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Glioma: Application of Histogram Analysis of Pharmacokinetic
Parameters from T1-Weighted Dynamic Contrast-Enhanced MR
Imaging to Tumor Grading

S.C.Jung, J.A. Yeom, J.-H. Kim, I. Ryoo, S.C. Kim, H. Shin, A.L. Lee, T). Yun, C.-K. Park, C.-H. Sohn, S.-H. Park, and S.H. Choi
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ABSTRACT

BACKGROUND AND PURPOSE: The usefulness of pharmacokinetic parameters for glioma grading has been reported based on the
perfusion data from parts of entire-tumor volumes. However, the perfusion values may not reflect the entire-tumor characteristics. Our
aim was to investigate the feasibility of glioma grading by using histogram analyses of pharmacokinetic parameters including the volume
transfer constant, extravascular extracellular space volume per unit volume of tissue, and blood plasma volume per unit volume of tissue
from Tl-weighted dynamic contrast-enhanced perfusion MR imaging.

MATERIALS AND METHODS: Twenty-eight patients (14 men, 14 women; mean age, 49.75 years; age range, 25-72 years) with histopatho-
logically confirmed gliomas (World Health Organization grade Il, n = 7; grade lll, n = 8; grade IV, n = 13) were examined before surgery or
biopsy with conventional MR imaging and Tl-weighted dynamic contrast-enhanced perfusion MR imaging at 3T. Volume transfer constant,
extravascular extracellular space volume per unit volume of tissue, and blood plasma volume per unit volume of tissue were calculated
from the entire-tumor volume. Histogram analyses from these parameters were correlated with glioma grades. The parameters with the
best percentile from cumulative histograms were identified by analysis of the area under the curve of the receiver operating characteristic
analysis and were compared by using multivariable stepwise logistic regression analysis for distinguishing high- from low-grade gliomas.

RESULTS: All parametric values increased with increasing glioma grade. There were significant differences among the 3 grades in all
parameters (P < .01). For the differentiation of high- and low-grade gliomas, the highest area under the curve values were found at the 98th
percentile of the volume transfer constant (area under the curve, 0.912; cutoff value, 0.277), the 90th percentile of extravascular extracel-
lular space volume per unit volume of tissue (area under the curve, 0.939; cutoff value, 19.70), and the 84th percentile of blood plasma
volume per unit volume of tissue (area under the curve, 0.769; cutoff value, 11.71). The 98th percentile volume transfer constant value was
the only variable that could be used to independently differentiate high- and low-grade gliomas in multivariable stepwise logistic
regression analysis.

CONCLUSIONS: Histogram analysis of pharmacokinetic parameters from whole-tumor volume data can be a useful method for glioma
grading. The 98th percentile value of the volume transfer constant was the most significant measure.

ABBREVIATIONS: AUC = area under the curve; DCE = dynamic contrast-enhanced; K" = volume transfer constant; ROC = receiver operating characteristic
analysis; Ve = extravascular extracellular space volume per unit volume of tissue; Vp = blood plasma volume per unit volume of tissue

he growth of tumors beyond a certain size depends on the
development of a vascular supply that meets the metabolic
requirements of the neoplastic tissue.'* Newly developed vascu-
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lar networks of tumors show increased tortuosity, lack of matu-
rity, and increased permeability to macromolecules due to the
presence of large endothelial cell gaps.>° In particular, high-grade
gliomas are associated with a higher proportion of immature and
hyperpermeable vessels.”®

Angiogenesis and the microvascular system of gliomas have
recently been the focus of grading before treatment and for eval-
uating posttherapy status with perfusion MR imaging. With con-
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trast media, the dynamic change of signal intensity can be mea-
sured and converted into an analysis of perfusion changes. From
the signal-time curves, many pharmacokinetic parameters can be
extracted for the characterization of gliomas. Cerebral blood vol-
ume and cerebral blood flow, vascular permeability, and extravas-
cular extracellular volume have been proposed as representative
parameters derived from T1-weighted dynamic contrast-en-
hanced (DCE) perfusion-weighted imaging in the differentiation
of glioma grades.®'® More recently, many reports based on T1-
weighted DCE-PWI MR imaging have introduced volume trans-
fer constant K™, extravascular extracellular space volume per
unit volume of tissue (Ve), and blood plasma volume per unit
volume of tissue (Vp) as feasible parameters for glioma grad-

ing's,l(),l7,18 Ktrans

and Ve are pharmacokinetic parameters well-
known for reflecting permeability. K**™ is the volume transfer
constant between the plasma and extravascular extracellular
space. Ve is the extravascular extracellular space per unit volume
of tissue and is known as leakage space.'®° Vp is defined as the
blood plasma volume per unit volume of tissue, which may be a
marker of angiogenic activity in a tumor."? However, previous
studies collected the perfusion data from parts of entire-tumor
volumes. Therefore, the presented values may not have reflected
the entire tumor characteristics.

In this study, we obtained the pharmacokinetic parameters
from the entire-tumor volume by using T1-weighted DCE MR
images. We hypothesized that a histogram-based analysis of
the pharmacokinetic parameters from the entire-tumor vol-
ume would be helpful for glioma grading because high-grade
gliomas have a wide spectrum of histologic features, ranging
from grade II to IV; this wide spectrum may account for sam-
pling biases. The purposes of this study were to investigate the
feasibility of using a histogram analysis of pharmacokinetic
parameters, including K"*"*, Ve, and Vp, for glioma grading
and to explore the diagnostic performance of the histogram
analysis of these parameters.

MATERIALS AND METHODS
This retrospective study was approved by our institutional review
board. Patient informed consent was waived.

Patients

Between January 2010 and October 2012, fifty patients with initial
DCE MR imaging at our institution (Seoul National University Hos-
pital) were diagnosed with astrocytic tumors on the basis of the
World Health Organization classification for tumors of the central
nervous system. This study included 28 patients with the following
inclusion criteria: 1) MR imaging was performed with a 3T scanner
before treatment or biopsy; and 2) grade II, I1I, and IV gliomas were
diagnosed. There were 14 male and 14 female patients enrolled
(mean age, 49.75 years; age range, 25—72 years). In the enrolled pa-
tients, there were 28 gliomas (gradeII, 7 gliomas; grade I11, 8 gliomas;
grade IV, 13 gliomas). Grade II gliomas were classified as low-grade,
and grades III and IV were classified as high-grade.

MR Imaging Protocol
The MR imaging protocol consisted of conventional MR imaging
and DCE MR imaging by using a 3T scanner with a 32-channel
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head coil (Magnetom Verio; Siemens, Erlangen, Germany). Con-
ventional MR imaging included the following: T1-weighted im-
aging, such as transverse spin-echo imaging, before and after con-
trast enhancement; multiplanar reconstructed transverse, coronal
imaging with a sagittal 3D magnetization-prepared rapid acqui-
sition of gradient echo sequence, before and after contrast en-
hancement; transverse fluid-attenuated inversion recovery; and
transverse T2-weighted imaging with turbo spin-echo sequences.
Contrast-enhanced T1WI was performed after the intravenous
administration of gadobutrol (Gadovist; Bayer Schering Pharma,
Berlin, Germany), at a dose of 0.1 mmol/kg of body weight.
Transverse spin-echo TIWI was performed with the following
parameters: TR, 558 ms; TE, 9.8 ms; flip angle, 70° matrix, 384 X
187; FOV, 175 X 220 mm; section thickness, 5 mm; and NEX, 1.
We obtained the 3D-MPRAGE sequences by using the following
parameters: TR, 1500 ms; TE, 1.9 ms; flip angle, 9% matrix, 256 X
232; FOV, 220 X 250; section thickness, 1 mm; and NEX, 1. The
parameters in axial FLAIR imaging were the following: TR, 9000
ms; TE, 97 ms; T1, 2500 ms; flip angle, 130° matrix, 384 X 348;
FOV, 199 X 220; and section thickness, 5 mm. The parameters of
the transverse T2ZWI were as follows: TR, 5160 ms; TE, 91 ms; flip
angle, 124°-130° matrix, 640 X 510-580; FOV, 175-199 X 220;
section thickness, 5 mm; and NEX, 3.

DCE MR imaging was performed with 3D gradient-echo
T1WTI after the intravenous administration of gadobutrol (0.1
mmol/kg of body weight) at a rate of 4 mL/s by using a power
injector (Spectris MR injector; MedRad, Indianola, Pennsylva-
nia). A 30-mL bolus injection of saline followed at the same
injection rate. For each section, 40 images were acquired at
intervals equal to the TR. The parameters were as follows: TR,
2.8 ms; TE, 1.0 ms; flip angle, 10° matrix, 192 X 192; section
thickness, 3 mm; FOV, 240 X 240 mm; voxel size, 1.25 X
1.25 X 3 mm?; pixel bandwidth, 789 Hz; total acquisition time,
1 minute 30 seconds.

Image Analysis

DCE MR images were processed by using the MR perfusion anal-
ysis method (nordicICE; Nordic Neuro Lab, Bergen, Norway), in
which FLAIR or T2WT was used for structural imaging. On the
basis of the 2-compartment pharmacokinetic model proposed by
Tofts and Kermode,?! we used the perfusion analysis method to
calculate pharmacokinetic parameters, including K", Ve, and
Vp.?! Deconvolution with the arterial input function was per-
formed in the pharmacokinetic model. For each tumor, the arte-
rial input function was determined in intracranial tumor-supply-
ing arteries near the tumor. Perfusion analysis was able to
generate an arterial input function curve and a concentration-
time curve of the tumor for each tumor-supplying artery in a
region of interest. Two neuroradiologists (S.C.J. and S.H.C.)
manually defined the ROIs by consensus. They chose an appro-
priate arterial input function curve to show the ideal relationship
between the input function curve and the concentration-time
curve. The arterial input function curves had higher values than
the concentration-time curves and showed rapid wash-in and
slow washout patterns, whereas the concentration-time curves
showed a steady increase in the wash-in slope. The baseline T1
value was fixed at 1000 ms in this study.*
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FIG 1. ROIs manually defined on axial T2WI coregistered with parametric maps in a 43-year-old woman with a grade Il glioma (A) and the
histogram and cumulative histogram from the entire-tumor volume (B-D) are presented.

Pharmacokinetic parameters, including K**"°, Ve, and Vp,
were measured from each region of interest by a neuroradiolo-
gist (S.C.J.). The perfusion analysis method was used to calcu-
late the pharmacokinetic parameters and to present these pa-
rameters as parametric maps. The coregistration between the
structural images and parametric maps (color overlay) was
accomplished automatically by using mutual information
based on an algorithm that facilitated the search for an optimal
rigid transformation aligning the 2 datasets.>>">*> The 2 review-
ers defined the margins of the tumors on each axial plane by
consensus, manually outlining the margins on the T2WI or
FLAIR image by using the perfusion analysis workstation. The
outline of the tumor region of interest was defined excluding
the cystic or necrotic regions and intralesional macrovessels
(Figs 1A, 2A, and 3A). On a pixel-by-pixel basis, all values of
the parameters were calculated from an outline (region of in-
terest) on an axial plane. The overall values for each tumor
were obtained by summing the values from every plane. Fi-
nally, the total parametric values from the entire-tumor vol-
ume were acquired and recorded for each tumor.

Statistical Analysis
Commercially available software (MedCalc for Windows, Ver-
sion 11.1.1.0; MedCalc Software, Mariakerke, Belgium) was used

for the analysis. The Kolmogorov-Smirnov test was used to deter-
mine whether values were normally distributed. For all statistical
analyses, a 2-tailed P value < .05 was considered indicative of a
statistically significant difference.

The mean and SD of the parametric values were calculated for
each parameter. The values were compared according to the grade
by using the unpaired ¢ test.

The histograms were plotted with the parametric values on the
x-axis, with a bin size of 1 X 10~ % min ! for K25, 1 X 10~ 2 for
Ve, and 1 X 1072 for Vp. The relative frequency was plotted on
the y-axis of the histograms as a percentage of the total tumor
volume, calculated by dividing the frequency in each bin by the
total number of pixels.?® The ranges of the bins were chosen as
0-1.66 in K**™, 0-5.5765 in Ve, and 0—0.7201 in Vp because
1.66, 5.5765, and 0.7201 were the highest values for each param-
eter, respectively. The cumulative histograms were built from the
aforementioned histograms. The relative cumulative frequency
on the y-axis was expressed as a percentage summating the rela-
tive frequency from the first bin to a specified bin, and the para-
metric values were plotted on the x-axis (Figs 1B-D, 2B-D, and
3B-D).

A corresponding parametric value to a specific one from the
50th percentile (C50) to the 100th percentile (C100) was calcu-
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FIG 2. ROIs manually defined on axial T2WI coregistered with parametric maps in a 61-year-old man with a grade Il glioma (B) and the histogram
and cumulative histogram from the entire-tumor volume (B-D) are presented.

lated in each tumor and parameter. Receiver operating character-
istic (ROC) curves were generated to determine the optimum
cutoff percentile for distinguishing high-grade from low-grade
gliomas and differentiating grade III and IV tumors. The area
under the curve (AUC), obtained from ROC analysis according to
a specific percentile from C50 to C100, was analyzed. The percen-
tiles with the highest AUC and the cutoff values with the best
diagnostic performances (highest sensitivity and specificity) were
presented in each parameter. The parameters with the best per-
centile values were compared by using a multivariable stepwise
logistic regression model to determine the best predictors for dif-
ferentiating high- and low-grade gliomas.>”

RESULTS

Mean K", Ve, and Vp values are presented according to the
tumor grade in Table 1. The pharmacokinetic parameters in-
creased with increasing glioma grade. There were significant dif-
ferences among the grades for all parameters (P < .01).

Histogram Analysis

The histograms and cumulative histograms from the entire-tu-
mor volume showed that low-grade gliomas presented a higher
relative frequency at low parametric values and a lower relative
frequency at high parametric values compared with high-grade
gliomas in all parameters. These characteristics resulted in sub-
stantial divergence according to grades in the cumulative histo-
gram (Fig 4).
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Optimal Cutoff Values of K", Ve, and Vp for the
Differentiation of High- and Low-Grade Gliomas

Between the C50 (median value) and C99 values from the cumu-
lative K™, Ve, and Vp histograms, the K" of C98, Ve of C90,
and Vp of C84 exhibited the highest AUCs—0.912, 0.939, and
0.769—for differentiating high- from low-grade gliomas.

We applied each cutoff value of K**™*, Vp, and Ve for the
differentiation of high- and low-grade gliomas, so that tumors
with values greater than or equal to the cutoff values were re-
garded as high-grade gliomas. In terms of K'™*", the cutoff value
of C98 was 0.277 minute ' and showed a sensitivity of 76.19% (16
of 21 high-grade gliomas) and a specificity of 100% (7 of 7 low-
grade gliomas). The Ve cutoff value at C90 was 19.70% and had a
sensitivity and a specificity of 85.7% (18 of 21 high-grade gliomas)
and 100% (7 of 7 low-grade gliomas), respectively. We found that
the Vp cutoff value at C84 was 11.71% and showed a sensitivity of
61.9% (13 of 21 high-grade gliomas) and a specificity of 100% (7
of 7 low-grade gliomas) (Table 2).

Optimal Cutoff Values of K", Ve, and Vp for
Differentiation of Grade Il and Il Gliomas

Between the C50 and C99 values from the cumulative K", Vp,
and Ve histograms, only Ve showed a significant parameter (P <
.05) for differentiating grade IIT from grade II gliomas and the Ve
C90 exhibited the highest AUCs: 0.839. The Ve C90 cutoff value
was 19.7% with a sensitivity of 62.5% (5 of 8 grade III gliomas)
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FIG 3. ROIs manually defined on axial T2WI coregistered with parametric maps in a 37-year-old woman with a grade IV glioma (C) and the
histogram and cumulative histogram from the entire-tumor volume (B-D) are presented.

Table 1: The pharmacokinetic parameters in each grade of
glioma®

Grade 11°/

Low-Grade© Grade III® Grade IV® High-Grade®
Ktransd 0,027 + 0.041 0.057 = 0.091 0.158 = 0.226 0.122 = 0195
Ve© 5.809 =10.381 15469 *= 26.165 45103 * 63.888  35.059 * 55.920
Vp* 3.858 = 3.958 5.735* 5772 10.624 +=12.396 8.826 £10.723

2 All data are means.

® There were statistically significant differences among grades (P < .01).

 There were statistically significant differences between low- and high-grade (P <
01).

9 Data for K™ are in units of minute ™.
¢ Data for Ve and Vp are percentages.

and a specificity of 100% (7 of 7 grade III gliomas). We applied
each cutoff so that tumors with values equal to or greater than the
cutoff values were regarded as grade III gliomas.

Optimal Cutoff Values of K", Ve, and Vp for the
Differentiation of Grade Ill and IV Gliomas

Between the C50 and C99 values from the cumulative K™,
Vp, and Ve histograms, the K™ C97, Ve C66, and Vp C92
exhibited the highest AUCs for differentiating grade IV from
grade III gliomas: 0.971, 0.885, and 0.798, respectively. The
K™ C97 cutoff value was 0.412 minute ' with a sensitivity of
92.31% (12 of 13 grade IV gliomas) and a specificity of 100% (8
of 8 grade I1I gliomas). The Ve C66 cutoff value was 8.37% with
a sensitivity of 92.31% (12 of 13 grade IV gliomas) and a spec-
ificity of 75% (6 of 8 grade III gliomas). We found that the Vp

C92 cutoff value was 19.33% and showed a sensitivity of
76.92% (10 of 13 grade IV gliomas) and a specificity of 87.50%
(7 of 8 grade III gliomas). We applied each cutoff so that tu-
mors with values equal to or greater than the cutoff values were
regarded as grade IV gliomas.

Multivariable Stepwise Logistic Regression Analysis

The AUCs corresponding to profiles with the highest diagnostic
accuracy showed significant differences between low- and high-
grade gliomas (P < .05). However, multivariable stepwise logistic
regression analysis showed that the K"*"* C98 value was the most
significant variable, with a parameter estimate of 16.64 and a stan-
dard error of 8.17 (P < .05). K"*™* C97 was the most significant
variable with a parameter estimate of 17.96 and a standard error of
8.38 in differentiating grade IV from grade III gliomas, but there
was no significant variable in differentiating grade III from grade
1I gliomas (P < .05).

DISCUSSION

Histogram analysis of pharmacokinetic parameters including
K" Ve, and Vp obtained from the entire-tumor volume based
on T1-weighted DCE perfusion MR imaging was useful for gli-
oma grading. The best percentiles for differentiating high- and
low-grade gliomas, in terms of the highest area under the curve of
the receiver operating characteristic curves, were K28 C98, Ve
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FIG4. Ahistogram and cumulative histogram were derived from the total parametric values of all masses (n = 28) according to each grade. A-F,
The histogram and cumulative histogram show that lower grade gliomas present a higher relative frequency at low parametric values and a lower
relative frequency at high parametric values compared with higher grade gliomas for all of the parameters. C and F, However, in the Vp
histogram, the relative frequency of grade IV gliomas is higher than that of grade Il gliomas at a number of low values.

(90, and Vp C84. K" C98 was the most significant parameter
for distinguishing high- from low-grade gliomas.

A number of studies on glioma grading by using pharmacoki-
netic parameters from DCE MR imaging—in particular, Ktrans,
Ve, and Vp—have been published.®'*'>'>!%2% Using ROC
curve analyses, Jia et al® showed that K**"* and Ve were signifi-
cantly lower in low-grade gliomas than in high-grade gliomas,
with cutoff values of K™ and Ve of 0.035 minutes ' and 0.13,

ll()

respectively. Awasthi et al'® presented a discriminant function for
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differentiating low- and high-grade gliomas and a correlation
with immunohistochemical markers by using relative CBV, elim-
ination rate of contrast agent or Kep, and Ve derived from DCE
MR imaging. Zhang et al*® concluded that K" was the most
sensitive and specific parameter among the 5 available parameters
(K", Kep, rate constant of contrast agent reflux to plasma or
Kel, Ve, and Vp) in distinguishing high-grade from low-grade
gliomas on the basis of DCE MR imaging. These studies calculated
parameters in portions of the entire-tumor volumes. The ROIs



Table 2: ROC results of the percentiles with the best AUC for
glioma grading

Sensitivity  Specificity Cutoff P

Parameter Auc? (%)° (%)° Value¢  Value
Ktrans

98 0912(0742-0.985) 7619(16/2)  100(7/7) 0277  <Oi
Ve

C90 0.939 (0.779-0.994)  85.71(18/21) 100(7/7) 19.70 <.01
Vp

cs84 0769 (0.572-0.906)  61.9(13/2))  100(7/7) W71 <01

2 Data in parentheses are 95% confidence intervals.

b Sensitivity and specificity for identifying high-grade tumors. Data in parentheses are
the numbers used to calculate the percentages.

< Data for K™ are in units of minute ', and data for Ve and Vp are percentages.

included smaller portions of the tumor margins on each section
and were mostly used to show the highest parametric values.®'**°
In comparison, we collected and analyzed whole-pixel values
from the entire-tumor volume. In addition, we evaluated the pa-
rameters on the basis of T2WI or FLAIR, whereas previous studies
used contrast- enhanced TIWI. T2-weighted high-signal-inten-
sity lesions, excluding definite cystic or necrotic regions around
gliomas, were generally considered to be tumor-involved lesions.
We believe that the methods used in the present study could re-
flect whole-tumor characteristics.

The previous studies presented the parametric values with cut-
off values to differentiate low- and high-grade gliomas. The pre-
sented values in the previous studies were not consistent with one
another. The inconsistency in parametric values may be caused by
different MR imaging protocols, pharmacokinetic models, or per-
fusion-analysis software. However, histogram analysis from the
entire-tumor volume could be an alternative method for grading
gliomas. The percentiles, which were generated from relative
rankings based on the analyzed parametric values from the anal-
ysis, directly apply to other clinical or research settings.

Baseline T1 was fixed at 1000 ms in this study, whereas an
estimate for the baseline T1 has been generally derived from a
fitting process by using the precontrast T1 field-echo signal at
multiple flip angles.****" The estimation of the baseline T1 is
very sensitive to noise that is present in multiple flip angle and
DCE images, and this sensitivity results in the broadening of the
baseline T1. The fixed baseline T1 can contribute to obtaining
more consistent results and can protect dynamic data from incor-
rect scale factors or patient movements during DCE data collec-
tion. In addition, the effort to estimate the actual baseline T1
could be reduced. If one assumed that the purpose of the DCE
analysis is to determine the relative vascular change, the analysis
by using the fixed baseline T1 may be sufficient to draw correct
conclusions, even though the fixed baseline T1 is not physio-
logic.”® However, these characteristics may result in Ve values of
>100% in our study.

Although there were a number of methodologic differences,
the results from this study were in agreement with those in previ-
ous studies. The parametric values increased as the grades in-
creased, and K™ was the most significant parameter in glioma
grading.

This study had a number of limitations. A retrospective anal-
ysis was performed, and a small number of patients were enrolled.
In particular, only 7 cases of low-grade glioma were included be-
cause of their low incidence. Second, although the determination
of the arterial input function was performed in terms of the best

optical shape and in relation to the concentration-time curve of
the tumor, it might be insufficient for objective and reproducible
selection. Third, the drawing of the regions of interest was per-
formed manually on T2WI or FLAIR images. Because infiltrative
tumors show particularly poor margins, differentiating the tumor
from the surrounding normal brain tissue may not be easy, and
this difficulty may result in low reproducibility. However, the
volume of data from the entire-tumor volume was high enough
that small erroneous data were not thought to cause severe bias.
Fourth, we assumed that significant differences in parameters
among the glioma grades would be identified in higher percentiles
over the range C50 to C100. This assumption was based on the
characteristic vascular system of gliomas (ie, higher grade gliomas
have more permeability and abundant vascularity). Although the
AUC curves also supported the validity of the assumption, the
analysis was not completely free from limitations. Fifth, multico-
linearity was detected in the multivariable stepwise logistic regres-
sion analysis because the variables were highly correlated with one
another. The percentiles were extracted from one parameter, and
the parameters were originally dependent on one another. Sixth,
fixed-baseline T1 was used for the calculation of contrast concen-
tration in tissue, even though it was not physiologic. Finally, the
histogram analysis of the data from the entire-tumor volume
could present entire profiles of glioma grades on the basis of the
calculated parameters, but this may not be practical in terms of
time effectiveness for application to real clinical settings.

CONCLUSIONS

Histogram analysis of the pharmacokinetic parameters K", Ve,
and Vp obtained from the entire-tumor volume data can be useful
for grading gliomas. K™ C98 was the most significant parame-
ter. We expect our results to contribute to perfusion analyses in
diverse clinical and research settings.
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