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Background: Brainstem gliomas are aggressive and difficult to treat. Growth of these tumors may be characterized with
MRI methods.
Purpose: To visualize longitudinal changes in tumor volume, vascular leakiness, and tissue microstructure in an animal
model of brainstem glioma.
Study Type: Prospective animal model.
Animal Model: Male Sprague-Dawley rats (n = 9) were imaged with 9L gliosarcoma cells infused into the pontine reticular
formation of the brainstem. The MRI tumor microenvironment was studied at 3 and 10 days postimplantation of tumor
cells.
Field Strength/Sequence: Diffusion tensor imaging (DTI) and dynamic contrast-enhanced (DCE)-MRI were performed at
4.7T using spin-echo multislice echo planar imaging and gradient echo multislice imaging, respectively.
Assessment: Tumor leakiness was assessed by the forward volumetric transfer constant, K™", estimated from DCE-MRI
data. Tumor structure was evaluated with fractional anisotropy (FA) obtained from DTI. Tumor volumes, delineated by a T4
map, To-weighted image, FA, and DCE signal enhancement were compared.
Statistical Tests: Changes in the assessed parameters within and across the groups (ie, rats 3 and 10 days post tumor cell
implantation) were evaluated with Wilcoxon rank-sum tests.
Results: Day 3 tumors were visible mainly on contrast-enhanced images, while day 10 tumors were visible in both contrast-
enhanced and diffusion-weighted images. Mean K"™" at day 10 was 41% lower than at day 3 (P = 0.23). In day 10 tumors,
FA was regionally lower in the tumor compared to normal tissue (P = 0.0004), and tumor volume, segmented based on
FA map, was significantly smaller (P < 0.05) than that obtained from other contrasts.
Data Conclusion: Contrast-enhanced MRI was found to be more sensitive in detecting early-stage tumor boundaries than
other contrasts. Areas of the tumor outlined by DCE-MRI and DTI were significantly different. Over the observed period of
tumor growth, average vessel leakiness decreased with tumor progression.
Level of Evidence: 2
Technical Efficacy: Stage 3
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rainstem gliomas are aggressive tumors accounting for
Broughly 20% of pediatric brain tumors." The tumor loca-
tion, close to brain regions controlling vital bodily functions,
such as breathing and heart rate, complicates treatment.” This
treatment can consist of surgical resection,” radiation,* che-
motherapy, and local infusion of drugs directly at the target

site, ie, convection enhanced delivery,5 or a combination of

the above. Magnetic resonance imaging (MRI) is often used
to characterize perfusion and microstructural changes inside
the tumor as early indicators of therapeutic response.
Gliomas often have a leaky blood-brain barrier (BBB),
mainly due to angiogenesis of new blood vessels to supply nutri-
ents. This can lead to a buildup of interstitial fluid pressure,
which reduces drug influx into the interstitial space from blood
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vessels following systemic delivery, as in chemotherapy.
Dynamic contrast-enhanced MRI (DCE-MRI) has been exten-
sively used to quantify a key measure of BBB leakiness, the for-
ward volumetric transfer constant (K™"™) along with the
extravascular—extracellular space (EES) volume fraction (v.),
and plasma volume fraction () in tumors.” However, DCE-
MRI measures in brainstem gliomas are uncommon, with only
one DCE-MRI study reporting on a rodent model of brainstem
glioma. That study by Subashi et al compared MR measured
K™ between cortical and focal brainstem gliomas within a
genetic mouse model using DF1 cells.® Using the extended
Tofts model,” they found K™ to increase with tumor volume
for relatively large volumes of up to 200 mm?”. They also found
cortical tumors to be leakier than brainstem tumors.

MR diffusion tensor imaging (DTI) has been used to
study tissue microstructure in brainstem gliomas. DTI tractogra-
phy has proven useful in surgical planning, and postoperatvely
to assess the regional extent of white matter tracts.'® DTI mea-
sures have also been used to quantify response to therapy. Fol-
lowing gene therapy treatment, Stegman et al found that the
measure of apparent diffusion coefficient (ADC) of water
increased in 9L gliosarcomas tissue 8 days after implantation in
the rodent forebrain.!' Several studies have reported marked
changes in DTT measures of directional water diffusion that
could be attributed with loss of fiber tracts or more complex
fiber branching.12 Helton et al found increases in ADC in focal
(n = 1) and diffuse (2 = 6) human pontine glioma compared to
surrounding brain tissue.'? They also reported reductions in frac-
tional anisotropy (FA) compared with normal tissue. Presently
lacking are longitudinal studies in rodent models of brainstem
glioma and of the evolution of DTI metrics with tumor growth.

Given that tumor models are often used to evaluate prom-
ising therapies, there is a need for further MR characterization
of the tumor microenvironment in model systems as a prelude
to application of a therapy in humans. The goal of this study is
to provide insight into vascular and microstructural properties
in a rat model of focal brainstem glioma (9L gliosarcoma).

Materials and Methods

9L Tumor Cells

Tumor cells were prepared based on the protocol developed by Jallo
et al'® and Barth et al."” Briefly, 9L gliosarcoma cells were cultured
to confluence in T175 cell culture flasks in Dulbecco’s modified
Eagle’s medium (DMEM) low glucose media supplemented with
10% fetal bovine serum and 10% penicillin-streptomycin. Cells were
cultured and incubated at 37°C in 5% CO, atmosphere. Prior to
surgery, cells were harvested using 0.25% trypsin-EDTA, washed
twice, and suspended in serum-free medium until a concentration of
3 x 10% cells/pL was achieved.

Animal Surgery

Animal experiments were performed on 2-month old male Sprague—
Dawley rats (n = 9) weighing ~250 g using protocols and proce-
dures approved by the Institutional Animal Care and Use
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Committee. Anesthesia was induced using xylazine (10 mg/kg sub-
cutaneous) and 4% isoflurane in 1 L/min oxygen and maintained
using 1.5% isoflurane in 1 L/min oxygen; 2 mL of saline was
injected subcutaneously for hydration prior to imaging. For surgery,
the anesthetized animals were fixed in position using a stereotaxic
frame (Kopf Model 900, David Kopf Instruments, Tujunga, CA),
and a burr hole was drilled (AP: + 1.0 mm, ML: —1.4 mm and DV:
—7.0 mm from the interaural line) above the pontine reticular for-
mation (PnO) to provide access for the 32G needle (small hub RN
needle, Hamilton, Reno, NV) that was mounted on a 50 pL gas
tight syringe (Hamilton). Then 3 pL of a solution containing ~10°
tumor cells were infused at a constant rate of 0.5 pL/min using a
syringe pump (Cole-Parmer, Vernon Hills, IL) into the PnO of each
of the animals. Animals were monitored daily for general health and

presentation of deleterious effects of tumor inoculation.

MR Imaging

In vivo MR measurements were performed 3 and 10 days postim-
plantation of tumor cells. All measures were collected on a 330 mm
ID Oxford 4.7T horizontal bore magnet with a RRI BFG-
200/115-S14 gradient set (Resonance Research, Billerica, MA) con-
nected to an Agilent VNMRS imaging console controlled by
VnmiJ3.1A software (Agilent Technologies, Santa Clara, CA). Rats
were placed in a 39-mm ID quadrature transmit/receive birdcage RF
probe (Animal Imaging Research, Holden, MA).

Prior to MRI, the tail vein of the rat was catheterized and an
~1.5-m long intravenous line attached to a 1-mL tuberculin syringe
was connected to the catheter to inject 0.24 mmol/kg body weight
of the gadolinium-based gadodiamide (Omniscan, GE Healthcare,
Milwaukee, WI) contrast agent. After positioning the rat in the bore,
the syringe was placed external to the bore for bolus injection by
hand. Respiration was continuously monitored during the imaging
session via a pneumatic pillow attached to the animal monitoring
system (SA Instruments, Model 1025, Stony Brook, NY).

Ten axial slices of 1-mm thickness were acquired with a field
of view of 24 x 24 mm and a matrix size of 96 x 96 for all the four
MRI sequences employed. T, the time constant of longitudinal
relaxation, was quantified with an inversion recovery-based rapid
acquisition with the relaxation enhancement (RARE) sequence using
the following imaging parameters: repetition time (TR) = 10 sec,
TE. = 8.51 msec, RARE factor = 4, TI = 100, 500, 1000, 1500,
2000, and 4000 msec, and NEX = 1. Weighted images based on
the time constant of the transverse relaxation, T, were acquired
using a RARE sequence with TR = 10,000 msec, TE.¢ = 120 msec,
RARE factor = 4, and NEX = 3. High angular resolution diffusion
imaging (HARDI) data was acquired using a fat-suppressed, spin
echo diffusion-weighted, multishot echo planar imaging (EPI)
sequence with TR = 5000 msec, TE.f=40 msec, number of
shots = 3, and NEX = 8. Diffusion-weighted images were obtained
in 24 directions (six with b-value ~ 80 s/mm? and 18 with b-value
~ 800 s/mm?) which were distributed following a scheme of electro-
static repulsion.]6 The duration of the diffusion gradient pulse, 3,
and the diffusion time, A, between gradient pulses were 3 msec and
14 msec, respectively. Diffusion-weighted images were fitted to a
rank-2 tensor model using an in-house software package written in
IDL programming language (Harris Geospatial Solutions, Broom-

field, CO), from which scalar FA and ADC (ie, trace of the diffusion
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tensor divided by 3) values were obtained. A serial T;-weighted
spoiled gradient-echo sequence (TR = 100 msec, TE = 2.39 msec,
flip angle = 90°, and NEX = 3) was used for DCE-MRI with a tem-
poral resolution of 29 seconds per slice pack. Three prescans were

1 1
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Assuming 7 is constant, and thus ignoring transvascular and
transcellular water exchange effects on relaxivity, the above equation
can be simplified and rearranged to obtain an estimate of tracer

concentration:

C=—¢ —
" TR
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acquired before the bolus tail-vein injection of gadodiamide, and

122 scans were acquired following the tail-vein injection.

Contrast Agent Concentration

Because gadodiamide does not enter cells due to its size and
hydrophilicity,!” brain tissue was modeled as two compartments:
blood plasma and EES. Arterial blood carrying the contrast agent
flows into the plasma compartment within each voxel and leaves
without entering the EES unless the BBB is leaking.

To quantify contrast agent dynamic distribution, measured
signal enhancement was first converted to estimate concentration of
contrast agent in tissue using methods similar to those described by
Chen et al."® MR signal, S, from a conventional spoiled gradient-

echo sequence is given by:

_m\ -2
posinoc(l -e Tl)e "2
S= 'r/e) (1)
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where p, represents the spin density, o is the flip angle, TR and TE
are the repetition and echo times, and T; is the time constant of
reversible transverse relaxation. Assuming the tissue relaxes with a
single relaxation time (ie, fast exchange of protons between blood
plasma and EES compartments), the effect of contrast agent on the
relaxation rate of nearby nuclei, ignoring the effect of the contrast

agent on T; (18), is approximated by the following relation:

1 1
—=—4nC
T T

(2)
where 7¢ is the 7 relaxation time of the tissue without the presence
of the contrast agent, 7| is the relaxivity of the contrast agent, which
quantifies the rate of relaxation time reduction of nearby nuclei, and
C is the contrast agent concentration. Using Egs. 1 and 2, MR signal
enhancement due to the presence of contrast agent is given by:

S() 1—eiTR<ﬁ+m> [1—cosa<e}%§>}

- (3)
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At 4.7T and normal rat body temperature (36-37°C), r
relaxivity values are 2.8 sec'mM™ and 3.9 sec'mM™ in brain tissue
and blood plasma, respectively.'”*® Blood vessel voxels were assigned
a constant 7 of 2.7 seconds'® to circumvent inaccuracies in the
measured 77 due to flow, and 77, for tissue was calculated by fitting
the polarity corrected signal magnitude from the variable inversion
time RARE acquisition (ie, sign of the signal magnitude before the
null point is flipped) to the standard inversion recovery model. An
example of the estimated concentration map using Eq. 4 is shown in
Figure 1C at time of peak enhancement in the tumor region.

Exchange Model

The calculated concentration of the contrast agent was fitted into a
two-compartmental exchange model introduced by Tofts and Ker-
mode.?! Vascular leakiness of contrast agent was assumed to be small
compared to the incoming blood flow. This allows two distinct com-
partments for plasma and tissue to exist within some voxels. Within
each compartment, the contrast agent was assumed to be well-mixed,
and mass flux across a leaking blood vessel was proportional to the
concentration difference between the two compartments®':

dc,
Vo, - pS(C, -
0 = PS(Gy-C,)

(5)

Where subscripts t, p, ¢ refer to tissue, plasma, and EES, Cp, C,
are the contrast agent concentrations in plasma and EES compart-
ments, respectively, v, is the volume fraction of the EES in the tissue,
V, is the tissue volume, P is the permeability coefficient of the blood
vessel, which is the contrast agent diffusion coefficient per unit blood
vessel thickness,?> and S is the surface area of the leaking blood vessel.
Equation 5 can be expressed in terms of MR measured tissue concen-
tration, C, which is a weighted sum of the individual compartment
concentration (C; = 2, C, + v,Cy, where v, is the blood plasma volume
fraction). Replacing the proportionality factor on the right in Eq. 5
with the rate constant, K% = 1;/—5

>
t

results in the following relation:

dCf trans s dC}’ trans [ 2P
E=K C},—U—eCt-f-I/P?‘f[( y_e CP (6)

This equation can be further simplified to the following, when
wans
v, <<, and Ky— is the reverse rate constant, /eep, for exchange from

the tissue to plasma compartment:
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FIGURE 1: (A) Region of interest (ROI) in the superior sagittal sinus used for calculating the arterial input function (AIF); (B) ROI used
to generate the Logan plot at the center of the tumor; (C) calculated concentration map when the relative signal enhancement
peaks in the Logan ROIl (~7.5 min after injecting the contrast agent); (D,E) AIF and Logan plots, respectively, with the fitted

equation and goodness of fit measure (r?)

dc trans dCP
7;=K Cp_ké’pct"'vpz (7)
S] S

The exact solution to this linear differential equation is
obtained by superposition of solutions for source terms, S;, and S5,
in the extended Tofts model’:

Ci(2) = G (2) @I (2) + ,5(2)] (8)
where ) is the convolution operator, 8(#) is the Dirac delta func-
tion, and /(#) is the impulse response describing tissue response to a

short bolus of contrast agent in the vasculature such that:

[(t) _ Ktrnase—kepz (9)

K™ is also interpreted as the amplitude of the tissue impulse
response. The above model assumes the system is linear and the tis-
sue parameters are time invariant. Linearity is violated at high blood
concentrations of contrast agent due to nonlinear relation between
contrast agent concentration and T, dephasing.”® An appropriate
dose of contrast agent was chosen to ensure system linearity based
on 7y of the contrast agent, T1o of the blood and imaging parame-
ters. Time invariance is typically not violated since the contrast agent
is inert and animal physiological conditions are typically well regu-
lated during the experiment.

The arterial input function (AIF) was approximated as

biexponentiaIZI :
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C,(1) = dlare™" + are™"] (10)
where 2; and m; represent the amplitude and rate constant, respec-
tively, of the fast equilibrium between plasma and extracellular space,
a4, and m;, represent the amplitude and rate constant of the slow
component of the clearance, and 4 is the dose of the bolus injection.
Arterial concentration measures per se are hampered, due to flow
since the flowing blood both enhances the MR signal, similar to the
effect of contrast agent due to the time-of-flight (TOF) effect,** and
decreases the MR signal due to T, dephasing. In this study, the
shape of the AIF was estimated from the signal in a region of the
superior sagittal sinus shown in Figure 1, Part A. A venous output
function (VOF) was used instead of AIF due to the difficulties, men-
tioned above, in measuring contrast agent concentration in fast flow-
ing arterial blood and the shape of the AIF has been shown to
match with that of the VOF (25). The amplitude was adjusted by
scaling with a known 1% plasma volume fraction in caudate-
putamen (26). While T, dephasing due to high contrast agent con-
centration in the blood may introduce errors in the measured AIF,
the resulting signal loss is less than 12% based on the peak concen-
tration calculated in the venous sinus (C = 10 mM), r, relaxivity of
contrast agent at 4.77T (r; = 5.3 mM™ sec’! (19)) and the echo time.
An example of the calculated AIF is shown in Fig. 1D.

Model Case Selection

Rather than assume leaky vessels and that reflux exists in every voxel,
an alternative approach, developed by Ewing et al,?® was used, which
allows for four different model cases. Briefly, Case 1 corresponds to
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necrotic tissue (K™ = £, = v, = 0) with no vasculature, Case 2 corre-
sponds to normal perfused brain tissue (K™ = k,, = 0,2, # 0) with-
out leaking blood vessels, Case 3 corresponds to leaky vessel without
reflux (K™ £ O,/egp =0,7, #0), and Case 4 is the full model with
leaky vessel and reflux (K™ #0,k, # 0,v, #0). Parametric esti-
mates from cases were combined using a multimodel statistical
approach. Akaike information criterion (AIC) was used to derive the
probability, w;, that a particular case best fits the data?’:

SSRZ 2(/€l + 1) (kz + 2)
AIC; = Nlog [ 2] 4 2, 2T 2 2) 11
IC; Nog(N>+ ki + N—k-2 (11)
W= s, (2. = AIC; - AlCyin) (12)
P
3
p=_wips (13)
i=0

where SSR; is the sum of square residuals for case 7, IV is the sample
size, k; is the number of parameters in the case 7, and p is the fitted
either K™, k,, or v, MR measured

concentration—time series data from each voxel was fitted with each

parameter, which is
of the four cases using a nonlinear least-squares routine, MPFIT?® in
the IDL. AIC weights were computed to calculate K™, £,, and v,.
The sample size, N (number of fitted points), was determined
by the end-timepoint in DCE scans when contrast agent concentra-
tion equilibrated in both compartments. This was determined graph-
ically using a Logan plot,29 which required integrating Eq. 7,

assuming a zero-initial condition:

J; Ci(t)dr J; Cy(t)dx ]
' gl

J ———— c

v,Cy(2)
) 0

The nonlinear part of the Logan plot (y vs. x as labeled in the
above equation) was used to determine V. The linear portion was
fitted to the equation above to determine the distribution volume.
An example of the tumor region of interest and the corresponding
Logan plot is shown in Fig. 1B,E, respectively.

Tumor Segmentation

Pontine tumors were individually segmented using quantitative T
maps, T,-weighted images, FA images obtained from diffusion ten-
sor fitting, and contrast-enhanced images obtained at peak relative
signal enhancement. Segmentation was performed using IDL’s region
grow method. A seed region was selected inside the tumor and
grown to encompass voxels that fell within 1 to 3 standard devia-
tions from the average image voxel intensity computed within the
seed (Fig. 2). A lower standard deviation multiplier such as 1 was
chosen for smaller tumors where the difference in the signal between
normal and tumor tissue was small due to a partial volume effect.
Seed size and number of standard deviations for each imaging slice
were selected to 1) restrict the tumor within the pons, 2) exclude
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surrounding normal tissues, and 3) exclude cortical tumor regions
growing outside the brainstem tumor. The seed position varied due
to differences in the outlined tumor region. The cerebrospinal fluid
(CSF) boundary between the brainstem and cortex was used to make
sure the selected region of interest (ROI) was inside the brainstem,
and that image contrast between normal and tumor regions was
enough to visually confirm that the ROI lay within the tumor. Most
rats (six out of nine) developed a secondary tumor in the cortex
10 days postimplantation of the tumor cells. This tumor most likely
grew due to seeding of cells along the needle track during inocula-
tion. These cortical tumor regions were excluded, as they were out-
side of the brainstem.

Statistical Analysis

Assuming MR signal is a random variable, a chance exists for some
voxels to randomly appear hyper- or hypointense relative to its sur-
roundings which might be misinterpreted as tumor. Thus, two sta-
tistical tests were performed on kinetic model estimates and
calculated tumor volumes based on T;, T,, FA, and DCE; 1) to
assess if the measures across rats within each group (day 3 and day
10) could have been a random effect, and 2) to assess if there is any
statistically significant difference between groups. Since the tumor
volumes were not normally distributed and of limited sample sized,
the Wilcoxon rank-sum test, which does not assume the underlying

distribution, was used for all analyses.

Results

Tumor Segmentation

The results of the tumor volumetric analysis are shown in
Fig. 3. Contrast-enhanced images provided the best contrast
for all the tumors imaged in this study. At day 3, tumors were
detected mainly in contrast-enhanced MR images (P =

0.0091). Tumor volumes segmented based on T; maps
(P =0.5), T, images (P = 1), and FA maps (P = 1) at day
3 were not statistically significant, as the tumor was visible
only in a small fraction of rats imaged.

At day 10, tumors were clearly visible on both structural
and contrast-enhanced scans, but with differences in segmented
areas. Tumor volumes within all the groups were found to be
statistically significant with P-values of 0.0039, 0.0039, 0.0091,
and 0.0039 for Ty, Ty, FA, and DCE-MR], respectively. Across
groups, tumor volumes segmented based on FA were signifi-
cantly lower than those obtained with other MR contrast mech-
anisms investigated in this study with P-values of 0.064, 0.022,
0.022 when compared against T4, T,, and DCE, respectively.
Tumor volumes segmented based on contrast mechanisms
other than FA showed no statistically significant differences,
with resulting P-values of 0.51, 0.39, 0.73 between T; and T,
T}, and DCE, T,, and DCE, respectively.

Tumor Structure

Representative images of tumor structure are shown in Fig. 4.
T, and FA values in regions ipsilateral and contralateral to
the tumor are given in Table 1. The mean T inside the
tumor on the ipsilateral side was 15% (P = 0.33) and 45%

Volume 49, No. 5
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FA image Gd-enhanced image

FIGURE 2: An example of tumor segmentation using data acquired 10 days postimplantation of the tumor. (Top row) Seeds used to
grow the tumor region. (Bottom row) Segmented tumor regions are shown in white.

(P = 0.0004) higher than the contralateral side at 3 and
10 days postimplantation of the tumor cells, respectively.
This is shown by hyperintense regions in the first and second
row images. Areas with elevated T; matched those with ele-
vated T,. The mean FA on the ipsilateral side was 27% (P =
0.0004, Wilcoxon rank sum test) smaller than the contralat-
eral side at 10 days postimplantation of tumor cells, as exhib-
ited by hypointense regions in FA images. FA differences
between day 3 and day 10 tumors was not quantified, since
only one tumor was visible in the FA map at day 3. The
ADC did not exhibit enough contrast to distinguish between
normal and tumor tissue, and hence was excluded in the

tumor structural analysis.

Tracer Kinetic Analysis
Out of the nine rats imaged, three (small, medium, and large)
were selected for display as representative of the entire cohort
of rats. The volume of the small (day 3), medium (day 10),
and larger (day 10) tumors based on Gd-enhanced images
were 2.12, 11.31, and 19.87 mm?, respectively. Results of
tracer kinetic analysis are shown in Fig. 5, and statistics of
kinetic parameters for tumors at day 3 and 10 are given in
Table 2. Gd-enhanced images clearly show tumors on both
days 3 and 10. Case selection maps were used to further iden-
tify the tumor regions; Case 2 is the most frequently selected,
representing normal brain tissue with an intact BBB. Case
3 (leaky vessel without reflux) is at the tumor boundary and
Case 4 (leaky vessel with reflux) is selected in the tumor core.
The K™ map suggests leakiness within designated tumor
regions. An elevated K"*™ is also found in CSF spaces includ-
ing the ventricles and subarachnoid space, possibly due to
leakiness of choroid plexus capillaries. EES volume fraction,
v,, suggests that cells within the tumor are tightly packed (v,
< 10%). Plasma volume fraction, v,, is not reported, as it was
an unstable parameter.

K™ and v, are found to be heterogeneous within the
tumor. The average K™*™ at day 10 is ~41% lower than that at
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day 3 (P = 0.23). The mean v, at day 10 tumors is 12% larger
than that at day 3, although the differences were not statistically
significant (P = 0.82, paired Wilcoxon rank sum test). A plot
of these parameters vs. the tumor volume based on the case
selection map for all 18 datasets along with P-values is shown in
Fig. 6A,B. In these data, the tumor boundary determined by
Case 3 voxels in the tumor (selective for voxels at tumor bound-
ary) was not included since it added greater uncertainty due to
partial volume effects. The results indicate mean K™ reduced
significantly with tumor size, while v, remained approximately
the same over time. The histogram of K™ for Case 4 regions
at day 10 is shown in Fig. 6C is right skewed with 75% quartile
point at 0.0359 min".

Discussion

This study provides longitudinal DCE-MRI and DTI mea-
sures of focal brainstem glioma in rodents. The 9L allogenic
rat brainstem glioma model chosen for this study has been
widely used to study cerebral gliomas, especially in the cau-
date, but less frequently in the brainstem. Of note, previous
glioma studies have shown vascular leakiness and tumor
microstructure depend on implantation location.®*® Tumors
embedded within regions of high vascularity, such as the cor-
tex, are expected to exhibit higher X" than more fibrous
regions, such as the brainstem. Also, changes in FA depend
on the extent of white matter disruption, edema, and cellular-
ity/vascularity of the tumor, which in turn depend on the
tumor location. To the best of our knowledge, the present
study provides the first demonstration using diffusion-
perfusion MRI to assess tumor microenvironment features for
allogeneic focal brainstem glioma in rodents.

Rather than using the standard Tofts model for phar-
macokinetic analysis of DCE-MRI data,?" a graphical analysis
and a multicase model approach was used. This approach has
been previously shown to balance bias vs. variance of esti-
mated parameters in the extended Tofts model.”> DCE data
analysis shows vascular leakiness, as quantified by X™™, to
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FIGURE 3: Bar chart showing average tumor volumes segmented
from different MRI methods 3 and 10 days postimplantation of
the tumor. The 95% confidence interval is given by error bars.
Statistical significance was analyzed using the Wilcoxon rank sum
test with P-values denoted by *** for p <0.001, ** for
0.001 < p < 0.05, * for 0.05 < p < 0.1, and none for 0.1 < p < 1

reduce significantly with tumor volume, and EES volume
fraction is found to be independent of the tumor volume.
K™ reduction differs from the previous DCE-MRI study by

Small tumor

T, weighted
image T, map

FA map

ADC map

Medium tumor

Subashi et al that reported K™™ to increase linearly with
brainstem tumor size in mice injected with DF1 cells.® In
their study, MRI was performed once symptoms began to
appear (40 + 10 days postimplantation of tumor cells) and
the much larger tumor volumes reported may in part explain
the difference in K™ trends. Other study differences include
implantation of a different tumor cell line. Use of a different
DCE-MRI model (standard extended Tofts model) also may
result in a higher K™ than we predicted.

The reduction in K" may result from vascular col-
lapse and initiation of necrosis. It is known that necrosis
occurs in 9L gliosarcomas grown in rats, especially at later
timepoints.”’ We observed a right skewed histogram for
larger tumors (day 10), which may indicate initiation of such
a necrotic core. Previous modeling studies have indicated that
vascular collapse should precede development of necrosis,
mainly due to the combination of compressive stresses within
the tumor interior that develop with rapid cell proliferation
and reduced transvascular pressure gradients driven by ele-
vated interstitial fluid pressure.”” Although DCE-MRI model
fits did not identify necrotic regions (Case 1) with X", EES
and plasma volume fraction equal to 0, later timepoints
(>10 days) might show Case 1 regions within tumors. How-

ever, these results are consistent with an earlier study by

Large tumor

Now
T1 (seconds)

[ N

ADC (x 103 mm?/s)

FIGURE 4: Structural images of small (day 3), medium (day 10) and large (day 10) size tumors representative of those in the study
cohort. (First row) Map of T, relaxation times in the brain. (Second row) T,-weighted images. (Third and fourth row) Map of
fractional anisotropy (FA) and apparent diffusion coefficient (ADC) obtained from fitting the diffusion-weighted MR data to the

tensor model, respectively.
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TABLE 1. Statistical Data for Structural MRI Scans
Mean Standard deviation Median
Parameter Ipsilateral ~ Contralateral ~ Ipsilateral ~ Contralateral ~ Ipsilateral ~ Contralateral
Precontrast Ty  Day 3 1.062 0.922 0.004 0.027 1.062 0.922
(seconds) (2, 0.500) (2, 0.500)
Day 10 1.372 0.944 0.114 0.017 1.346 0.943
(9, 0.004) (9, 0.009)
FA Day 3 0.217 0.299 N/A N/A 0.217 0.299
(1, 1.000) (1, 1.000)
Day 10 0.250 0.334 0.03 0.035 0.250 0.326
9, 0.009) (9, 0.004)
Analyzed using Wilcoxson rank-sum test along with number of tumors and P-value given in brackets: T before the injection of contrast
agent and FA in regions ipsilateral and contralateral to the tumor 3 and 10 days postimplantation of tumor cells. N/A indicates there is
only one data point.

Bagher-Ebadian et al. Case selection for tracer kinetic analysis
in human glioblastoma found case numbers to reduce in

necrotic regions but not necessarily reaching Case 1.7 Results

of our study suggest an optimal timing window for systemic

Small tumor

Case selection  Contrast enhanced
map image

KIH'II'IS

EES volume
fraction

Medium tumor

delivery of drugs to the brainstem glioma before leakiness
reduces beyond a threshold to have a therapeutic effect.

In future studies, direct correlations between K™ and

plasma volume fraction may be further investigated. Plasma

Large tumor

L )
wn (=] N
" (10 *min"")

=

0.10
0.08
0.06
0.04
0.02
0.00

FIGURE 5: Results of tracer kinetic analysis from rats with small (day 3), medium (day 10) and large (day 10) tumors representative of
those in the study cohort. (First row) Contrast-enhanced image at peak signal enhancement inside the tumor (roughly within
5-10 min after injection of the contrast agent). (Second row) Case selection map with dark blue for Case 1, turquoise for Case
2, yellow for Case 3, and dark red for Case 4. (Third row) Ktrans map and (Fourth row) map of EES volume fraction
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TABLE 2. Statistical Data for DCE-MRI Data Analysis

ation of K™ and EES volume fraction.

Mean Standard deviation Median
Parameter Day 3 Day 10 Day 3 Day 10 Day 3 Day 10
K (min‘l) 0.032 0.019 0.016 0.007 0.025 0.019
EES volume fraction (%) 3.94 4.42 1.48 1.62 4.09 4.43

Wilcoxson rank-sum test (z = 9, P = 0.0039 for K™ and EES volume fraction on both days) showing mean, median, and standard devi-

volume fraction was not reported in this study because the
mean transit time of contrast agent in normal rat brain cortex
(1.41 sec™ required a very high temporal resolution (<1 s) to
measure blood flow. Also, plasma volume fraction in the
brain has been measured to be small (0.5 to 3%, making
it difficult to reliably measure with the signal-to-noise ratio of
DCE scans. These problems may be circumvented using par-
allel imaging and measurements at a higher magnetic field
strength to get better temporal resolution or by using arterial
spin labeling as an alternative technique to measure
blood flow.

In DTT analyses, FA in the focal brainstem tumor was

found to be lower compared with normal brainstem tissue.

Reduced FA may result from a reduction in the ratio of water
diffusion parallel and perpendicular to fiber tracts. Lower FA
has been previously measured in regions with loss of fiber
tracts or more complex fiber branching.'” Reductions in FA
within tumor regions have been reported in other studies of
cerebral gliomas. These reductions have been attributed to
disruptions to the white matter fiber tracts passing through
the region, edema, or necrosis.'>?" In this study, FA was
found to be lower in a small subregion of the tumor only at
later stages, which may also indicate initiation of necrosis,”®
as suggested by reductions in K"

Using DCE-MRI, we found interstitial space in brain-

stem glioma was decreased compared to normal tissue (v, ~

(a) 80 1 (b) 0.3 + ]
K'aNS — _14.4log(V) +34.3
0.9 0.09 {o0.9
IR =034
0.8 0.08 b
0.7 g 0.07 1 g 107
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@ -; 1 2
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FIGURE 6: (A) Plot of average K", (B) average EES volume fraction vs. tumor volume calculated based on the number of Case
3 and Case 4 voxels within the tumor along with P-values for each data point computed using Wilcoxon rank-sum test, and (C)
histogram of K" from Case 4 regions for day 10 tumors. Error bars in A,B represent 95% confidence intervals for the mean K"
and EES volume fraction.
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0.22 in normal mouse brainstem®”. However, ADC was not
reduced inside the tumors, as expected from increased cellu-
larity. Increased diffusion weighting in the DTT scans may be
required to increase ADC contrast between normal and
tumor tissues.

Different MRI contrast mechanisms were used to seg-
ment the tumor in order to evaluate early-stage imaging
markers and compare the tumor regions delineated at late-
stage tumors. Gd-enhanced imaging was able to detect focal
brainstem glioma at an earlier stage better than normal relaxa-
tion or diffusion-weighted imaging. The reason for the higher
sensitivity of DCE-MRI for this glioma might be due to the
time course of tumor pathophysiology with microscopic
angiogenesis preceding more macroscopic structural changes.
As the tumor progressed, we found no statistically significant
differences in segmented tumor volumes, except for those seg-
mented using FA, which delineated a smaller volume. This
suggests that FA changes with white matter fiber track disrup-
tion or edema may lag other vascular and microstructural
measures at the tumor periphery, as measured with MR.

The study, however, has several limitations. First, the
time course for measuring changes in vascular leakiness and
tissue microstructure was not completely resolved, since the
number of timepoints in the study was 2. This limitation was
mainly due to the collapse of veins and the resulting necrosis
of the tail observed with frequent tail vein injections closely
spaced in time. This limited the number of imaging proce-
dures on the same animal given the limited mean survival
time.”® Second, the accuracy of the K™ maps was limited
by the temporal resolution of DCE-MRI scans, which were
longer than the first-pass time of the contrast agent and hence
might not fully capture the contrast agent dynamics within
an imaging voxel. Third, microstructural changes within the
tumor might not be fully captured due to the limited diffu-
sion weighting in the DTI scans, which was chosen based on
the signal-to-noise ratio of scans. Finally, it is known that
rodent brain tumor models do not fully replicate the charac-
teristics of human brain tumors due to the absence of geno-
mic and phenotypic signatures of human tumors,” hence
care should be taken when considering clinical translation of
model results.

In conclusion, MRI of model tumors can be used to
better understand tumor physiology. In this study, the results
reflect early stages of tumor growth with a loss of vascular
leakiness and fiber microstructure within the brainstem. Gd-
enhanced imaging is able to detect focal brainstem glioma at
an earlier stage compared to relaxation or diffusion-weighted
imaging. Such MR information may be used to inform the
response to new drug therapies. K™ and diffusion tensor
data have been previously incorporated in computational
transport models to predict interstitial fluid velocity, pressure,
and drug/tracer distribution following systemic or local
delivery.*
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