DYNAMIC CONTRAST-ENHANCED MAGNETIC RESONANCE IMAGING

OF CANINE BRAIN TUMORS

QuN ZHAo, SUNBOK LEE, MARC KENT, SCOTT SCHATZBERG, SIMON PLATT

We evaluated dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) in canine brain tumors.
Magnetic resonance data sets were collected on seven canine intracranial tumors with a 3T magnet using a T1-
weighted fast spin echo fluid attenuated inversion recovery sequence after an IV bolus injection (0.2 mmol/kg)
of Gd-DTPA. The tumors were confirmed histopathologically as adenocarcinoma (n=1), ependymoma
(n=1), meningioma (n = 3), oligodendroglioma (n= 1), and pituitary macroadenoma (7 =1) The data were
analyzed using a two-compartment pharmacokinetic model for estimation of three enhancement parameters,
Exy (rate of enhancement), K, (rate of elimination), and K., (rate constant), and a model-free phenomenologic
parameter initial area under the Gd concentration curve (IAUGC) defined over the first 90 s postenhancement.
Pearson’s correlations were calculated between parameters of the two methods. The IAUGC has a relatively
strong association with the rate of enhancement Ey, with r ranges from 0.4 to 0.9, but it was weakly associated
with K, and K. To determine whether any two tumors differed significantly, the Kolmogorov—Smirnov test
was used. The results showed that there were statistical differences (P <0.05) between distributions of the
enhancement pattern of each tumor. These kinetic parameters may characterize the perfusion and vascular
permeability of the tumors and the IAUGC may reflect blood flow, vascular permeability, and the fraction of
interstitial space. The kinetic parameters and the IAUGC derived from DCE-MRI present complementary
information and they may be appropriate to noninvasively differentiate canine brain tumors although a larger
prospective study is necessary. © 2010 Veterinary Radiology & Ultrasound
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Introduction

T HE COMMON CANINE brain tumors have gross, histologic,
and molecular similarities to their human counter-
part." ¥ Thus, it is not surprising there are also many neuro-
imaging similarities.'”>!” Based on magnetic resonance
(MR) imaging characteristics, a relatively specific diagnosis
of some canine brain tumors can be rendered.” 52!
However, even in humans, the predictive accuracy of diag-
nosing specific tumor types with MR imaging varies
between 65% and 96%.7>?* MR features of canine brain
tumors have not led to the identification of an association
between imaging characteristics and tumor subtype, grade,
and molecular composition.'>** Therefore, a definitive di-
agnosis of intracranial neoplasia requires histopathologic
examination, but biopsy or resection of canine brain tumors
is not always feasible. In such instances, the use of a non-
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invasive diagnostic imaging modality to more accurately
predict tumor type and grade would be beneficial. Addi-
tionally, there is a need for early, noninvasive, functional,
end points relating to tumor response in the assessment
of novel anticancer therapies. Functional MR imaging
techniques may be useful in these pursuits.

Lesion enhancement following IV contrast medium
administration has led to improvement in the detection
of primary brain tumors. However, contrast enhancement
alone cannot be used to determine tumor type or identify
objective parameters that can be used as markers of thera-
peutic effect in clinical trials. This is, in part, because con-
trast enhancement reflects a combination of the blood
volume (vascularization), blood—brain barrier breakdown
(microvessel permeability) and lesion interstitial space.
Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) is an imaging technique which can be used to
investigate the physiology of tissue microvasculature and
therefore serves as a more objective method of brain tumor
assessment, both pre- and posttherapy than conventional
MR imaging. For DCE-MRI, a series of MR images are
acquired before, during, and after the injection of a para-
magnetic contrast medium. Conventional MR imaging is
basically an instantaneous representation of a structure at a
given time, whereas DCE-MRI is a continuous evaluation
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through a series of temporally sequential images. During
the initial stage, the accumulation of contrast medium
results in a signal increase on T1-weighted images that is
usually described as a wash-in effect.”> After the signal
reaches a peak, it is followed by a signal decrease as the
contrast medium is gradually eliminated from the tissue;
this is described as a wash-out phenomenon. The graphical
representation of signal intensity as a function of time after
contrast medium administration is referred to as the signal
enhancement curve.

Postprocessing and mathematic analysis of the sequen-
tial data produced by DCE-MRI can help determine tumor
blood volume and vascular permeability.”® These param-
eters are determined by tissue status, and they have been
used in differentiating malignant from benign tumors,?
determination of tumor staging,”’ and monitoring of tumor
treatment response in humans.”® DCE-MRI is therefore a
promising noninvasive tool for many canine neurologic
applications including cancer detection, diagnosis, staging,
and assessment of treatment in addition to understanding
the pathophysiology and behavior of brain tumors.

Analysis of DCE-MRI data has been based primarily on
pharmacokinetic modeling, from which estimates of tissue
perfusion and permeability can be derived, based on the
contrast medium wash-in and wash-out curves.”?* A
pharmacokinetic model refers to the model dealing with
the process by which a drug is absorbed, distributed, me-
tabolized, and eliminated by the body. The accuracy of
DCE-MRI highly depends on pharmacokinetic modeling.
Theoretic models, pharmacokinetic parameters, and the
data collection procedures used, vary considerably in prior
publications dealing with DCE-MRI in human tumors.
Tofts and colleagues™° proposed physiologic change-
based parameters derived from a two-compartment model,
given that the arterial input function can be measured
or assumed. By measuring or estimating the physiologic
parameters, theoretic values may be calculated for each
tumor type and subsequently this information might allow
for differentiation among brain tumor types. However,
when the arterial input function is unavailable or difficult
to measure, others have applied parameters to the pharma-
cokinetic models based on signal enhancement curve
fitting,>"** without measuring/assuming the arterial input
function. Another semiquantitative measure that is often used
is the initial area under Gd concentration curve (IAUGC).**
The TAUGC method was developed to provide a robust
indicator of tumor vascular characteristics. This method does
not attempt to estimate physiologic parameters related to
tumor vasculature directly, but instead provides a measure-
ment of the initial arrival of contrast medium in the tissue
after its administration, which may reflect blood flow, vas-
cular permeability, and the fraction of interstitial space.**°

The aims of this study were to evaluate the use of DCE-
MRI for canine brain tumors. More specifically, we aimed
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to assess pharmacokinetic differences between histopatho-
logically diverse brain tumors that would subsequently
allow for the development of a prospective study to more
accurately assess the potential relevance DCE-MRI in
predicting tumor type. Both quantitative pharmacokinetic
modeling and model-free measurement of IJAUGC were
used and their correlation was also studied.

Materials and Methods

Data Acquisition

Seven dogs with an intracranial tumor were studied. All
diagnostic investigations, including MR imaging, and tissue
procurement procedures were performed as part of a rou-
tine clinical process with informed client consent. The dogs
were premedicated with hydromorphone,* midazolam,t
and glycopyrrolate.f Anesthesia was induced with prop-
ofol§ and maintained with isofluraneY and oxygen. Dogs
were in sternal recumbency for imaging. After MR imaging,
tissue obtained via craniectomy or at necropsy was exam-
ined histologically. The seven tumors were adenocarcinoma
(n=1), ependymoma (n=1), meningioma (n=3), oligo-
dendroglioma (n=1), and pituitary macroadenoma (n=1).

Dogs were imaged using a 3T HDx magnet| and a
single-channel circular-polarized human knee coil. A TI-
weighted fluid-attenuated inversion recovery (T1-weighted
FLAIR) MR scan was used to acquire the DCE-MRI data in
2D transverse planes. At 3.0T, the T1-relaxation times are
increased compared with lower field strengths,*® resulting in
reduced tissue contrast with Tl-weighted imaging; con-
sequently, T1-weighted FLAIR images was acquired.*® The
sequence parameters were: time of repetition (TR) = 2500 ms;
time of echo (TE)=15.7ms; inversion time=700ms; echo
train length (ETL) = 10; bandwidth = 31.25 KHz; number of
excitation (NEX)=0.5, phase field-of-view (pFOV)=0.7;
matrix size =160 x 128 (256 x 256 after reconstruction with
zero-padding); field of view (FOV)=22cm; and slice thick-
ness = 4 mm without any interslice spaces. Twenty-five phases
of images were acquired, separated by either 8s (for lower
resolution of 256 x 256) or 14s (for high resolution of
512 x 512) per phase.

The paramagnetic contrast agent, gadopentetate dime-
glumine# or Gd-DTPA, was injected IV as a bolus
(0.2mmol/kg) after the first acquisition pulse. Contrast
medium injection was performed by hand over approxi-
mately 3-5s using an IV cathether in the cephalic vein.

*Hydromorphone HCI Injectable; Baxter Healthcare Corp., Deer-
field, ILI.

tVersed; Roche Laboratories, Nutley, NJ.

{Robinul; Fort Dodge Animal Health, Fort Dodge, IA.

§PropoFlo; Abbott Animal Health, North Chicago, IL.

€IsoFlo; Abbott Animal Health.

||General Electric Healthcare, Milwaukee, WI.

#Magnevist; Bayer Healthcare, Wayne, NJ.
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After contrast medium administration, approximately
3.0ml of 0.9% NaCl was injected to flush the catheter.

Image analysis was performed on a voxel-by-voxel basis.
First, segmentation was applied using Matlab®* so enhanc-
ing areas can be extracted from the background. Necrotic or
edematous areas were not differentiated at this point. Next,
the time course of all enhanced voxels was analyzed using
the following two methods.

First, a pharmacokinetic model was used to estimate
blood volume and blood vessel permeability associated
with the tumor. A typical two-compartment model has
been described by Tofts et al.*® as

dC

dr K™(Cp = Cfve) = Kmmscp = kepCt, (1)

where C; and C,, are the concentration of the contrast me-
dium in the extravascular extracellular space (e.g., leakage
tissue) and plasma space, respectively. In Eq. (1),
kep = K™ /v, K™ is the transfer constant between the
plasma and the extravascular extracellular space, and v, is
the fraction volume occupied by the extravascular extra-
cellular space. However, the concentration of contrast me-
dium in plasma, referred to as the arterial input function
(AIF) C, is difficult to obtain or estimate. Typically the
AIF is determined from blood samples® and represented
as the sum of n decaying exponentials (usually three). In
addition, the AIF can also be determined from DCE-MRI
images, provided that an appropriately sized artery is in-
cluded in the field of view.*”-®

Alternatively, the signal intensity S(¢) obtained from a
sequence of T1-weighted images changes in proportion to
the contrast medium concentration C; in the volume ele-
ment of measurement, such as an area of lesion or refer-
ence region. Instead of obtaining the plasma concentration
Cp in Eq. (1), an enhancement model®' was used in this
study to estimate the pharmacokinetic parameters,

S(1) e Kol — g=Kat
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where S(¢) is the signal intensity and S(0) is the intensity at
t=0, and k is a dimensionless constant. The parameters Eg
(rate of enhancement, min '), K¢ (rate of elimination, min "),
and K, (rate constant, min ") of the pharmacokinetics model
were estimated, based on the signal enhancement curve from
the FLAIR sequence after a bolus injection (Table 1). En-
hancing brain tumors with DCE-MRI and an enhancement
curve from a voxel of the tumor are shown in Fig. 1.
Second, a linear approach®®* was chosen for evaluating
the following relationship between the acquired MR signal
intensity S(¢z) and contrast medium concentration

C(1) = S(t) = SO)(1 + mC(1)),

**The Mathworks, Natick, MA.

TaBLE 1. Definitions of Heuristic Parameters in the Enhancement Model
(Eq. [2]) Describing the Two-Compartment Model

Parameters Definition Units
Egr Initial enhancement rate 1/min
K Elimination rate of contrast agent 1/min
Kep Rate constant between extravascular 1/min

extracellular space and blood plasma

where S(0) is the signal intensity of postenhancement at
t=0, m is a tissue-, sequence-, and contrast medium-de-
pendent proportional constant. This approach is valid only
when (TR x C/T;)<< 1. Consequently, signal linearity is
limited to low contrast medium concentrations. In this
study, trapezoidal integration was used to calculate
contrast medium concentration with time after arrival of
the contrast medium in the enhancing voxels of interest:

avGe = $ G TG0 D) — = 1)

n=0

where C(7) is the tissue concentration of contrast medium
at dynamic time point #, #(n) is the time at point n. In Eq.
(3), MR signals of the first 90s after arrival of the contrast
medium in the enhancing voxels of interest is used, a DCE-
MRI measurement method suggested by the National
Cancer Institute of the National Institutes of Health.*’

All calculations, unless otherwise stated, were performed
using Matlab.** Motion artifact, if present, was corrected
using an MR image analysis toolbox, FSL (FMRIB
Software Library, University of Oxford) software. Pharma-
cokinetic model fitting and the IJAUGC measurement were
performed on a voxel-by-voxel basis and then the para-
meters were averaged over the tumor volume. For model
fitting of Eq. (2), the time series from each voxel was
analyzed using a nonlinear least square curve fitting
procedure of Matlab. For the IAUGC, the time series of
the first 90 s postenhancement was used according to Eq. (3).

To study the correlation between the pharmacokinetic
parameters and model-free parameter of IAUGC, Pearson’s
correlation was calculated between the three parameters, Er
(rate of enhancement, min~'), K (rate of elimination,
min~ 1), K., (rate constant, min~") with the IAUGC to find
potential correlations between the two approaches.

To determine if any two tumors differed significantly, the
two-sample Kolmogorov—Smirnov test (KS test) was used.
The KS test has the advantage of making no assumption
about the distribution of data. A 7 x 7 matrix M is
obtained from a pair wise KS test among all seven tumors
using each of the three kinetic parameters. Each component
my; of the matrix M is a P-value. When m;; is equal or close
to 1 it indicates that tumor case i and j come from the same
distribution. A m;; equal or close to 0 indicates tumor case i
and j come from different distribution.
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FiG. 1. (A) Enhancing tumors (indicated by arrows) for all seven brain tumor cases: adenocarcinoma (case 1), ependymoma (case 2), meningioma (case 3),
meningioma (case 4), oligodendroglioma (case 5), meningioma (case 6), and macroadenoma (case 7). The T1-weighted fluid-attenuated inversion recovery
sequence was used to acquire the dynamic contrast-enhanced magnetic resonance imaging data on 2D axial planes. TR/TE =2500/5.7ms; inversion
time = 700 ms; echo train length = 10; bandwidth = 31.25 kHz; matrix size =256 x 256 (lower resolution) or 512 x 512 (higher resolution); FOV =22 cm; and
slice thickness =4 mm. (B) Enhancement curves of all seven cases; (C) fitting an enhancement curve from a voxel in the tumor: black dots are experimental data,
with the y-axis indicating the normalized signal intensity and x-axis representing time. The red curve represents a nonlinear least square fitting result, where Ex
is related to the initial enhancement rate (slope of the initial rise in the curve) and K, is related to the slope of final part of the curve (elimination part).

Results

The mean and standard deviation of the three kinetic
parameters, Eg (rate of enhancement, min~'), K (rate of
elimination, min~"), and K., (rate constant, min~"'), esti-
mated for all seven tumors are listed in Table 2. The
measurement of IAUGC in the initial 90s is also reported
in Table 2.

Histograms of the three pharmacokinetic parameters
and model-free parameter IAUGC are presented in Fig. 2,
where the rows represent tumors (from one to seven) and
the columns denote the pharmacokinetic parameters

(Er, Kep, and Ky) and model-free parameter IAUGC,
respectively. All of the parameters were characterized by a
unimodal distribution and have distinct features.
Pearson’s correlations were calculated for the three
parameters, Er, K, and K., with the model-free
parameter IAUGC (Table 3). The IAUGC has a strong
association with the rate of enhancement Ey, with r ranges
from 0.4 to 0.9, but is weakly associated with K., and K.
KS test results of the kinetic parameters are shown in
Table 4, for Er, K¢, Kep, respectively. Each matrix gives a
pairwise two-sample KS test among the seven tumors,
where the null hypothesis is two data sets come from

TaBLE 2. Case Estimate (Mean and Standard Deviation) of Three Parameters Eg (1/min), K., (1/min), and K (1/min), and
Model-Free Parameter IAUGC

Tumor Er Kep Ky TAUGC
Adenocarcinoma 2.07 £ 0.82 241 + 1.14 0.12 + 0.07 50.68 + 14.36
Ependymoma 6.12 + 1.73 5.16 + 1.24 0.03 4+ 0.01 88.02 & 16.94
Meningioma 2.80 &+ 1.21 3.36 +£ 1.25 0.03 + 0.02 60.40 £ 15.90
Meningioma 2.48 + 1.00 3.39 + 091 —0.03 + 0.04 54.45 + 23.73
Oligodendroglioma 1.01 + 0.27 442 +1.53 —0.07 &+ 0.04 19.36 &+ 6.74
Meningioma 2.854+0.29 2.18 +£0.15 0.09 + 0.01 75.51 + 7.60
Macroadenoma 1.44 + 0.20 332+ 044 0.059 + 0.06 28.76 + 2.08

TAUGOC, initial area under the Gd concentration curve.
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FiG. 2. Distribution histograms of the three pharmacokinetic parameters and model-free parameter initial area under the Gd concentration curve (IAUGC).
The rows represent the seven cases of tumor, and the columns denote the pharmacokinetic parameters (Egr, Kep, and K, all with units of 1/min) and model-free

parameter IAUGC, respectively.

the same distribution. Every component in the matrix is a
P-value, where a value of one implies that the two data sets
of parameters compared have the same distribution, and
a value of 0 or <0.05 means they come from different
distribution. Except the diagonal components of the matrix
where each tumor is compared with itself, all other
components have significant differences (P <0.05) between
any two of the seven tumors. This indicates that
statistically significant differences exist between any two
given parameter distributions.

TaBLE 3. Case-Wise Pearson’s Correlation Coefficients r Between the
Three Parameters, Er, Kep, Kei, and the Model-Free Parameter IAUGC

Tumor IAUGC and Er TAUGC and K., TAUGC and Ky
Adenocarcinoma 0.81 0.30 —0.43
Ependymoma 0.68 0.14 0.02
Meningioma 0.66 0.15 0.42
Meningioma 0.93 —0.28 0.28
Oligodendroglioma 0.61 —0.68 —0.13
Meningioma 0.91 —0.04 —0.12
Macroadenoma 0.44 —0.03 —0.04

The TAUGC has a strong association with E, but is weakly associated
with K, and K. IAUGC, initial area under the Gd concentration
curve.

Discussion

DCE-MRI was used to investigate seven canine brain
tumors. The complete tissue-specific information contained
in an enhancement time series is characterized by four
parameters: (1) the initial enhancement rate parameter Eg,
which is proportional to the volume transfer constant in
Eq. (1), K™, which also characterizes the perfusion and
vascular permeability; (2) the rate constant, K, the ratio
of two physiologically fundamental parameters K"™" and
the EES per unit volume of tissue, v., which approximates
the rate constant of backflow from the EES to the plasma;
(3) the elimination rate constant, K,; and (4) the IAUGC,
a measurement of the initial arrival of contrast medium in
the tissue after its administration, reflecting blood flow,
vascular permeability, and the fraction of interstitial space.
In human studies the kinetic parameters correlate well with
vascular permeability and angiogenesis within tumor
tissues.”® Further work is needed to assess whether the
differences we observed between the different tumors
can be confirmed. Possible pathological relevance of these
parameters is that increased vascular permeability may
be seen in more vascular tumors that may relate to
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TaBLE 4. Case-Wise Differences of the Three Parameters

Tumor 1 2 3 4 5 6 7
KS test for Ex

1. Adenocarcinoma 1 0 0 0 0 0 0
2. Ependymoma 0 1 0 0 0 0 0
3. Meningioma 0 0 1 0 0 0 0
4. Meningioma 0 0 0 1 0 0 0
5. Oligodendroglioma 0 0 0 0 1 0 0
6. Meningioma 0 0 0 0 0 1 0
7. Macroadenoma 0 0 0 0 0 0 1
KS test for K
1. Adenocarcinoma 1 0 0 0 0 0 0
2. Ependymoma 0 1 0 0 0 0 0
3. Meningioma 0 0 1 0 0 0 0
4. Meningioma 0 0 0 1 0 0 0
5. Oligodendroglioma 0 0 0 0 1 0 0
6. Meningioma 0 0 0 0 0 1 0
7. Macroadenoma 0 0 0 0 0 0 1
KS test for K,
1. Adenocarcinoma 1 0 0 0 0 0 0
2. Ependymoma 0 1 0 0 0 0 0
3. Meningioma 0 0 1 0 0 0 0
4. Meningioma 0 0 0 1 0 0 0.0356
5. Oligodendroglioma 0 0 0 0 1 0 0
6. Meningioma 0 0 0 0 0 1 0
7. Macroadenoma 0 0 0 0.0356 0 0 1

Two-sample KS test were performed. Each component in the matrix is a
P-value. A value of one implies the two data sets of parameters
compared come from the same distribution, while a value of zero implies
they have different distributions. KS test, Kolmogorov—Smirnov test.

more cytologicallly aggressive neoplasia. This may also
be more expected in glial tumors rather than meningeal
tumors based on their pathology.

A T1-FLAIR sequence was used to acquire MR data
after an IV bolus injection (0.2mmol/kg) of the
paramagnetic contrast medium Gd-DTPA. Such low
molecular weight contrast medium diffuses from the
blood pool into the extravascular extracellular space of
the brain at a rate determined by blood flow, the
permeability of the blood—brain barrier, and the surface
area of the perfusing vessels.”® The contrast medium
does not cross cell membranes; therefore, the volume of
distribution is effectively equal to the extravascular
extracellular space. On T1l-weighted images, T1 relaxa-
tion time shortening caused by the contrast medium in
the interstitial space is the dominant mechanism of
enhancement. The early phase of contrast enhancement
involves the arrival of contrast medium in the tissue of
interest via the arterial supply, lasting multiple cardiac
cycles. In the absence of an intact blood—brain barrier,
contrast medium immediately begins to diffuse into
tissue compartments with well vascularized lesions
having the earliest signal increase, followed by areas of
gliosis and necrosis. Over a period lasting many minutes
to hours, the contrast medium diffuses back into the
vasculature. Contrast medium elimination from poorly
perfused tissue such as gliosis and necrosis occurs more
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slowly and accounts for the persistent delayed enhance-
ment observed in malignant glial tumors.?>2¢

Simple visual analysis of enhancement seen on TI-
weighted images of the brain is a valuable diagnostic tool
in a number of clinical situations.'>?**""* Contrast
enhancement enables focal brain diseases to be visualized
even when no abnormality is visible on nonenhanced
images. This led to marked improvements in the sensitivity
of MR imaging for detection and delineation of pathologic
processes, including primary and secondary tumors and
inflammation.**** Unfortunately, although the presence of
contrast enhancement can assist with tumor type identifi-
cation in conjunction with other parameters such as tumor
location, shape, and border definition, the enhancement
characteristics do not correlate with tumor grade or tumor
type.'®> Additionally, the sheer presence of contrast medium
is not a useful objective marker for the assessment of tumor
control following treatment as it can represent diverse
lesions as primary tumor, tumor recurrence, gliosis, or
necrosis. DCE-MRI can provide more objective criteria by
which brain disease can be assessed. DCE-MRI has been
used in dogs for the evaluation of the normal pituitary
gland and for the evaluation of thermal coagulation of
experimental tumors.***’

For low contrast medium concentration, the two-
compartment pharmacokinetic model is characterized by
a linear relationship between signal enhancement and the
contrast medium concentration for spin echo and inversion
recovery sequences.””>" A similar enhancement model was
proposed for a 3D gradient echo sequence.*’ In the
pharmacokinetic model (Eq. [2]), three parameters Eg,
K., and K, were estimated. As pointed out by different
groups,””* Ey determines the initial enhancement rate or
simply the slope of the initial wash-in period of the signal-
enhancement curve, K represents the rate of elimination
of the contrast agent, and K, is the rate constant between
the extravascular extracellular space and plasma.

For the model-free parameter of (Eq. [3]), a linear
approach was applied to represent the relationship between
signal intensity S(7) and contrast medium concentration
¢(t). This approach is valid only under the condition of
(TR x ¢/T1) < 1. Consequently, signal linearity is limited
to low contrast medium concentrations. However, a
nonlinear approach of depicting the signal intensity S(¢)
and contrast medium concentration ¢(¢) is preferred, as the
nonlinearity between S(f) and ¢(f) can represent more
accurate parameter estimation in DCE-MRI studies.*®

It was expected that the two-compartment pharmacoki-
netic model-based assessments of the DCE-MRI time
series would have an advantage over the model-free
parameter IAUGC in that the pharmacokinetic model
represents the true underlying physiology of the tumor.
However, the pharmacokinetic model-based parameters
are generally more susceptible to the effects of noise and
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fitting errors than the simpler model-free parameter, and
are often assumed to be less robust.*’ On the other hand,
the IAUGC might be assumed to be less variable as there is
no data-fitting process involved. The relationship between
IAUGC and parameters of the pharmacokinetic model
was investigated used simulations of DCE-MRI data.
TAUGC was shown to be related to the transfer constant
K'"™"™ fractional extravascular extracellular volume v, and
fractional plasma volume v, and ultimately has an
intractable relationship with all three. Furthermore, the
range over which IAUGC is taken and the nature of the
vascular (arterial) input function do not significantly affect
this relationship. In the present study, we found a strong
association between IJAUGC and the rate of enhancement
Eg, with a correlation coefficient ranging from 0.44 to 0.93;
however, the association between IAUCS and K, and K
was weak. However, it should be pointed out that IAUGC
cannot be used as a simple surrogate for Er despite the
stronger association between IAUGC and Eg. Overall, the
model-free parameter IAUGC can be complementary to
the pharmacokinetic model-based parameters.

As seen in the Table 2 and Fig. 2, variation between the
estimated pharmacokinetic model-based and model-free
parameters can be pronounced, which makes the task of
differentiation of brain tumors difficult. This was partly
due to limitations of the segmentation algorithm that
differentiates tumor from background. In this study, a
Matlab edge detection function was used with manual
override. Depending on the signal-to-noise ratio of the
DCE-MRI data, and other enhancement areas in the
background, segmentation results will vary from tumor to
tumor. A more robust segmentation algorithm is needed.

To improve the accuracy of the estimated parameters
from the pharmacokinetic models and to provide better
indices for clinical diagnosis of brain tumors, one needs
to understand the limitation of the models. A Bayesian
Markov Chain Monte Carlo analysis could improve
accuracy of the pharmacokinetic modeling.

In extracranial tumors, an association between DCE-
MRI parameters and microvessel density (MVD) measure-
ments was discovered.’® > This relationship has also been
identified for human brain tumors, and was shown to have
prognostic value.>* More important than MVD correla-
tions is tumor grading, and in humans there are several
studies of human glioma where tumor grade was related to
DCE-MRI kinetic parameters.>> >® Also, based on MIB-1
immunohistochemistry, DCE-MRI kinetic parameters may
correlate with mitotic activity of the tumor.>’ In our initial
work, we determined that kinetic parameter differences of
contrast enhancement may exist between various brain
tumor types, even though associations with tumor
vascularity or malignancy were not performed. These
initial data will be helpful in designing larger prospective
studies to confirm such associations.

In conclusion, we described the clinical use of DCE-
MRI in dogs with brain tumors. While the study is small, it
provided evidence that objective assessment of contrast
enhancement may be able to assist with the differentiation
of tumors.
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