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A CT Method to Measure Hemodynamics in Brain
Tumors: Validation and Application of Cerebral Blood

Flow Maps

Aleksa Cenic, Darius G. Nabavi, Rosemary A. Craen, Adrian W. Gelb, and Ting-Yim Lee

BACKGROUND AND PURPOSE: CT is an imaging technique that is routinely used for
evaluating brain tumors. Nonetheless, imaging often cannot show the distinction between ra-
diation necrosis and neoplastic growth among patients with recurrent symptoms after radiation
therapy. In such cases, a diagnostic tool that provides perfusion measurements with high an-
atomic detail would show the separation between necrotic areas, which are characterized by
low perfusion, from neoplastic areas, which are characterized by elevated CBF. We attempted
to validate a dynamic contrast-enhanced CT method for the measurement of regional CBF in
brain tumors, and to apply this method by creating CBF maps.

METHODS: We studied nine New Zealand White rabbits with implanted brain tumors. We
obtained dynamic CT measurements of CBF, cerebral blood volume (CBV), and permeability
surface (PS) from the tumor, peritumor, and contralateral normal tissue regions. In all nine
rabbits (two studies per rabbit), we compared CT-derived CBF values with those smultaneoudy
obtained by the standard of reference ex vivo microsphere technique. Using CT, we examined
three rabbits to assess the variability of repeated CBF and CBV measurements, we examined
the other six to evaluate regional CBF reactivity to arterial carbon dioxide tensions. Finally, CT
CBF maps wer e obtained from arabbit with a brain tumor during normocapnia and hypocapnia.

RESULTS: We found a significant linear correlation (r = 0.847) between the regional CT-
and microsphere-derived CBF values, with a slope not significantly different from unity (0.99
+ 0.03, P > .01). The mean difference between regional CBF measurements obtained using
both methods did not significantly deviate from zero (P >.10). During normocapnia, tumor
had significantly higher CBF, CBV, and PS values (P < .05) than did peritumor and normal
tissues. The variability in CT-derived CBF and CBV measurementsin the repeated studieswas
13% and 7%, respectively. CT revealed no significantly different CBF CO, reactivity from
that determined by the microsphere method (P > .10). The CBF map of tumor regions during
normocapnia showed much higher flow than normal regions manifested, and this difference
was reduced on the hypocapnia CBF map.

CONCLUSION: The dynamic CT method presented herein provides absolute CBF measure-
mentsin brain tumors that are accurate and precise. Preliminary CBF maps derived with this
method demonstrate their potential for depicting areas of different blood flow within tumors

and surrounding tissue, indicating its possible use in the clinical setting.
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CT and MR imaging techniques are used routinely
for evaluating brain tumors (1). These diagnostic
tools provide important morphologic information
regarding location, size, and mass effect of brain
tumors. With the administration of contrast agents,
these imaging techniques can more accurately de-
marcate the boundaries of neoplastic tissue from
surrounding normal tissue as well as provide data
on the presence and extent of vasogenic edema
arising from an impaired blood-brain barrier (BBB)
(1). Among patients with recurrent symptoms after
radiation therapy, however, the neuroradiologist
may confront problems with differentiating be-
tween radiation necrosis and recurrent neoplastic
growth (2-5). In such cases, a diagnostic tool that
provides perfusion measurements with high ana-
tomic detail could delineate the boundaries of ne-
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Fic 1. A, Schematic representation of
IRF in a tissue with an intact (ie, imper-
meable to contrast molecules) BBB.

B, Schematic representation of an IRF,
R(t), in tissue with a permeable BBB. The
first plateau reflects the intravascular
phase of the contrast material. The second
(and much lower) plateau reflects the ex-
travascular phase. The extraction fraction,
E, is derived by dividing the second pla-
teau height by the first plateau height.
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crotic areas, which are characterized by low per-
fusion, thus distinguishing them from neoplastic
tissue with elevated cerebral blood flow (CBF).
Moreover, CBF measurements would not only pro-
vide important information regarding treatment
outcomes, but also would allow one to investigate
the hemodynamic effects of the lesion on surround-
ing tissue. Such an imaging tool could supplement
the morphologic information obtained from CT or
MR with functional information related to tissue-
specific perfusion, increasing the accuracy of brain
tumor diagnosis.

Currently, positron emission tomography (PET)
is the standard of reference in providing in vivo
functional information concerning perfusion and
metabolism of patients with neurologic disease (1).
During the last decade, several investigators have
reported on the use of PET for differentiating neo-
plastic from normal tissue through analysis of CBF,
cerebral blood volume (CBV), BBB permeability,
and metabolism (6-10). With the wider clinical
availability of single-photon emission CT (SPECT)
and MR scanners, various investigators have pro-
posed using these techniques to replace PET stud-
iesin the evaluation of cerebral hemodynamics (eg,
CBF and CBV) in brain tumor patients. These stud-
ies have shown promise in differentiating radiation
necrosis from recurrent tumor growth and provid-
ing some insight regarding tumor grade (11-15).

The routine use of CT for initial neuroradiologic
diagnosis, as well as its widespread clinical avail-
ability, prompted our group to develop a contrast-
enhanced, dynamic CT method that can provide ab-
solute measurements of regional CBF and CBV in
normal tissue with an intact BBB (16). In tumors
and other neurologic disorders (eg, inflammation,
chronic ischemia), however, the BBB is impaired,
leading to extravasation of contrast material into
the extravascular space (EVS) from the intravas-
cular space (IVS). In such cases, the commonly
used method of dividing the area beneath the tissue
enhancement curves by the arterial enhancement
curve leads to an overestimation of CBV (17, 18).
Because our original method (16) employs this ap-
proach in the calculation of CBV, the subsequent
application of the Central Volume Principle (19)
would also result in CBF being overestimated. In
order to apply our dynamic CT method in tissue
with a permeable BBB (eg, tumor), leakage of con-
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trast material across the BBB must be accounted
for in the calculation of CBV and CBE

We describe a theoretical approach that extends
the ability of our deconvolution method to provide
absolute CBV and CBF measurements in tissue
with a permeable BBB. The extension also enables
the simultaneous measurement of the capillary per-
meability surface area product (PS) with CBV and
CBFE The purpose of this study was twofold. First,
we attempted to validate the accuracy of our re-
gional CT-derived CBF measurements against the
standard of reference ex vivo microsphere tech-
nique in experimental brain tumors. Second, we
sought to apply our method by developing absolute
CBF maps and demonstrating their application in
rabbits with brain tumors. We expect that clinical
trials will be able to apply the devel oped techniques
described herein as easily as in this current exper-
imental study.

Theory

As previously described (16), the Central Vol-
ume Principle as derived by Meier and Zierler (19)
describes the relationship between CBF, CBV and
MTT with Equation 1:

CBV

D CBF MTT
CBF is the flow (mL/min/100 g) through a given
vascular network in the brain. CBV is the volume
of blood (mL/100 g) within the vessels. MTT isthe
mean transit time of al blood elements entering at
the arterial input and leaving at the venous output
of the vascular network.

Axel (17) and Cenic et a (16) described a CT-
derived Impulse Residue Function (IRF), which
measures a unit of contrast material injected as a
bolus at an arterial input and the mass of contrast
media remaining in the given vascular network
over time. A schematic representation of an IRF
for the case of an intact BBB is shown in Figure
1A. The plateau width corresponds to the minimum
transit time of the contrast material flowing through
the vascular network (ie, interval during which the
total volume of injected contrast material remains
within the vessels). After this finite duration, con-
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Fic 2. Examples of dynamic CT-measured contrast-enhancement curves of an artery (/ine), normal tissue (squares), and tumor (circles)
in a rabbit with brain tumor. For clarity, the tissue curves are displayed using a different scale of CT numbers (right axis). Thus, the
arterial enhancement curve (left axis) is more than 10 times higher than that of the tumor curve, and 50 times higher than that of the
normal tissue curve. Note the higher washout phase of the tumor curve relative to the normal tissue.

Fic 3. Contrast-enhanced CT image illustrating tumor, peritumor and contralateral normal ROIls found in a rabbit. The radial arteries
(RA) are clearly displayed at the bottom of the figure (adjacent to the radial and ulna bones).

trast material begins to leave the vascular network,
leading to the drop of the IRF to zero. For normal
cerebral tissue with an intact BBB, the MTT iscal-
culated from the IRF, R(t), by the area-over-height
formula (16).

For cases in which the BBB is defective (eg,
tumor), however, injection of contrast material will
result in diffusion of contrast molecules from the
IVS into the EVS. The paths followed by contrast
molecules through the vascular network can be
classified as those that remain entirely intravascul ar
and those that leak into the EVS and then diffuse
again into the IVS (20). Let R;(t) denote the IRF
for those contrast molecules that remain in the IVS
during their entire transit through the vascular net-
work, and let Rq(t) denote the IRF for contrast mol-
ecules that leak across the BBB into the EVS at
some time during their transit through the vascular
network. If E is the extraction fraction (ie, the frac-
tion of contrast material that leaks into the EVS
from the 1VS), then the IRF for a brain region with
a permeable BBB is given by Equation 2:

) R(t) = E-R(t) + (1 — B)-Ri(Y)

Note that, by definition, both R;(0) and Rg(0)
should be equal to 1.0 (21). Figure 1B shows a
schematic representation of Equation 2. The second
plateau, which is lower in height but much longer
in duration than the first plateau, occurs because of
the slow diffusion of contrast material back into the
IVS from the larger EVS volume (20). This frac-
tion in the EVS remains visible to the CT scanner
until it is completely cleared by diffusion back into
the IV S and then cleared from the vascular network
by the CBFE As shown in Figure 1B, the initial
point of the second plateau of R(t) represents the
EV S fraction (ie, E = {2nd plateau height of R(t)}/
{1st plateau height of R(t)}). Furthermore, by ex-

trapolating the initial EV'S plateau to time zero and
subtracting it from R(t), (1-E)R;(t) is obtained.

As discussed previously (16), the direct experi-
mental measurement of R(t) cannot be obtained
from patients because this requires the invasive in-
jection of contrast material into an input artery. For
clinical applications, an alternative strategy is to
infuse contrast material intravenously over a very
short duration and then measuring contrast en-
hancement over time for a brain region, Q(t), with
CT scanning. As shown by Meier and Zierler (19),
Q(t) is expressed by Equation 3:

3 Q(t) = CBF.C4(t) * R(t)

C,(1) is the enhancement curve measured at the ar-
terial input, R(t) is the IRF for the given brain re-
gion (with an intact or impaired BBB), and * de-
notes the convolution operator. With the increased
spatial and temporal resolution of current CT scan-
ners, Q(t) and C4(t) can be accurately measured af-
ter arapid intravenous injection of contrast material
(Fig 2). Assuming that the arterial enhancement
curve measured at a periphera artery (eg, ear or
radial) represents the arterial input to the brain re-
gion, then from Equation 3, deconvolution of the
CT-measured Q(t) and C4(t) curves provides an es-
timate of CBER(t)—ie, R(t) scaled by CBF or
RS(t)—for the brain region (16). With RS(t) known,
E can be calculated by the ratio of the heights of
the first and second plateau, as discussed before.
Back extrapolation of R(t) and subtraction of the
extrapolated result will give an estimated CBF(1-
E).R;(t) or the scaled IVS IRF, R(t).

Because R;(t) is the IRF for the contrast mole-
cules that stay within the IVS during their entire
transit through the vascular network, MTT, as in
the case of an intact BBB, can be expressed in
Equation 4:
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R?(t) dt
0]
4 MTT = ————
@ RYO)
R30) is the plateau (or maximum) height of R(t).
Also, because R§(t) is the product of CBF and R;(t)
and R;(0) is unity, we have Equation 5:

_ R0
(5) CBF = -5

Equation 6 follows from Equations 4 and 5:

f w RS(t) dt
o

(6) CBV = 1-B
Renkin (22) and Crone (23) expressed E in
Equation 7:

©) E=1-e(sc8M

PS (mL/min/g) is the permeability surface area
product of the BBB to contrast material. From
Equation 7, if both CBF and E are known, then
Equation 8 follows:

©) PS = —CBF.In(1 — E)

M ethods

Study Protocol

We used nine male New Zealand White rabbits in experi-
ments approved by the Animal Ethics Committee at the Uni-
versity of Western Ontario (London, Ontario, Canada). We har-
vested VX2 carcinoma cells from a 3- to 4-cm-diameter tumor
in one of the hind legs of a host rabbit that had been injected
with the same cell line 2-3 weeks prior. Approximately 5 X
10° cells were injected into the right parietal lobe (3 mm below
the dura mater) of a study rabbit through a small burr hole.
The tumor was then allowed to grow for at least 7 days. From
day 7 onward, we performed a contrast-enhanced corona CT
scan of the brain every other day to determine the tumor size.
When the tumor reached approximately 0.4 cm in diameter (as
viewed on the coronal CT image), we performed the experi-
mental study on the following day by using the protocol de-
scribed herein.

On the day of the experiment, we surgically prepared each
rabbit that had been implanted with a brain tumor, as described
in our previous CT CBF validation study in normal rabbits
(16). During the experiment, anesthesia was maintained with
1.5% isoflurane. Mean arterial blood pressure was continuous-
ly monitored, and rectal temperature was maintained at ap-
proximately 38.5°C with a recirculating water pad and heat
lamp. Hematocrit was measured every 30 minutes to ensure
that the blood volume was not rapidly decreasing from with-
drawal of blood samples for blood gas determination and mi-
crosphere-derived CBF measurements. Because arterial carbon di-
oxide tension (PaCO,) measurements were not obtained during
each microsphere study and CT CBF study, the average of the
PaCO, values immediately before and after each study was
considered to be the PaCO, value for both CBF measurements.

HEMODYNAMICS IN BRAIN TUMORS 465

We measured regional microsphere CBF in all nine rabbits
to evaluate the accuracy of our CT method of measuring CBF
under various physiologic conditions. We studied six of nine
rabbits to evaluate the sensitivity of our CT method of mea-
suring CBF for detecting cerebrovascular responses to decreas-
ing arterial PaCO, levels. In these CBF CO, reactivity exper-
iments, the CT- and microsphere-derived measurements were
first obtained during normocapnia (PaCO, =~ 40 mm Hg), and
then during hypocapnia (PaCO, = 25 mm Hg), with at least
a 30-minute wait between the normocapnia and hypocapnia
measurements. This time delay allowed for the clearance of
contrast material from the circulation. We induced hypocapnia
by increasing the ventilation rate of the rabbit. We studied the
remaining three rabbits to evaluate the precision of our dynam-
ic CT measurements. In these precision experiments, repeated
CBV and CBF measurements were made in the tumor, peri-
tumor, and contralateral normal tissue regions during two nor-
mocapnic studies, with the same 30-minute delay as in the
experiments involving hyperventilation.

Dynamic CT Scanning Protocol

After anesthesia was induced, the animal was placed in the
prone position on the patient couch with its head and forelimbs
secured in the head holder supplied with the CT scanner. Pre-
contrast 3 X 3-mm coronal scans were prescribed from a lat-
eral scout image. The brain tumor was located using these
precontrast coronal scans. Upon intravenous injection of 1 mL
Ultravist 300 (Berlex, Canada), we then performed 1-mm-
spacing coronal scanning of the same (3-mm) thickness, cov-
ering the entire tumor, in order to locate the coronal section
with the largest tumor cross section. This section was then
chosen as the study slice for the two sequential dynamic CT
studies.

The dynamic (cine) CT imaging (continuous scanning with-
out interscan delay at the same level) parameters were as fol-
lows: 80 kVp, 80 mA, 512 matrix, 10-cm field of view, 3-mm
slice thickness, and 1 s/scan. In the reconstruction of CT im-
ages, a back-projection filter with a cut-off frequency of 10
line pairs per cm was employed. Dynamic scanning was ini-
tiated 5 seconds before a bolus of contrast material (1.5 mL
Ultravist/300 kg body weight) was infused into an ear vein at
a rate of 0.3 mL/s by using an automated injector (Medrad
Injector, Medrad, PA). This delay in contrast material injection
alowed for the acquisition of precontrast baseline images (ie,
background data for image analysis). Dynamic scanning was
maintained during the bolus injection of contrast material and
continued for the remaining minute.

Ex Vivo CBF Microsphere Measurements

We obtained regional CBF measurements by using fluores-
cent-labeled (or radioisotope-labeled) microspheres in a man-
ner similar to that described in our previous article (16). CBF
was first measured using the microsphere method, and then
immediately afterward by the dynamic CT method. The close
spacing in time (< 2 min) ensured that similar hemodynamic
conditions existed during performance of both CBF measure-
ment techniques. Upon completion of the experiment, tissue
samples from each cerebral hemisphere at the level of the brain
tumor corresponding to the CT tissue regions (Fig 3) were
trimmed accordingly.

CT Data Analysis

Regions of interest (ROIs) in the CT brain images were
drawn in the tumor, peritumor, and contralateral normal regions
(Fig 3) by using the following procedure. First, an ROl was
drawn incorporating the entire tumor—the most enhanced area
of the right hemisphere—as shown in Figure 3. This tumor
ROI was then reflected about the midline into the left cerebral
hemisphere to create the contralateral normal ROI. Finally, we
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created the peritumor ROI by expanding the tumor ROI by 5
to 6 pixels. These ROIs were drawn such that no major blood
vessels were present within the regions. Q(t) for each tissue
ROI was then obtained by subtracting the regional mean CT-
derived number obtained in precontrast images from the mean
CT-derived number obtained in sequential contrast-enhanced
images.

The arterial contrast concentration curve, Ca(t), was ob-
tained from one of the radia arteries (Fig 3) or from an ear
artery, as previously described (16). As in the case of Q(t),
C,(t) was aso determined by subtracting the mean CT-derived
number in the vessel ROl obtained by precontrast scanning
from the mean CT-derived number obtained by contrast-en-
hanced scanning. The measured C,(t) was then corrected for
partial volume averaging (16).

Correction for Difference in Tissue and Large-Vessel
Hematocrit

Contrast material is confined to the plasma phase of blood.
Provided that the hematocrit of blood remains the same in
peripheral (large) blood vessels and tissue capillaries, the en-
hancement measured in tissue and blood will be equivalent.
To correct tissue enhancement for the difference in large-vessel
and small-vessel (tissue) hematocrit, Q(t) has to be multiplied
by the factor ¢ = (1-H)/(1-rH) where H is the hematocrit of
blood in large vessels and r (0.8) is the ratio of small-to-large
vessel hematocrit for small animals (24).

CBF Maps

The brain tissue enhancement was assessed in approximately
1000 3 X 3 pixel blocks covering the entire brain. Using the
measured arterial input curve with the respective tissue curve
for each pixel block, our deconvolution algorithm (16) was
used to generate a CBF map by determining its value in each
pixel block. CBF maps were determined for a single rabbit
(randomly chosen from the six rabbits in which hyperventila-
tion was induced) both during normocapnia and hypocapnia.
The change in CBF from hyperventilation was evaluated by
comparing the mean CBF over the entire cerebral map for both
studies and by subtracting the hypocapnia map from the nor-
mocapnia map to observe changes in CBF from hyperven-
tilation.

Satistical Analysis of Data

Statistical analysis was performed using SPSS 9.0 Scientific
Software Packages (Chicago, IL). Standard descriptive statis-
tics, such as mean =SD, were calculated. Two-tailed t-tests
(paired or unpaired) were used to determine the statistical sig-
nificance of changes in normally distributed data. Pearson
product moment correlation was used to determine the corre-
lation between microsphere and CT measurements for both
regional CBF values and absolute CBF CO, reactivity. Linear
regression analysis was used to determine the slope of the cor-
relation plot between the microsphere- and CT-derived mea-
sures of CBE. A one-sample t-test (two-tailed) was used to test
the mean of the distribution of differences between micros-
phere- and CT-derived CBF values against zero. An analysis
of variance (ANOVA) for repeated measures was used to de-
termine the percent variability of our CT CBF and CBV mea-
surements as well as that of the microsphere CBF measure-
ments. Statistical significance was declared at the P < .05
level.

Results

Table 1 details the controlled and monitored
physiologic parameters for the six rabbits in which
hyperventilation was induced and the three rabbits
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TABLE 1: Controlled and monitored physiologic parameters

Study 1 Study 2

Hyperventilation Studies (n = 6)

PaCO, (mm Hg) 38.8 = 0.9 248 = 1.3*

MABP (mm Hg) 79.7 = 83 795+ 7.0

Temperature (°C) 38.7 = 0.3 386 = 0.3

Hematocrit 340 = 11 328 = 25
Precision Studies (n = 3)

PaCO, (mm Hg) 413 + 11 375+ 33

MABP (mm Hg) 80.7 = 74 787 = 21

Temperature (°C) 386 = 1.0 387 = 1.0

Hematocrit 343 = 25 325+ 22

Note—Values are Mean = SD; the mean (n = 9) rabbit mass was

3.1+ 0.4 kg.

* P <.01 versus Study 1 as determined by paired t-test.
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Fic 4. Dynamic CT measurements plotted against microsphere
measurements of regional CBF (mL/min/100 g) for 54 ROIs (18
ROls for each tumor, peritumor, and normal tissue) in nine rab-
bits with brain tumor. A strong correlation was found between
these two sets of measurements (r = 0.847). The slope of the
regression line (0.99 * 0.03, P < .001) was not significantly dif-
ferent from unity.

used in precision studies. A paired t-test revealed
no significant change in the physiologic parameters
over the duration of the two sequential studies (P
> .10), except in the mean PaCO, vaues for the
studies involving hyperventilation. The mean
change in PaCO, (*=SD) caused by hyperventila-
tion was 14.0 = 1.9 mm Hg (P < .01).

A comparison of regional CBF values in tumor,
peritumor, and contralateral normal tissue was de-
termined using both the microsphere and dynamic
CT methods and revealed a significant positive cor-
relation between the two methods (r = 0.847) (Fig
4). As shown by the near-unity slope in Figure 4
(m = 0.99 £ 0.03), the dynamic CT—derived CBF
values in both normal and neoplastic tissue com-
pared well with those obtained using the standard
of reference microsphere method. The mean dif-
ference between microsphere- and CT-derived CBF
values for all of the 54 regions was not statistically
significant (-1.8 = 25.9 mL/min/100 g, P > .10).
Linear regression analysis between microsphere-
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TABLE 2: Comparison of mean regional CBF changes (ACBF) to
decreased CO, levels using both the microsphere and the dynamic
CT methods in six rabbits

CO, Reactivity

(ACBF/mm Hg) test  ttest

Tissue ROI Microspheres  Dynamic CT  P-value power
Tumor 3.42 * 4.66 427 + 448 0.75 0.76
Peritumor 184 + 3.25 2.64 + 2.88 0.66 0.69
Normal tissue 113 + 2.22 0.88 = 1.84 0.83 0.84

Note—CO, reactivity in mL/min/100g per mm Hg; values are Mean
+ SD.

TABLE 3: Comparison of mean regional CBF, CBV, and PS
values as determined by dynamic CT in 12 normocapnia rabbit
studies

CBF CBvV PS
ROI (mL/min/100 g) (mL/100 g) (mL/min/100 g)
Tumor 150.4 + 56.3* 5.62 = 1.03* 4.52 + 2.60*
Peritumor 106.6 + 39.4t 3.15 + 0.851 1.07 + 0.85t
Normal 771+ 27.7 1.95 = 0.26 0.23 = 0.30

* P < 0.05 versus values in peritumor and normal regions as deter-
mined by t-test (two-tailed). Values are Mean + SD.

TP < 0.05 versus values in normal region as determined by t-test
(two-tailed). Values are Mean = SD.

and CT-derived CBF measurements for tumor, per-
itumor, and contralateral normal tissue types re-
vealed slopes of 1.05 = 0.05, 0.99 += 0.05, and
0.83 = 0.07, respectively, and correlation coeffi-
cients of 0.886, 0.784, and 0.458, respectively. The
mean difference between the two CBF measure-
ment methods was not significantly significant for
each tissue type (tumor [P > .05]), peritumor [P
> .10], and contralateral normal [P > .10]).

Table 2 compares the dynamic CT measurements
of regional CBF CO, reactivity upon hyperventi-
lation (ie, change of CBF from normocapniato hy-
pocapnia) to those obtained by the microsphere
method in tumor, peritumor, and normal tissue. A
t-test revealed no significant difference (P > .10,
Power 0.7 to 0.8) between CT and microsphere
findings of regional CBF CO, reactivity.

Regional CBF, CBV, and PS were obtained using
the dynamic CT method during normocapnia for
12 rabbit studies (six from the hyperventilation
studies, and six from the precision studies). The
mean regional values are shown in Table 3. Using
the t-test, regional CBF, CBV, and PS measure-
ments were all significantly higher (P < .05) in the
tumor than in the peritumor region, and values in
the peritumor region were also significantly larger
(P < .05) than in the contralateral normal tissue.
On average, tumor vessels were about 20 times
more permeabl e than were those in the contral ateral
normal hemisphere.

The reproducibility of the microsphere and dy-
namic CT methods for measuring regional CBF
during steady-state normocapnia was evaluated us-
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ing an ANOVA for repeated measures in three rab-
bits (two sequential studies per rabbit). CBF mea-
surements for al three regions (tumor, peritumor,
and normal tissue) were used in this analysis. The
variability in CBF measurements was 26.2% with
the microsphere method and 13.2% for the dynam-
ic CT method. Moreover, the mean difference be-
tween CBF measurements obtained using either the
dynamic CT or microsphere method for sequential
studies was not statistically significant (P = .67
[microsphere]; P = .77 [dynamic CT]). The vari-
ability of repeated CT-derived CBV measurements
was 7.3%, which was similar to CBF measure-
ments. The mean difference between CT-derived
CBV measurements for sequential studies was not
statistically significant (P = .95).

A comparison of the CBF maps in a rabbit with
an implanted tumor in the right hemisphere (Fig
5A), first during normocapnia (Fig 5B) and then
during hypocapnia (Fig 5C), revealed a 27% global
reduction in CBF in the latter study. The mean CBF
values within the entire maps for the normocapnia
and hypocapnia studies were 66.6 and 48.7 mL/
min/100 g, respectively. An overal reduction in
CBF upon hyperventilation is clearly seen in the
subtraction map (normocapnia—hypocapnia) of
Figure 5D. The mean globa CBF CO, reactivity
was approximately 1.3 mL/min/100 g per mm Hg.
As shown from the individual maps, the tumor was
clearly distinguishable from the low-flow normal
tissue regions.

Discussion

The clinical benefit of a diagnostic tool that si-
multaneously provides both anatomic and function-
a information prompted us to extend our previ-
ously described dynamic CT method (16), which is
only applicable to normal tissue, to the simulta-
neous measurements of CBF, CBV, and PSin brain
tumors. In the current studies, we sought to assess
the accuracy and precision of our method in mea-
suring CBF, CBV, and PS in discrete tissue regions
with a permeable BBB (eg, tumors), and then to
apply our validated CT CBF method to create func-
tional maps in a rabbit brain tumor model. The
VX2 carcinoma tumor model was selected because
it has characteristics similar to human metastetic
brain tumors (25). Also, it has the advantages of a
high rate of successful implantation, a short induc-
tion time, good reproducibility, and stable histolog-
ic characteristics (26).

In the first part of this study, we assessed the
accuracy of our CT-derived CBF measurements by
comparing them against simultaneous microsphere-
derived CBF measurements in tumor, peritumor,
and normal tissue. A very good correlation (r =
0.847) was found between the dynamic CT and the
microsphere CBF findings (Fig 4). This correlation
is very similar to that of our previous results in
normal rabbits (r = 0.837) (16) and is also com-
parable to that of xenon CT—derived CBF mea-
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Fic 5. CBF maps derived from a rabbit
with brain tumor. The CBF values, ranging
from low-to-high flow are color-coded from
black (0 mL/min/100 g) to blue and green
(100 mL/min/100 g) to yellow and red (200
mL/min/100 g). For both PaCO, levels, the
tumor is clearly delineated by the red and
yellow colors.

A, Plain (precontrast) CT Image. The fol-
lowing X-ray CT parameters were used to
acquire the image: 80 kVp, 80 mA, 10-cm
field of view, and 3-mm slice thickness.
Hyperdense areas corresponding to the tu-
mor were observed in the right parietal and
temporal regions.

B, Normocapnia CBF map. CBF in the
tumor ranged from 66 to 208 mL/min/100 g,
whereas CBF in the contralateral normal
hemisphere ranged from 14 to 75 mL/min/
100 g.

C, Hypocapnia CBF map. The maximum
and minimum CBF values in tumor were 56
and 170 mL/min/100 g, whereas the contra-
lateral normal hemisphere showed CBF val-
ues ranging from 3 to 43 mL/min/100 g.

D, Subtraction of the hypocapnia CBF
map from the normocapnia map. The
mean global CBF difference was 18.7 mL/
min/100 g. Reduction in CBF upon hyper-
ventilation is shown in both tumor and nor-
mal tissues. The green circular areas in the
center of the brain are cerebral arteries.

surements in normal baboons (r = 0.69 for nor-
mocapnia, r = 0.83 for hypocapnia studies) (27).
Because the regression slope of CT versus micros-
phere CBF measurements was near unity (m =
0.99 = 0.03, P >.05) and the mean differences
between all regiona microspheres and CT CBF
values were not significantly different from zero (P
> .10), a good agreement was demonstrated be-
tween both methods. Nonetheless, comparing the
CBF regression slopes (CT versus microspheres)
for the different tissue regions showed that those
for the tumor and peritumor regions did not signif-
icantly deviate from unity, whereas the contralat-
eral normal slope (m = 0.83 = 0.07) had a signif-
icant deviation from unity (P < .05). This
underestimation of CBF values in normal tissue by
dynamic CT was not observed in our previous
study in normal rabbits (16), where the slope was
not significantly different from unity (m = 0.97 =
0.03, P > .05). The observed significant deviation
of the correlation slope from unity in the present
study may be explained by the two-to-three times
smaller ROIs of normal tissue compared with those
of the previous study. Hence, the signal-to-noise
ratio (SNR) of the CT-measured tissue enhance-
ment curves was less pronounced in the present
study. These results suggest that, at low SNR, the
deconvolution algorithm used may result in under-
estimated CBF. Further experimental or computer
simulation studies are required to understand this
problem. The two-tailed t-test revealed no statisti-
cally significant difference between the dynamic
CT and the microsphere measurements of the tis-
sue-specific CBF CO, reactivity (Table 2), with
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values ranging from 0.7 to 0.8. Overall, these re-
sults indicate that our extended algorithm can cor-
rect for the effects of an impaired BBB such that
accurate measurements of in vivo CBF and CBF
CO, reactivities are obtained.

In the second part of this study, we compared
regiona CBF, CBV, and PS values in tumor, peri-
tumor, and normal tissue obtained using our dy-
namic CT method (Table 3). CBF and CBV were
on average 29% and 44% higher in the tumor than
in the peritumor regions, respectively. Comparison
of CBF and CBV between peritumor and normal
tissue revealed significantly higher values in peri-
tumor regions (28% for CBF, 38% for CBV). The
very high CBF and CBV values in this VX2 car-
cinoma are supported by previous studies showing
increased vascular proliferation in the tumor com-
pared with normal tissue (26). The higher CBF and
CBV measurements found in peritumor than those
found in normal tissue support the hypothesis that
feeding arterioles in the periphery of the tumor are
more vasodilated than are normal vessels (28).

Evaluation of the BBB integrity (obtained by as-
sessing PS) showed significantly higher PS values
in the tumor and peritumor regions than in normal
tissue (Table 3). These findings agree with the well-
established fact that the capillary endothelium in
neoplastic brain tissue is permeable to water, con-
trast molecules, and other blood plasma solutes and
this permeability results in vasogenic edema in the
surrounding tissue. Comparing the PS in tumor to
that in normal tissue, we showed that tumor yields
a value that is 20 times greater. PET studies of pa-
tients with brain tumor have aso shown PS values
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to be 10 to 20 times higher in the tumor than in
the contralateral normal hemisphere (29, 30). A
simple and accessible method that measures re-
gional PS may prove beneficial in assessing the ef-
fects of steroids on the BBB in brain tumor (31).
Such a method could also be used to evaluate the
effectiveness of drugs specifically designed to mod-
ify the BBB in brain tumors in order to enhance
the delivery of chemotherapeutic drugs (32).

In the third part of this investigation, we evalu-
ated interstudy variabilities of the CT CBV and
CBF measurements in brain tumors. The variability
of the CBV measurements was low (7.3%) com-
pared with findings obtained using dynamic CT
methods that showed variabilities of 14% in rabbits
(33) and 20% in patients (34). The variability was
higher (13.2%) for the CBF than for the CBV mea-
surements, but was lower than the 26.2% variabil-
ity obtained with the standard of reference micros-
phere method. The microsphere-derived variability
was similar to that found in normal rabbits (16). In
contrast to our reported results in normal rabbits
(16), variahilities in the rabbits with brain tumor
were two times lower for both CT CBV (15.5%
versus 7.3%) and CBF (32.5% versus 13.2%) mea-
surements. This difference from our previous study
(16) can be explained by the significantly higher
SNR of the tissue enhancement curve for tumor
than for normal tissue owing to leakage of contrast
material in tumor (Fig 2). Because deconvolution
is extremely sensitive to noise (35-37), the higher
SNR of the tumor curves led to considerably less
error in the estimation of CBF and CBV. As pre-
vioudly stated (16), a better SNR in normal tissue
can be obtained by increasing the infusion rate of
contrast material, by increasing the iodine concen-
tration in the contrast material, or by increasing the
tissue ROI area. Preliminary studies in normal rab-
bits (unpublished data) revealed an increased SNR
in tissue curves by at least 50% when the infusion
rate was increased from 0.3 to 1.0 mL/s while the
iodine concentration and the total volume of con-
trast material were kept the same.

Finaly, the last part of this study aimed at im-
plementing our dynamic CT method to generate ab-
solute CBF maps in an experimental study. These
CBF maps (Fig 5) provide a clear demarcation of
the high-flow tumor from the surrounding low-flow
normal tissue. The CBF map during hypocapnia re-
vealed regional changes as well as a globa CBF
decrease of 27% from normocapnia, underscoring
the sensitivity of our CBF maps to changes in ar-
terial CO,. The global (ie, entire map) CBF CO,
reactivity determined from the maps was about
1.3 mL/min/100g per mm Hg. This value is closer
to the CBF CO, reactivity found in normal tissue
(Table 2) by both the microsphere and CT methods
because the maps included at least 80% normal tis-
sue. These maps clearly enable arapid visualization
of blood flow heterogeneity in a tumor and sur-
rounding normal tissue. Moreover, these maps ac-
centuate the morphologic characteristics of tumor,
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thereby clarifying borders with normal cerebral
structures better than conventional (plain) CT im-
aging does (Fig 5A). For clinical studies, our sim-
ple and noninvasive approach of measuring the ar-
terial enhancement from a radial artery (38) will
alow the similar creation of CBF maps with a high
spatial resolution of 4 mm derived from imaging
patients with brain tumors.

Some methodol ogic issues must be addressed re-
garding our dynamic CT method. First, the radia-
tion dose of our dynamic CT technique has to be
considered. The number of slices required for a dy-
namic CT study is about five times higher than that
used for routine CT scanning of the brain (60 ver-
sus 9-17 CT dlices). Nonetheless, much lower X-
ray technique parameters are used in our protocol
(80 kVp/80 mAs versus 120 kVp/340 mAS). Thus,
the effective dose equivalent required for a dynam-
ic CT study (~2.0 mSv) isvery similar to the dose
of aroutine CT head scan (~1.5 mSv) (39). Fur-
thermore, this effective dose equivalent is lower
than for other blood flow measurement techniques
such as PET (40) and SPECT (41) and is compa
rable to a single-level xenon CT CBF study. The
mAs used to accomplish each xenon CT study are
seven times higher than those used in our dynamic
CT study but we have seven times more images
(42). Thus, we believe that our proposed technique
can reveal cerebral hemodynamics with an accept-
able radiation dose.

In contrast to three-dimensional PET and SPECT
perfusion studies and multilevel xenon CT, our dy-
namic CT method is restricted to a single anatomic
level. In patients with a well-circumscribed brain tu-
mor (eg, meningiomas, metastatic tumors), a CBF/
CBV measurement at a representative slice may be
sufficient for the evaluation of the nature and patho-
physiologic characteristics of the disease (43). We
are currently conducting studies to define the poten-
tial and limitations of single-dice CT measurements
better for various clinical situations (eg, diagnosis of
less sharply demarcated tumors such as gliomas).
Although dynamic measurements using current CT
technology at different brain levels can be obtained,
this would lead to a low time resolution of contrast
enhancement curves, resulting in an unacceptably
low accuracy of the CBF measurements. The intro-
duction of multislice CT scanners with the ability to
scan simultaneoudly at different levels may over-
come this limitation in the future.

Conclusion

We have experimentally validated our dynamic
CT method for the absolute measurement of CBF
in brain tumors as a model for tissues with a per-
meable BBB or blood-tissue barrier. Preliminary
CBF maps derived with this method demonstrate
their potential for depicting areas of different blood
flow within tumors and surrounding tissue and
reactivity to PaCO,. The wide clinical availability
of CT scanners enables the use of our dynamic CT
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method to provide both anatomic and functional
information with high spatial resolution for the ini-
tial diagnosis and subsequent management of pa-
tients with brain tumors.
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