T).

2. Increment K}, by a small factor, which was initially set to 0.01 mi-mi-1.s-1.
3. Recompute x(T) and re-compute the correlation between points x(T) and
y(T).

4. If the correlation computed in step 3 is increased, repeat steps 2-4. If the

correlation is reduced, negate the increment factor, divide it by 2, and repeat
steps 2-4.

5. If the absolute value of the increment factor is less than 0.0001, then stop.

V. THEORY OF BLOOD FLOW DETERMINATION

Indicator-dilution techniques have demonstrated that changes in the
tissue or blood concentration of an indicator following intravenous
administration are related to and can be used to quantitatively determine blood
flow.145-147 yse of these techniques for the non-invasive determination of
rCBF therefore depends upon the accurate measurement of indicator
concentration as a function of time after injection. In dynamic CT, the indicator
is iodinated contrast medium, and previous work has shown that changes in CT
number after the administration of contrast are linearly related to the actual
concentration of contrast medium within ROIs.”® Thus the CT number versus
time data obtained from a dynamic CT study directly relate to concentration

versus time data. Parameters relating to blood flow, including the center of

167

|

P P R S X LAt



Figure 28  Schematic diagram illustrating the use of concentration versus
time curves in deriving Vg and <ti>. The stippled region is the area under an
idealized concentration versus time curve for a peripheral artery, AUCpa, and
the cross-hatched region corresponds to the area under an idealized
concentration versus time curve for the region of interest, AUCRo). The
fractional blood volume, Vg, is then proportional to AUCRo/AUCpa. Also shown
are the centers of gravity for the arterial curve, <tpa>, and for the region of
interest, <troi>. The mean transit time, <t;>, is then proportional to <tro;> -

<tpa>, and rCBF is proportional to (AUCRroi/AUCpa)/(<troi> - <tpa>).
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gravity and the area under curve, can be derived from the time-concentration

data 79 81, 148

and these data can then be analyzed using indicator-dilution
principles to determine rCBF as demonstrated below (Figure 28).

Regional CBF can be calculated using the formula
rCBF = Vgy<t>, (V.1)

where Vg represents the fractional blood volume and <t;> represents the mean
transit time.84 Because Vg and <> cannot be extracted directly from time-
concentration curves, it is necessary to use parameters from those curves to
calculate these values. Using the relationship between tissue ROl and plasma
(P) concentrations (C(t)), Croi(t) = Vp-Cp(t), where Vp is the fractional volume of
the ROI occupied by plasma, the total amount, q, of contrast delivered into a ROI
by an arterial plasma concentration of Cap(t) and plasma flow of Fpis given
by84

q= IOFP-CaP(t) dt=1/Vp - IOFP'CROI(t) dt. (V.2)

Substituting the relationships, Vp = Vp|-(1-HCTRo), Cap(t) = Ca(t)/(1-HCTpa), and

HCTRoi=j-HCTpa into Equation V.2, Vg, can be derived and is equivalent to

o0 ©o

Var= [(-HCTeAV(1HHCTen)l [ [ Croit) @V [ Calt) ot (v.3)

where C;(t) is the arterial blood iodine concentration, HCT is the hematocrit

within a peripheral artery (PA), and j is a proportionality constant relating

—en
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peripheral hematocrit to ROl hematocrit (Hctroy).'44  Equation V.3 can also be
expressed in terms of the area under the time-concentration (or, equivalently,
time-CT number) curve (AUC):

Vg = [(1-HCTpa)/(1-jHCTpa)] - [ AUCROVAUCHA] (V.4)

Because the AUC following a single contrast bolus is equal for all
arteries in the body,24 any artery visible on a CT scan can potentially be used
for determination of the AUCpa. .

The mean transit time, <tf>, is derived from the center of gravity of the
time-concentration curve of the ROI, <tro>, in the following manner. The CT
number versus time function can be represented by the summation of a number
of functions, fij(t), each representing the change in CT number due to the
entrance of the ith molecule of contrast into the ROI. If the bolus instantaneously
enters at time 0, each of the r contrast molecules will produce an equivalent
change in CT number between times 0 and t;, the transit time through the ROI for
the ith molecule. Thus, the indicator-dilution curve represventing a single
molecule has a square wave shape, and the overall function representing the
indicator-dilution curve for the ROI is the summation of a number of these
square wave functions, the number being equal to the number of contrast
molecules within the bolus. |f the indicator-dilution curve is represented by the
function Crou(t),

Croi(t) = fa(t) + f2(t) + - - +1(t) (V.5)
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where there are r molecules comprising the indicator bolus and f,(t) is the
function representing the indicator-dilution curve for the rth molecule. The

center of gravity of such a function, <tro;>, is given by

[tCroi(t) d/ [ Crou(t) dt=[ [t(ty+to4--+1) dt)1 Jf1+f2+--+f, dt] (V.6)
0 0 0

If the change in CT number in response to a single indicator molecule is 9, and
if all the indicator molecules enter the ROI simultaneously so that there is
instantaneous input of the bolus into the ROI at time 0, then f; is equal to o

between 0 and t;, the transit time through the ROI for the rth molecule, and is
zero outside this interval. The center of gravity, <tro)>, of the indicator-dilution

curve for the ROI resulting from an instantaneous bolus, Croj,(t), is equivalent to
t1 tr

t‘] tr
trop= ( [atdtes [atdy( [ades [3 ay (V.7)
0 0 0 0

=1/2-(t12+ ...+t + ... +1) (v.8)

Dividing both the numerator and denominator by r, the total number of

molecules comprising the indicator bolus shows that

<trol> = 1/2:[(t42 + . . +t2A)/[(t1+ . . +t)/1] = 1/2-(<tP>/<t>) (V.9)

in which <t> and <ti2> are the first and second moments, respectively, of a
function representing the probability density function of transit times for the ROI.
Using the relation of the first and second moment, <t2> = <t;>2+(SDy)2. 149

where SDy is the standard deviation of transit times, and by asserting that SDs is
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proportional to <ti> by the unknown proportionality constant k,190: 151 45 can

be determined from the relationship,
<tp> = [2/(1+k2)])-<troi> (V.10)

For a non-instantaneous bolus, the time-concentration curve for the ROI

is a convolution of the real input time-concentration curve, Ci,(t), and the
hypothetical curve resulting from an instantaneous bolus, Croj(t). The centers

of gravity of these two convolved functions, <tj,> and <trg>, can be added to

give the center of gravity of the convolution, 4% <tro;>, so that
<ty>=[2/(1+k2)]-(<tro>-<tin>) (V.11)

Using the assumption that the mixing of contrast with blood is similar for any two
peripheral arteries visible on the same CT scan, the time-concentration curves
of those two vessels should also be similar, any difference being due to a

disparity in the arrival time of the bolus. Therefore
<troi>-<tin>=(1-m)-(<troi>-<tpa>) (V.12)

where <tpa> is the center of gravity of the time-concentration curve of a
peripheral artery, m is the fraction of <tgo>-<tpa> that is due to the difference
between the time the bolus arrives at the ROl and the time it arrives at the
peripheral artery used for determining <tpa>.

Regional CBF can therefore be determined by combining equations V.1,
V.4,V.11,and V.12,
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rCBF=n-[(AUCRo/AUCpa)/(<tror>-<tpa>)] (V.13)

where n represents the factor [(1-HCTpa)-(1+k2)}[2:(1-jHCTpa)-(1-m)]. A value
of 0.5 was assigned to the factor j,'44 and the magnitude of k was derived as
described below.

The variance in the time-concentration curve at the output of a ROl is due
to variations both in the times at which indicator molecules arrive at the ROl and
the variance in the transit times within the ROI. Because the two processes (i.e.
those accounting for the variance in arrival and transit times) are independent,
the total variance of the time-concentration curve at the outflow of a ROI will
equal the sum of the variances in the arrival and transit times.'4® Therefore, by
knowing the variance in arrival times, which can be determined from the time-
. concentration curve of an artery supplying the ROI, and the variance in outflow
times, which can be determined from the time-concentration curve of a vein
draining the ROI, the variance and SD of transit times can be determined. In
addition, the difference in centers of gravity of the arterial and venous time-
concentration curves will give the mean transit time. Although it is difficult to find
such a vein or artery for a specific ROI, it is generally possible to identify other
representative arteries and veins. For example, on a transverse scan of the dog
brain, the vein of the corpus callosum was often identifiable and representative
of the draining veins for the level of the brain evident on a CT image, and the
lingual artery, which was evident ventral to the trachea, was assumed to be
representative of other arteries supplying that level of the brain. The gamma-
variate function could be fitted to the time-concentration curves for such vessels
and used to derive the variance of the curves, the mean transit time, the SD of

transit times, and hence k'#® according to the equation
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k=(0$°- cg )12/ (<tve>-<tpa>) (V.14)

where o2 is the variance of time-concentration curves for the vein (Ve) of the
corpus callosum or the lingual artery (PA), and <tye> is the center of gravity of
the venous curve.

A number of important factors and limitations had to be considered
before this theoretical methodology of using CT to measure rCBF could be
properly implemented. The factors included the determination of AUC and <t>
for tissue and arterial ROIs, and the factors HCTpa, j, k, m.

Methods for determining the AUC and <t> based on the fitting of a
gamma-variate function to time-concentration data have been described in
detail.”9-82. 152 Thg uitrafast CT scanner used for the present study supplied a
routine which would automatically fit a gamma-variate function to the CT
number versus time data for any specified ROl. The AUC and <t> of the fitted
curves were also automatically calculated. In general it was possible to obtain
suitable data for ROIs of various sizes and shapes. However when a small ROI
was required, such as that for a peripheral artery, there was concern that errors
could be introduced that could have a major impact in the calculation of rCBF.
For instance, the time-concentration data for small, poorly defined vessels might
include a substantial portion of the surrounding parenchyma which would lead
to volume averaging and an underestimation of AUCpa. It was essential,
therefore, that arterial ROl selection was done carefully and that the vessel
selected was large enough to clearly support an ROI of 1 pixel or more. For
these reasons, the lingual artery, which appeared to be the largest artery visible
within the CT scan, was chosen for determining AUC and <t> of the peripheral

artery.
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Another important consideration in acquiring tirﬁe-concentration data for
an ROI within brain tissue, was the effect of BBB breakdown on the
measurement of rCBF. BBB breakdown following focal irradiation has been
well documented, 47> 58 and the presence of such a breakdown could tend to
increase AUC and <t> and thus alter the calculations of blood flow parameters
(Equations V.4, V.11, V.12, and V.13). In fact, it had been reported that blood

flow parameters acquired in the presence of BBB breakdown would be

inaccurate. 52 Therefore, the effect of BBB breakdown on measured rCBF was -

estimated by a simulation of the alteration in the CT number versus time curve
in the presence of BBB breakdown.

For the simulation, time-CT number data was generated using a gamma-
variate function. The values of the parameters which characterize the gamma-
variate function, A, B, and C (see Methodology, Validation, and Results -
Method Overview: CT-Based Measurements for details), were set to 2.5, 1.5,
and 300, respectively, for the arterial input curve, and 4, 1.5, and 0.8,
respectively for the ROI flow curve. These values were comparable to those
found in preliminary experiments. The parameter ty, which is the arrival time of
the contrast bolus at the ROI, would not be expected to be altered by BBB
breakdown and was set equal to 0. In order to simplify the calculations, it was
assumed that the inflow of the contrast into the ROl was completed prior to
outflow, and that transfer across the BBB breakdown was unidirectional during
the passage of the bolus. With this simplified simulation, beyond the peak of the
time-concentration curve (when inflow was complete), the change in contrast
concentration was reduced by a fraction equivalent to the fraction of total blood
flow that crossed the BBB. As an example, if the degree of BBB breakdown was
equivalent to 15% of rCBF, and if the CT number following the peak of contrast

enhancement fell by 10 CT numbers in a given period of time, the presence of

176

W.‘f'-“?lf B G PSR o Tﬂ’q

O

Y.



BBB breakdown would result in there only being a drop of 8.5 CT numbers
during this period. Following the simulation, a gamma-variate function could
then be fitted to the CT number versus time data (see Methodology, Validation,
and Results - Method Overview: CT-Based Measurements), and the effects of
an altered BBB on the fit parameters and computed blood flow parameters
assessed.

Because cerebral blood flow ranges from approximately 20-100 ml-100
mi-!-min-1,96, and because blood-to-brain transfer constants in the presence of
radiation injury have been reported to be in the range of 1-3 mI-100 mi-1-min-
147 the blood-to-brain transfer constants were set equal to either 5 or 15% of
rCBF. In the case that BBB transfer was 5% of total flow, the changes in
calculated vascularity, mean transit time, and rCBF were estimated to be only
+1.0, +4.9, and -3.8% respectively. Even for breakdowns as large as 15% of
total flow, the changes for the same respective parameters were +13.8, +8.5,
and -4.6%. Based on these calculations, it appeared that the CT method of
rCBF measurement would still be accurate £10% even in the presence of BBB
breakdown.

Because of the form of Equation V.1, it was clear that the accurate
determination of mean transit time for rCBF calculation was most critical at short
transit times, and underestimations of transit time would tend to result in larger
errors than overestimation. For example, whereas a 0.2 second overestimation
or underestimation of a mean transit time of 3.0 seconds would result in errors
in rCBF of -6.2% and +7.1%, respectively, similar errors for a mean transit time
of 1.0 second would result in errors in rCBF of -16.7% and +25%. Based on
studies of focal hyperthermia damage in brain,'3 in which decreased mean

transit time was never seen, it was hypothesized that irradiation would result in

1717

| S,

.



increased mean transit time, so that this limitation was not expected to be a
significant one for the present studies.

Another factor which had to be considered in the computation of rCBF by
CT was the proportionality constant k. This factor relates the variation in transit
times to the mean transit time. If brain blood flow was modeled as a plug of fluid
flowing through a single tube, the variation in transit times was 0 and thus k was
zero. In addition, because the washout of blood from a single well-mixed

compartment is exponential in form, 152

the mean transit (or washout) time for
such a model (i.e a single well-mixed compartment) is equivalent to the SD of
transit times and thus k is one. Attempts to model blood flow with more
sophisticated models such as multiple parallel compartments resulted in values

which were clearly at odds with experimental results, 48

suggesting that the
value of k had to be determined empirically. However, experimental
determinations of k had found the value to be remarkably constant within a
given organ system, with values in between 0 and 1 depending on the
system, 150 151 gyggesting that true blood flow was best modeled as something
in between plug flow and flow in a simple well-mixed compartment. Although
the value of k had not been determined for brain, it was determined using
ultrafast CT (see Equation V.14 and preceding discussion) in a series of twelve
dogs. The average value of k was 0.757 £+ 0.045 (mean + SE).

The factor m was determined from the difference in the times of arrival of
the contrast indicator at the peripheral artery used for determining <tpa> and at
the ROI in brain tissue. Based on the same set of studies used for determination
of k, the value of m was found to be 0.40 + 0.07 (mean * SE). It was assumed
that when the peripheral artery and the ROI were within the same scan plane,

the arrival times would be similar and m would be relatively small, so that it

would have only a minor impact on the blood flow calculation using Equation
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V.13. However, it was also noted that if the difference in arrival times became
large relative to the mean transit time (i.e. m became larger), m would have a
greater impact on the rCBF calculation. Thus, if the difference in arrival times
was substantial, it would be necessary to carefully account for the effect of m on
rCBF. ‘

It was also important to accurately determine the blood (HCTpa) and
tissue (HCTRoi) hematocrits in order to measure rCBF using CT (see Equation
V.3 and preceding discussion and Equation V.13). Although it was clear that
HCTpa could be readily determined from a venous blood sample, it was also
evident that the indicator bolus would reduce the hematocrit due to simple
dilution. Some errors could be introduced into the rCBF measurement by not
taking this dilutional effect into consideration. For instance, assuming a

0,'44 a bolus of contrast of 1 ml kg-! and

hematocrit of 40%, a factor of j of 0.5
width of 5 seconds, and a cardiac output varying from 35-140 ml kg-! min-1,
dilution could change the calculated rCBF by 2-9% from the actual rCBF.’
However, it was possible to explicitly determine and correct for this dilution,
because the volume diluted is equivalent to the product of total cardiac output
and the bolus width. Both of these factors were determined from a time-
. concentration curve of a peripheral artery 84 |nitial studies demonstrated the
average dilution. of the hematocrit to be 0.90 + 0.01 (mean + SE). Based on
this dilution, an average hematocrit of 34.9 + 0.9 (mean + SE), and the
aforementioned values of j, k, and m, the value of n in Equation V.13 was

determined to be 1.069.

" For example, for a cardiac output of 35 ml-kg-1-min-1, within the 5 second bolus, the cardiac
output would be (5 seconds/ 60 seconds min-1)(35 mikg-1-min-1) or 2.92 mikg-1. The 1 mi-kg-1
of contrast would dilute the hematocrit, so that the hematocrit would actually be [2.92/(2.92 +
1)]-40% or 29.8%. The factor multiplying AUCROI/AUCPA in Equation V.4 would be changed
from (1-0.40)/(1-0.5-0.40) or 0.75 to (1-0.298)/(1-0.5-0.298) or 0.82, which is equivalent to a
change of (0.82-0.75)/0.82 or 9%.
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VI. SIMULATED CHANGE IN CT NUMBER DUE TO BLOOD-BRAIN
BARRIER BREAKDOWN

The concentration of the iodinated contrast agent used in the present
studies declines bi-exponentially in the first four hours following
administration, 194 so that the plasma concentration of iodine, Cp(t), can be

described by the equation
Cp(t)=A'e"t+B'e-Pt (VI.1)

In addition, because of the proportionality between the change in CT number for
an artery, ACTaRT(t), to Cp(t)

CACTaRT(t)/(1-Hct)=Cp(t) (VI.2)

which indicates that cACT art/(1-Hct) also changes bi-exponentially following
injection. Preliminary studies have suggested values of ¢ and Hct of 0.059 and
0.35, respectively. The values of A, B', a, and B can be obtained from the
ACT aRT(t) data following an iodinated contrast bolus combined with the multi-
exponential curve-fitting technique referred to as curve-feathering.'® Typical
values of A', B', a, and b obtained with this method are 4 mg/ml, 4 mg/ml, 0.01 s
1, and 0.0006 s-1.

Combining these values of A', B', a,, and B, with Equations VI.1 and V1.2,

typical values of ACTart(t) can be obtained from the formula

ACT aRT(t)=446-0-01t444¢-0.0006t (VI.3)
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Furthermore, combining Equations IIl.5 and VI.1

T
Ca(T)=KieKoT [ (A'e-ateKbt + B'g-PteKbt) dt (VI.4)
0
T T
=AKieKoT [ eKooltdt + BKieKoT [ e(Ko-B)t dt (V1.5)
0 0
=[AKi/(Kp-0)][6-T-e"4bT] + [B'Ki/(Kp-B)][e-PT-0KbT] (V1.6)

In addition, by Equation 1il.6
Croi(T)=Cs(T)Vs+Cp(T)Vp=CACTRo((T) (VI.7)

where c is the proportionality constant relating the change in iodine
concentration within a ROl (Cro((T)) to the change in CT number for that ROI

(ACTRo1) (see also Equation 11l.9 and preceding discussion). Vg, the fraction of
an ROI comprised of brain parenchyma (or non-vasculature), is equivalent to 1-

[Vp/(1-0.5Hct)] (see Equation IIl.7 and preceding discussion). SUbstituting this
relationship and Equations VI.2 and VI. 6 into VI.7 and solving for ACTRro)

ACTro(T)={[1-Vp/(1-0.5Het) VeH[A'Ki/(Ko-0)][09T-KoT)+ [BKy/ (Ko-B) [0 BT-6KbT]} +
(Vp/c)(A'et+B'eBt) (V1.8)

By inserting the same values of ¢, Hct, A', B', a, and B as mentioned above, this
equation shows the explicit formula used to calculate the expected values of

ACTRo((T) for various input values of K;, Kp, and Vp.
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VIL.

CHRONIC INTRAVENOUS CATHETER IMPLANT

The medial left or right thigh was clipped from the femoral triangle to the
stifle joint of overlying hair and aseptically prepared using a standard
surgical scrub.

A 3-5 cm longitudinal incision was made over the femoral artery and vein
just distal to the femoral triangle.

A 2-3 cm length of femoral vein was isolated using blunt dissection.

After placing a ligature distally on the isolated vein segment, a small
incision was made in the vein just proximal to this ligature.
Approximately 50 cm of a 100 cm length of sterile, Tygon tubing (inner
diameter 0.040 inches, outer diameter 0.070 inches) was inserted into
the vein through this incision. The Tygon tubing had two plastic cuffs,
which were 1 mm thick and 1 mm wide and separated by 2 mm, which
had been cut from larger diameter tubing (inner diameter 1 mm, outer
diameter 2 mm) and glued to the Tygon tubing at the point 50 cm from the
end. Two additional cuffs had been glued 10 cm away from the first two.
The tubing was advanced so that the two cuffs at 50 cm (the proximal
cuffs) lied just inside the vein, 1-2 mm proximal to the vein incision. The
distal cuffs remained outside the vein.

The tubing was secured by placing a ligature around the vein and tubing
at a point between the two cuffs inserted into the vein. A second ligature
was placed just distal to these two cuffs. The catheter was looped such
that the two distal cuffs overlaid the two proximal cuffs which had been

sutured within the vein. The ends of the two previously placed sutures
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were then used to place one ligature between the two distal cuffs and a
second ligature just distal to these same cuffs.

6. The patency of the inserted tubing was checked by flushing 5-10 mi of a
heparinized saline solution (3.3 U/ml of heparin) through the line.

7. The free end of the tubing was attached to a long metal trocar, 3 mm in
diameter and 60 cm in length) and tunneled subcutaneously from the
incision to the withers. The trocar was pushed through the skin along
with the attached catheter along the midline between the scapulae.

8. The muscle, subcutaneous tissue, and skin of the medial thigh were
closed in three separate layers. The tubing extending from between the
scapulae was attached to an infusion pump placed within a vest worn by

the animal (Figure 2).

VIil. 125 IMPLANT AND REMOVAL

1. After induction of anesthesia, the hair of the scalp was clipped from just
caudal to the external occipital protuberance rostrally'to the dorsal orbital
rim. The clipping extended 4-6 cm lateral to the midline on both the left
and right sides.

2. After a routine sterile surgical preparation of this region, the point on the
scalp 57 mm rostral to the external occipital protuberance and 20 mm
lateral to the midline was carefully noted, and a 2 cm longitudinal incision
was centered on this point.

3. After using pressure for hemostasis following the skin incision, a 2 cm
incision was made in the temporalis muscle, the incision extending down

to the skull.
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10.

Using the blunt end of the scalpel handle, the muscle was scraped from
the bone so that a region of bone approximately 2 cm in diameter was
visible and clear of overlying tissue and blood.

A 1 mm diameter hole, centered at the same point as the original scalp
incision and 45° off vertical, was drilled in the skull while taking care so
as not to penetrate the brain.

The skin incision was temporarily closed with a continuous suture pattern
in order to prevent contamination of underlying tissues during the
following procedures.

Five contiguous 3 mm thick transverse CT scans were obtained in order
to check placement of the twist drill hole in relation to underlying brain
tissues. The hole placement was planned such that a transverse CT
scan containing the hole should correspond to the level of the brain at
the junction of the thalamus and basal ganglia, 3-6 mm caudal to the
most rostral extent of the lateral ventricles. If the hole was misplaced, the
hole was re-drilled at the proper position based on the CT scans.

After another sterile surgical preparation of the previous incision, a blunt-
ended probe was inserted through the twist drill hole and into the brain in
order to clear a path for insertion of the polyethylene catheter containing
the radioactive seed. During insertion, the probe lied just to the left of the
ventricle within the transverse plane at a 45° angle off vertical.

In order to close the incision rapidly following radioactive seed
placement, sutures were pre-placed in such a fashion that both skin and
muscle could be closed simultaneously.

The catheter containing the 125| seed was 13.5 mm in length (inner
diameter 0.034 inches and outer diameter 0.050 inches), and the seed

was placed at the most distal end of the catheter. It was kept in alcohol
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11.

12.

13.

for 24 hrs prior to implant and then rapidly rinsed with sterile saline
immediately prior to insertion. It was inserted into the brain so that the
top of the catheter lied flush with the skull.

After rapidly closing the incision using the pre-placed sutures, the dog
was allowed to recover from anesthesia. The seed was left in for the
appropriate time for a dose of 20 Gy at a point 0.75 cm from the seed
(see Appendix X. Dose Calculation). Typically, this was 36-54 hrs for
seeds of strength 16-24 mCi.

For seed removal, the dog was rapidly anesthetized with a 3-5 ml bolus
of intravenous 4% sodium thiamylal, the incision surgically scrubbed
twice with betadine and alcohol, and the seed removed.

The incision was then re-scrubbed using a standard surgical scrub, and
the muscle, subcutaneous tissue, and skin closed in three separate

layers.

IX. DOSE CALCULATION

The dose rate, DR, at some distance r from the type of 1251 source used in

the present study can be calculated using the equation

Dp = Y/r2 (1X.1)

where ¢ is the dose-rate constant, and Y is the activity of the source in

millicuries. '8 157 In our experiments, dose was calculated at a point 0.75 cm

from the 125| source, and the corresponding e for this distance is

0.0133 Gy-cm2-hr-1-mCi-1,156: 157 giving
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D = 2.36Y (IX.2)

The total dose, D, delivered within a given period is calculated by integrating

the dose rate over the entire period or

t
Dr= [ Driextdt (IX.3)
0

where t is the duration of of irradiation, T is a dummy variable for integration, Dg;
is the initial dose rate, and x is the decay rate constant for 125|, equivalent to

4.8X10-4 hr1-156 Solving Equation IX.3

Dr = (Dri/k)(1-6™) (IX.4)
Thus, the time to deliver a given total do;se is

t = -{In[1 - (xD1/DRi))/x} (1X.5)

Thus, in order to deliver a total dose of 20 Gy as used in the present

experiments, the time, in hours, necessary was

= -In[1 - (9.6X10-3 Gy-hr-1/DR;)}/4.8X10-4 hr-1 (IX.6)




X ANALYSIS OF VARIANCE - DESCRIPTION AND RATIONALE

Analysis of variance (ANOVA) is a statistical method used to analyze
which factors are related to the variation in some biologic or physical response
of interest. An important advantage of using an ANOVA is that it can be used to
examine the relations of multiple factors to a response in a single experiment.
In a typical ANOVA, one designs a model describing the relationship of the
response (or dependent) variable to the factors (or independent variables)
which are hypothesized to relate to the response. The factors which are
“included in the model can be either continuous or discrete. For example, in an
experiment examining the effect of a drug on some biological response, the
weight of each animal would be considered a continuous variable, and the sex
would be considered a discrete variable. In addition, factors can be either fixed
or random. Fixed factors are those which are specified by the experimental
design, such as the type or dose of drug in the above example. Random factors
are those which are not experimentally controlled, such as animal weight. A
model which contains both fixed and random factors is referred to as a mixed-
model.

ANOVAs can also be useful in accounting for factors which interact in
such a way that their relation to the response of interest is obscured. As an
example, consider the study of the response to a drug at various times after
administration.  If the response was measured without any consideration for
time after drug administration, it could be difficult to establish the relation
between the drug and the response. If the response was measured too early
after drug administration, there might be no measurable response because
there would have been too little time for drug absorption. Similarly, if the

response was measured too late, the drug might already have been excreted so
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that once again no response would be measured. However, if the response
was measured multiple times after drug administration and plotted as a function
of time, it would be clear that the response was dependent both on drug
administration and the time after administration. The interaction between drug
and time would be evident. ANOVAs are helpful in that if the response is
hypothesized to be related to the interaction of factors, the interaction can be
entered into the model design so that its significance can be determined.
Finally, data from an experiment measuring a response multiple times
within a single subject can be correctly analyzed using an ANOVA. An example
of such an experiment would be one looking at changes in the response of an
individual to a drug at multiple times after administration. If one is analyzing
how the response to the drug may change as a function of time, it is important to
account for the fact that the responses at the various time points are not
independent. A repeated-measures ANOVA accounts for this lack of
independence and thus makes it possible to do a proper statistical analysis of

variation of the response as a function of time.
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