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The Added Prognostic Value of Preoperative Dynamic
Contrast-Enhanced MRI Histogram Analysis in Patients with
Glioblastoma: Analysis of Overall and Progression-Free
Survival

Y.S. Choi, D.W. Kim, S.-K. Lee, J.H. Chang, S.-G. Kang, E.H. Kim, S.H. Kim, T.H. Rim, and S.S. Ahn

ABSTRACT

BACKGROUND AND PURPOSE: The prognostic value of dynamic contrast-enhanced MR imaging in patients with glioblastoma is con-
troversial. We investigated the added prognostic value of dynamic contrast-enhanced MR imaging to clinical parameters and molecular
biomarkers in patients with glioblastoma by using histogram analysis.

MATERIALS AND METHODS: This retrospective study consisted of 61 patients who underwent preoperative dynamic contrast-enhanced
MR imaging for glioblastoma. The histogram parameters of dynamic contrast-enhanced MR imaging, including volume transfer constant,
extravascular extracellular volume fraction, and plasma volume fraction, were calculated from entire enhancing tumors. Univariate
analyses for overall survival and progression-free survival were performed with preoperative clinical and dynamic contrast-enhanced MR
imaging parameters and postoperative molecular biomarkers. Multivariate Cox regression was performed to build pre- and postoperative
models for overall survival and progression-free survival. The performance of models was assessed by calculating the Harrell concordance
index.

RESULTS: In univariate analysis, patients with higher volume transfer constant and extravascular extracellular volume fraction values
showed worse overall survival and progression-free survival, whereas plasma volume fraction showed no significant correlation. In
multivariate analyses for overall survival, the fifth percentile value of volume transfer constant and kurtosis of extravascular extracellular
volume fraction were independently prognostic in the preoperative model, and kurtosis of volume transfer constant and extravascular
extracellular volume fraction were independently prognostic in the postoperative model. For progression-free survival, independent
prognostic factors were minimum and fifth percentile values of volume transfer constant and kurtosis of extravascular extracellular
volume fraction in the preoperative model and kurtosis of extravascular extracellular volume fraction in the postoperative model. The
performance of preoperative models for progression-free survival was significantly improved when minimum or fifth percentile values of
volume transfer constant and kurtosis of extravascular extracellular volume fraction were added.

CONCLUSIONS: Higher volume transfer constant and extravascular extracellular volume fraction values are associated with worse
prognosis, and dynamic contrast-enhanced MR imaging may have added prognostic value in combination with preoperative clinical
parameters, especially in predicting progression-free survival.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; EGFR = epidermal growth factor receptor; KPS = Karnofsky performance scale; K" = volume transfer
constant; MGMT = O6-methylguanine-DNA methyltransferase; OS = overall survival; p = percentile; PFS = progression-free survival; v, = extravascular extracellular
volume fraction; v, = plasma volume fraction

lioblastoma is the most common primary brain malignancy ~ date the prognostic factors of glioblastoma, including clinical fac-

and its prognosis is dismal." Although the median survival ~ tors such as age, Karnofsky performance scale (KPS), and extent

time is approximately 14 months, occasional long-term survival
and significant response to therapy have been reported in a subset
of patients.”” Many investigations have been conducted to eluci-
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of tumor resection.*> Molecular and genetic biomarkers of glio-
blastoma, including O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation, epidermal growth factor recep-
tor (EGFR), p53, and Ki-67 index, are also emerging prognostic
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factors predicting the biologic behavior of tumors.®'® However,
profiles of molecular biomarkers can only be obtained by invasive
procedures such as biopsy or resection. Thus, MR imaging has
been actively applied as a noninvasive tool for prognosis predic-
tion and diagnosis and evaluation of treatment response; conven-
tional imaging findings, such as edema, necrosis, or tumor size,
have been known to be related to prognosis.>''"'* Advanced MR
imaging techniques have also been found to be of increasing util-
ity in predicting prognosis of gliomas. For example, the lower
apparent diffusion coefficient of diffusion-weighted imaging and
higher relative cerebral blood volume of dynamic susceptibility
contrast imaging have been reported to be correlated with worse
prognosis in gliomas.'>'® Nevertheless, conflicting results were
reported for the prognostic value of apparent diffusion coeffi-
cient.'>'®'? In addition, relative cerebral blood volume may in-
volve biases of T1 effects and extravascular contrast leakage of
tumor vessels and susceptibility artifacts,”® though T1 effects
and extravascular contrast leakage can be limited by several
techniques.”®>*

Using dynamic contrast-enhanced (DCE)-MR imaging, one
can evaluate the blood-brain barrier by measuring quantitative
permeability parameters such as volume transfer constant
(K™%), extravascular extracellular volume fraction (v,.), and
plasma volume fraction (v,,), which are quantitative metrics of
vascular permeability, extravascular extracellular volume, and
plasma volume, respectively. While K"*"* has been reported to
increase with glioma grade, its prognostic value for overall sur-
vival (OS) remains controversial***® and its prognostic value for
progression-fee survival (PFS) and added value to other previ-
ously known prognostic factors have not been investigated.

The purpose of our study was to investigate the association of
DCE-MR imaging—derived parameters with OS and PFS in pa-
tients with glioblastoma, and their added prognostic value to pre-
operative clinical parameters and postoperative molecular bio-
markers by using histogram analysis.

MATERIALS AND METHODS

This retrospective study was approved by the Severance Hospital
of Yonsei University College of Medicine review board, which
waived the requirement for informed consent.

Subjects

From October 2010 through April 2014, 98 consecutive patients
with newly diagnosed glioblastoma, who underwent preoperative
DCE-MR imaging, were reviewed. All patients were treated ac-
cording to the standard regimen consisting of an operation and
postoperative involved-field radiation therapy with temozolo-
mide, as described elsewhere.?® Inclusion criteria were the follow-
ing: 1) pure glioblastoma without other cell components men-
tioned in the pathologic report; 2) available profile of molecular
biomarkers reported postoperatively, including MGMT methyl-
ation, EGFR, p53, Ki-67 index, and isocitrate dehydrogenase 1 mu-
tation; and 3) patients who underwent either total, subtotal, or
partial resection of tumor. Exclusion criteria were the following:
1) glioblastoma mixed with other cell components, such as an
oligodendroglial component, or any specific subtype of glioblas-
toma such as giant cell glioblastoma or gliosarcoma (n = 22); 2)
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positive or unknown isocitrate dehydrogenase 1 mutation status
(n = 10); and 3) patients who did not undergo an operation (n =
2) or underwent biopsy only (1 = 3). We excluded glioblastomas
with heterogeneous cellular components and isocitrate dehydroge-
nase 1 mutations, to exclude confounding factors that affect prog-

nOsi527,28

and to conduct accurate survival analysis with pure pri-
mary glioblastoma only. Therefore, 61 patients were enrolled in

this study (male/female ratio = 32:29; 63.0 * 9.8 years of age).

Image Acquisition

Preoperative MR imaging was performed by using 3T imaging
(Achieva; Philips Healthcare, Best, the Netherlands) and an
8-channel sensitivity encoding head coil. The preoperative MR
imaging protocol included conventional sequences consisting of
T1-weighted imaging (TR, 2000 ms; TE, 10 ms; FOV, 240 mm;
section thickness, 5 mm; and matrix, 256 X 256), T2-weighted
imaging (TR, 3000 ms; TE, 80 ms; FOV, 240 mm; section thick-
ness, 5 mm; and matrix, 256 X 256), and fluid-attenuated inver-
sion recovery imaging (TR, 10,000 ms; TE, 125 ms; FOV, 240 mm;
section thickness, 5 mm; and matrix, 256 X 256). For DCE-MR
imaging, 60 dynamic phases of DCE T1-weighted images were
acquired with the following parameters: TR, 6.3 ms; TE, 3.1 ms;
FOV, 240 mm; matrix, 192 X 192 mm; section thickness, 3 mm;
and flip angle, 15°. After acquiring the fifth phase of image vol-
ume, gadolinium-based contrast (0.1-mL/kg gadobutrol, Gada-
vist; Bayer Schering Pharma, Berlin, Germany) was injected at a
rate of 3 mL/s. The total acquisition time for DCE-MR imaging
was 6 minutes 18 seconds.

DCE-MR Imaging Analysis

DCE-MR imaging data were moved to a personal computer and
processed off-line with commercial software (nordicICE; Nordic-
NeuroLab, Bergen, Norway), which is based on the pharmacoki-
netic model established by Tofts et al.”> DCE-MR imaging pa-
rameter maps of K", v, and v, were generated after calibration
of motion correction and determination of arterial input func-
tion, which was calculated from 5 spots on the M1 segment ipsi-
lateral to the tumor. The baseline T1 value was fixed at 1000 ms in
this study.”®*>* The ROI was drawn by 1 neuroradiologist (Y.S.C.)
and confirmed by another neuroradiologist (S.S.A.) on the basis
of the last phase of DCE-MR images to contain the entire enhanc-
ing tumor volume by using a semiautomatic method by thresh-
olding of signal intensity. The histogram parameters consisting of
mean, minimum, fifth percentile (p5), and 25th (p25), 50th
(p50), 75th (p75), and 95th (p95) percentiles and maximum val-
ues, skewness, and kurtosis of K""*™, v, and v, were calculated
from ROIs overlaid on DCE-MR imaging parameter maps.

Other Prognostic Parameters

We recorded the following clinical parameters: age, sex, and pre-
operative KPS. The extent of tumor resection was classified as
total, subtotal, or partial on the basis of the surgeon’s intraoper-
ative impression in conjunction with examination of postopera-
tive images, with “subtotal resection” meaning <<100% but =75%
tumor removal and “partial resection” meaning <75% gross tu-
mor removal. In addition, tumor descriptors on conventional MR
images were determined by consensus of 2 neuroradiologists



(Y.S.C.and S.S.A., with 2 and 5 years of experience in brain MR
imaging, respectively) and were considered preoperative pa-
rameters in subsequent analyses, which consisted of enhancing
tumor volume, degree of edema, and the presence of non-
contrast-enhancing tumor. Enhancing tumor volume was au-
tomatically calculated from ROIs drawn for DCE-MR imaging
analysis. Edema was scored by using the maximum distance of
edema from the tumor margin as 0 (not apparent), if <1 cm; 1
(mild to moderate), if >1 and <2 cm;and 2 (severe), if >2 cm.
Non-contrast-enhancing tumor was defined as intermediate
T2 signal intensity (less than the intensity of CSF) that is asso-
ciated with mass effect and architectural distortion. Non-con-
trast-enhancing tumor was visually assessed and classified as
positive if non-contrast-enhancing tumor volume was >25%
of enhancing tumor volume, or negative otherwise.

We also recorded postoperatively obtained profiles of molec-
ular biomarkers, including MGMT methylation, EGFR, p53, and
Ki-67 index.

Definition of Survival Time

“Overall survival” was defined as the time from diagnosis to death
or last follow-up date when the patient was known to be alive.
“Progression-free survival” was defined as the time from diagno-
sis to tumor progression, recurrence, death, or the last follow-up
date in which the patient showed no disease progression. The
definition and date of tumor progression were based on the Re-
sponse Assessment in Neuro-Oncology criteria: in brief, 1) the
first follow-up date showing =25% increase in an enhancing le-
sion or an increase in a nonenhancing lesion inside the radiation
field, which increased in size at a consecutive MR imaging fol-
low-up or was pathologically proved to be a recurrent tumor; 2)
the initial follow-up date with a newly appearing enhancing lesion
outside the radiation field; 3) the date showing clinical deteriora-
tion secondary to disease; and 4) the date of death for patients who
died and did not meet the above criteria. The date of tumor pro-
gression on MR imaging was determined by consensus of 2 neu-
roradiologists (Y.S.C. and S.S.A.).

Statistical Analysis
Univariate analysis by using the Cox proportional hazard analysis
was performed for both OS and PFS, with the histogram param-
eters of DCE-MR imaging (K"*"™, v, and v,), clinical parameters
(age, sex, KPS, extent of resection), tumor descriptors (eg, en-
hancing tumor volume, edema, non-contrast-enhancing tumor),
and postoperative molecular biomarkers (MGMT methylation,
EGEFR overexpression, p53, and Ki-67 index). Continuous vari-
ables, including DCE-MR imaging parameters, and categoric
variables of >3 categories were dichotomized by using the K-
adaptive partitioning algorithm to identify the most significant
cutoff points affecting OS and PFS.***°

Multivariate analysis by using the Cox regression model was
performed with significant factors on univariate analysis to build
prognostic models predicting OS and PFS. The prognostic models
were built in 2 ways each for OS and PFS to investigate the added
value of DCE-MR imaging in preoperative and postoperative set-
tings: preoperative models with clinical and DCE-MR imaging

Table 1: Patient characteristics (n = 61)

Variables Mean (SD) or No. (%)

Age (year)? 63.0(9.8)
Sex

Male 32(52.5%)

Female 29 (47.5%)
Karnofsky performance scale® 721(12.)
Enhancing tumor volume (cm?)? 235(19.)
Extent of resection

Total 28 (45.9%)

Subtotal or partial 33 (54.1%)
Edema

None 9 (14.8%)

Mild-to-moderate 15 (24.6%)

Severe 37 (60.6%)
Non-contrast-enhancing tumor

Negative 26 (42.6%)

Positive 35 (57.4%)
MGMT

Unmethylated 38(62.3%)

Methylated 23 (37.7%)
EGFR

0 10 (16.4%)

1+ 3(4.9%)

2+ 15 (24.6%)

3+ 33 (54.1%)
p53° 17.5(28.0)
Ki-672 234(19.0)

? Indicates mean and SD in parentheses.

parameters and postoperative models with clinical and DCE-MR
imaging parameters and molecular biomarkers.

After multivariate analysis, performance of each prognostic
model was evaluated by using the Harrell concordance index (C-
index). A C-index value of 0.5 indicates random prediction, and
1.0 indicates perfect prediction. C-indexes were compared be-
tween the models, with and without DCE-MR imaging parame-
ters, according to the Newson method.”**” To avoid overestima-
tion of the performance of prognostic models, we used the
jacknife data resampling technique in calculating C-indexes and
their 95% confidence intervals. In addition, multicollinearity was
checked by calculating the variable inflation factor of each vari-
able included in the models. A variable inflation factor of >2.5
was considered multicollinearity, influencing the estimated 3
power. Variable inflation factors of all variables included in prog-
nostic models were <<2.0. Statistical analyses were conducted with
the Stata software package (Version 12.1; StataCorp, College Sta-
tion, Texas), and a P value <.05 was considered statistically
significant.

RESULTS

Characteristics of the 61 enrolled patients are summarized in Ta-
ble 1. The locations of the tumors were as follows: frontal (n =
19), temporal (n = 18), parietal (n = 15), occipital lobe (n = 2),
basal ganglia (n = 1), thalamus (n = 4), and corpus callosum (n =
2). Thirteen patients had tumors encasing or abutting the ipsilat-
eral M1 segment. Among the 61 patients, 29 deaths and 37 tumor
progressions occurred. The restricted mean and standard error of
overall survival time was 552.6 * 40.6 days, and the restricted
mean and standard error of progression-free survival time was
359.7 = 31.2 days. The follow-up for those still alive ranged from
24 to 893 days.
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FIG 1. Kaplan-Meier analysis of overall survival according to K" (A) and v, (B), and progression-free survival according to K™ (C) and v, (D).

Table 2: Preoperative and postoperative prognostic models for overall survival

Model 1* Model 2° Model 3* Model 4° Model 5°
Parameters HR (95% CI) P Value HR P Value HR P Value HR P Value HR P Value
Enhancing tumor  138(0.53-3.60)  .509  2.49 (1.11-5.58) .027 1.09 (0.43-2.78) .855  0.80(0.31-2.05) 643 0.94(0.38-2.37)  .904
volume

Age 347(142-849)  .007  2.49(1.00-6.19) .049 1.55 (1.25-8.26) .015 2.91(1.20-7.04) .018 2.66(1.08-6.58)  .034
KPS 2.86 (1.15-7.15) .024 2.87 (113-7.24) .026 2.54 (1.02-6.33) .046 1.09 (0.34-3.47) .888 112 (0.35-3.63) .845
K™ _p5 2.82(1.04-7.70) .043 - 2.93 (1.64-15.74) .005 - -

v._kurtosis - 757(149-3851) 015  21.90(379-14591) .00 - 5.65(113-2837) 035
K™ _kurtosis - - - 4.99(1.05-23.78)  .044 -

MGMT - - - 7.80 (1.96-31.04) .004 6.82(1.77-26.31) .005
EGFR - - - 4.25 (1.44-12.61) 009  3.65(1.21-10.95)  .021

Note:— — indicates not applicable; HR, hazard ratio.

2 Preoperative models.
? Postoperative models.

Univariate Analysis for Overall Survival

Histogram analysis of DCE-MR imaging parameters (On-line
Table 1) revealed that high K" and v, values showed a trend
toward worse OS and that this trend was statistically significant in
kurtosis, minimum, p5, p25, and p50 values of K" (P values =
.016, .007, .004, .012, and .023, respectively) and kurtosis, mean,
P5, p25, p50, p75, and p95 values of v, (P values = .005, .034, .005,
.040,.027,.041, and .02, respectively). Histogram parameters of v,
showed no significant correlation with OS. Kaplan-Meier curves
of representative prognostic parameters of K" and v, are de-
picted in Fig 1. Among other parameters, older than 68 years of
age, KPS of <70, enhancing tumor volume of >30 cm? MGMT
unmethylation, and EGFR > 2+ were associated with worse OS
(On-line Table 2).

Muiltivariate Analysis for Overall Survival
In multivariate analysis for preoperative prognostic models with
clinical and DCE-MR imaging parameters, p5 value of K"*"* and
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kurtosis of v, were independently prognostic for OS in addition to
age and KPS, and these 2 parameters remained independently
prognostic when entered into multivariate analysis at the same
time (Table 2). In multivariate analysis for postoperative prog-
nostic models with molecular biomarkers added, kurtosis of
K™ and v, were independently prognostic for OS, and these 2
parameters became insignificant when both were entered into
multivariate analysis at the same time.

Univariate Analysis for Progression-Free Survival

Histogram analysis of DCE-MR imaging parameters (On-line
Table 1) revealed that high K"*" and v, values showed a trend
toward worse PFS and that this trend was statistically significant
in kurtosis, minimum, p5, and p25 values of K"*" (P value =
.033,.008, .029, and .043, respectively) and kurtosis, p5, p50, and
p95 values of v, (P value = .004, .046, 0031, and .029, respec-
tively). Histogram parameters of v, showed no significant corre-



Table 3: Preoperative and postoperative prognostic models for progression-free survival

Model 1 Model 2°

Model 3*

Model 4* Model 5° Model 6°

Parameters HR P Value HR P Value HR

P Value HR

P Value HR P Value HR P Value

Enhancing tumor 2.9 (14-6.0) .005 19(0.9-4.0) 105 24(.1-50) .023 31(15-67) .003 18(0.8-3.9) .135 14(0.6-3.2) 423
volume
Age 24(1.2-4.8) .015 31(14-6.6) .004 24(11-49) .020 2.5(1.2-5.2) .on 34(1.6-7.6) .002 24(1-4.9) .020
K" _min 2.8(1.4-5.6) .004 - - 33(1.6-6.7)  .001 - -
K™ p5 - 29(1.2-7.2)  .020 - - 4.0(1.5-10.4) .004 -
v,_kurtosis - - 44(17-n3) .002 57(22-152) .000 6.0(22-163) .000 5.3(2.0-14.0) .001
MGMT - - - - - 3.1(13-7.4) .012
Note:— — indicates that the model doesn’t have the corresponding factor as a covacriate; HR, hazard ratio.

? Preoperative models.
© Postoperative model.

lation with PFS. Kaplan-Meier curves of representative prognos-
tic parameters of K" and v, are depicted in Fig 1. Among other
parameters, age older than 68 years, enhancing tumor volume
>30 ¢cm’, and MGMT unmethylation were associated with worse
PFS (On-line Table 2).

Multivariate Analysis for Progression-Free Survival

In multivariate analysis for preoperative prognostic models with
clinical and DCE-MR imaging parameters, minimum and p5 of
K™ and kurtosis of v, were independently prognostic for PFS in
addition to age, and these DCE-MR imaging parameters re-
mained independently prognostic when combined and entered
into the multivariate analysis (Table 3). In multivariate analysis
for postoperative prognostic models with molecular biomarkers
added, only kurtosis of v, remained independently prognostic for
PES.

Comparison of the Performance of the Prognostic Models
Comparisons of the performance of the prognostic models are
summarized in On-line Table 3. The C-indexes ranged from 0.75
to 0.82 in prognostic models for OS, indicating good perfor-
mance, and were higher in models with DCE-MR imaging pa-
rameters than in those without, though it was not statistically
significant (P > .05). The C-indexes ranged from 0.70 to 0.74 in
prognostic models for PFS and were higher in models with
DCE-MR imaging parameters than in those without. Perfor-
mance of the models appeared to be significantly improved when
kurtosis of v, combined with either minimum or p5 of K™%, was
added into the preoperative models for PFS (P values were .034
and .046 for models with kurtosis of v, + minimum of K"*"°, and
kurtosis of v, + p5 of K", respectively).

DISCUSSION

We investigated the prognostic value of DCE-MR imaging in pre-
dicting OS and PFS and its added value to preoperative clinical
parameters and postoperative molecular biomarkers in patients
with glioblastoma. Higher cumulative histogram parameters and
higher kurtosis of K"**™ and v, had a trend toward worse OS and
PFS with statistical significance, which means that tumors having
relatively higher frequency and peaks at higher v, and K"**" values
were correlated with worse prognosis.

The C-indexes were higher in models with either K**"* or v, or
both added than in models without DCE-MR imaging parame-
ters, though the difference in C-indexes was statistically signifi-
cant only in the preoperative models for PFS. Our results imply
that DCE-MR imaging may have added prognostic value in

combination with preoperative clinical parameters, especially in
predicting PFS. However, we carefully suggest that the added
prognostic value of DCE-MR imaging in combination with post-
operative molecular biomarkers is uncertain. In our opinion, the
small sample size and the small number of deaths and disease
progression that occurred in our study cohort are primarily re-
sponsible for the lack of significant added value of DCE-MR im-
aging in the prognostic models. Another possible explanation is
that DCE-MR imaging parameters would be less likely to show
added prognostic value in combination with molecular biomark-
ers in postoperative models if correlation between DCE-MR im-
aging parameters and molecular biomarkers is one of the mecha-
nisms by which DCE-MR imaging parameters exhibit prognostic
value. Thus, further investigation with a larger cohort and analysis
of biomarkers is necessary.

The K™ value reflects vascular permeability. In theory, tu-
mor aggressiveness increases in tumors with higher K" value,
probably due to increased neoangiogenesis and vascular permea-
bility required for tumor growth,*® by which the correlation be-
tween higher K" value and worse prognosis is expected, as seen
in our results. Nonetheless, the relationship between K**"* and
the prognosis of glioblastoma has been controversial.***>>° Mills

124

etal*® reported that higher K**"* was correlated with good overall

survival in glioblastoma. In contrast, Awasthi et al*°

reported the
correlation between higher vascular permeability (K**"* and v,)
and higher expression of matrix metalloproteinases, which has
been associated with poor survival in glioblastoma. Nguyen et al*®
reported that high K™ and v, values were associated with poor
overall survival of high-grade glioma, while v, values were not
significantly correlated with prognosis in our study. These con-
flicting results might be due to the enrollment of heterogeneous
gliomas of various grades or with the oligodendroglial compo-
nent, different methods of ROI drawing, and different effects of
covariates affecting survival such as age, KPS, extent of tumor
resection, edema, or necrosis.

V. is a quantitative metric of extravascular extracellular space
volume on DCE-MR imaging and is considered an index of tu-
mor necrosis.”’ The correlation between higher v, and worse
prognosis indicates that tumors with higher necrotic portions
have worse prognoses, reflecting microscopic levels of necrosis
undetectable on conventional MR imaging, though we excluded
the gross necrotic portion and included only enhancing tumor
volume in ROIs. This result agrees with a previous study that
reported a positive correlation between v, value and matrix met-

AINR Am J Neuroradiol 36:2235-41 Dec 2015 www.ajnr.org 2239



alloproteinases, an index reflecting cellular proliferation and in-
vasion of tumors.*’

The v, value reflects vascular volume fraction on DCE-MR
imaging. However, no parameter of v,, showed significant corre-
lation with OS or PFS in our study, whereas previous studies with
dynamic susceptibility contrast imaging suggested that increased
relative cerebral blood volume is related to tumor grade, aggres-
siveness, and OS.**"*° In our opinion, these conflicting results for
v,, might be partially attributed to the limited accuracy of v, in a
temporal resolution of >2 seconds. Previous studies recom-
mended a temporal resolution of approximately 2 seconds or

d,***® and our measurement

faster if plasma flow is to be estimate
of v, might be inaccurate because we used a temporal resolution
of 6 seconds. Nonetheless, a previous study with DCE-MR imag-
ing reported v, as a prognostic parameter”® and suggested that
conflicting results may also be related to differences in DCE-MR
imaging protocol and methods for calculating arterial input func-
tion and ROI selection.

As far as we know, our study is the first investigation of the
prognostic value of DCE-MR imaging with the largest and
most homogeneous cohort of glioblastomas. Another strong
point of our study is the semiautomatic drawing of ROIs with
thresholds containing the entire enhancing tumor volume for
histogram analysis of DCE parameters, because visually assess-
ing several “hot spots” and not containing the entire enhancing
tumor might be subjective and fail to reflect the characteristics
of entire tumor. Additionally, we dichotomized the histogram
parameters of K™ and v, with the most significant cutoff
values affecting survival, which were identified by the K-adap-
tive partitioning algorithm. The trade-off of this method is that
extreme cutoff values can be selected causing uneven dichoto-
mization. For example, tumors with a kurtosis of v, of >50.3%
occupied only 6.6% of the entire cohort. Similarly, tumors
with a kurtosis of K™ of >0.042 minutes ' and kurtosis of v,
of >27.8% occupied 13.1% and 11.5%, respectively. These ex-
treme cutoff values and subsequent uneven dichotomization
may be more useful as adjunct prognostic parameters to other
prognostic parameters, rather than as a single prognostic pa-
rameter alone.

There are several limitations in our study. First is a lack of
generalizability and standardization of DCE-MR imaging—de-
rived parameters, which can be affected by postprocessing soft-
ware, calibration for T1 relaxation, and the protocol of DCE-MR
imaging. Hence, any specific cutoff values of K"*"* or v, in this
study cannot be generally used, and this study suggests only the
potential for the added prognostic value of DCE-MR imaging. In
addition, the repeatability of DCE-MR imaging parameters has
been a major problem, though this can be reduced with improved
methodologies for data acquisition and postprocessing.”®**"
Also, arterial input function calculation might have been inac-
curate, especially in the 13 patients with tumors encasing the
ipsilateral M1 segment. Second, the number of deaths and dis-
ease progressions that occurred in our study cohort might be
too small to show the statistically significant added value of
DCE-MR imaging in the prognostic models, except in preop-
erative models for PFS.
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CONCLUSIONS

Higher K™ and v, values were associated with worse prognosis,
and DCE-MR imaging may have added prognostic value to pre-
operative clinical imaging parameters, especially in predicting
progression-free survival.
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