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Using only increasing contrast enhancement as a marker of malignant transformation (MT)
in gliomas has low specificity and may affect interpretation of clinical outcomes. Therefore
we developed a mathematical model to predict MT of low-grade gliomas (LGGs) by
considering areas of reduced apparent diffusion coefficient (ADC) with increased contrast
enhancement. Patients with contrast-enhancing LGGs who had contemporaneous ADC
and histopathology were retrospectively analyzed. Multiple clinical factors and imaging
factors (contrast-enhancement size, whole-tumor size, and ADC) were assessed for
association with MT. Patients were split into training and validation groups for the
development of a predictive model using logistic regression which was assessed with
receiver operating characteristic analysis. Among 132 patients, (median age 46.5 years),
106 patients (64 MT) were assigned to the training group and 26 (20 MT) to the validation
group. The predictive model comprised age (P = 0.110), radiotherapy (P = 0.168),
contrast-enhancement size (P = 0.015), and ADC (P < 0.001). The predictive model
(area-under-the-curve [AUC] 0.87) outperformed ADC (AUC 0.85) and contrast-
enhancement size (AUC 0.67). The model had an accuracy of 84% for the training
group and 85% respectively for the validation group. Our model incorporating ADC and
contrast-enhancement size predicted MT in contrast-enhancing LGGs.

Keywords: malignant transformation, contrast enhancement, apparent diffusion coefficient, model prediction and
validation, low-grade gliomas
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INTRODUCTION

Malignant transformation (MT) of low-grade gliomas (LGGs) is the
histopathologic progression of grade II World Health Organization
(WHO) tumors to WHO grade I1I or IV tumors. LGGs account for
14.6% of gliomas in population-based studies (1) and may remain
stable clinically and by imaging for years after initial diagnosis and
treatment. MRI features suggesting disease progression include
enlargement of non-enhancing areas and increasing enhancement
on post-gadolinium T1-weighted images. However, tumors showing
these features may remain WHO grade IT or undergo MT and correct
diagnosis requires histopathologic confirmation. Because of potential
risks and costs associated with histopathologic confirmation,
increased contrast enhancement is frequently used as a surrogate
marker for MT in clinical practice, research studies, and clinical trials
of LGG. In the widely used Response Assessment in Neuro-Oncology
criteria (2), an increase of enhancement is regarded as MT.

In a recent study, the specificity of using increased contrast
enhancement to detect MT was 57%, despite a sensitivity of 92%
(3). Among LGGs with increasing contrast enhancement, the
percentage of tumors that remained grade II ranges from 18-37%
(3, 4). Also, increasing contrast enhancement may be associated
with treatment-related changes (5, 6). This limited accuracy of
using increasing contrast enhancement to diagnose MT was
recognized in a consensus article recently published by the
Society for Neuro-Oncology and the European Association of
Neuro-Oncology (7). Therefore, using increasing contrast
enhancement as a marker of MT may result in overtreatment
of patients whose tumors remain low-grade, errors in the results
of research studies, and misinterpretation of clinical benefits of
new therapies. Because of the issues associated with increasing
contrast enhancement, it is crucial to search for imaging markers
that can accurately diagnose MT.

Diffusion-weighted imaging (DWI) identifies high-grade
gliomas by their low apparent diffusion coefficient (ADC) values
(8, 9). In a study investigating multiple diffusion tensor imaging
parameters, ADC showed the highest diagnostic performance in
differentiating between LGGs and high-grade gliomas (9). A recent
study demonstrated the utility of DWT in predicting MT of LGGs
(10). Since ADC values can be heterogeneous in previously treated
LGGs (11), the choice of regions for ADC measurements affects its
reproducibility and accuracy in diagnosing MT. To the best of our
knowledge, the role of DWI in diagnosing MT has not been
investigated among LGGs with increased contrast enhancement.
In our study which used histopathology as the gold standard, we
aimed to develop a regression model based on clinical and imaging
factors to predict MT in a group of patients with LGGs with
increased contrast enhancement on follow-up MRI studies.

MATERIALS AND METHODS

Patients

This retrospective study was performed after institutional review
board approval. The need to obtain patient informed consent was
waived by our review board (202100387B0). Patients were selected
from our brain tumor database if they met the following criteria: 1)

prior pathologic diagnosis of LGG and follow-up MRI studies
performed between 2004 and 2020 showing increasing contrast
enhancement; 2) having undergone surgery due to increased
contrast enhancement with the resected tumor being grade II,
II1, or IV gliomas; 3) availability of DWI, and 4) removal of tumor
regions with increased contrast enhancement confirmed by
follow-up MRI. Increasing contrast enhancement was defined as
new enhancement in previously non-enhancing regions, new
separate lesions with contrast enhancement, or at least a 25%
increase in the size of enhancement in previously enhancing
regions at baseline. Baseline was the first follow-up MRI study
after surgery. Increased contrast enhancement was confirmed by
neuroradiologists who compared the baseline MRI and the most
recent MRI before the next surgery. Patients with multiple
surgeries for separate events of increasing contrast enhancement
were included until they experienced MT. Each instance of
increasing contrast enhancement was treated independently.
Histopathologic diagnosis was made by a board-certified
neuropathologist according to the 2000 WHO classification of
CNS tumors before 2007, the 2007 WHO classification from 2007
t0 2016, and the 2016 WHO classification after 2016. We excluded
patients younger than 18 years of age at initial diagnosis, those
with a diagnosis of radiation necrosis, and those in whom DWI
showed susceptibility artifacts that hindered interpretation.

Between 2004 and 2020, 306 patients with LGGs were regularly
followed up in our institution after initial diagnosis and treatment. On
follow-up MRI studies, 132 patients had 149 instances of increasing
contrast enhancement leading to surgery. Seven patients with 9
instances of radiation necrosis were excluded. Eight instances of
increasing contrast enhancement were excluded due to the lack of
DWTI studies. Removal of brain regions with increasing contrast
enhancement was confirmed in 44 instances with intraoperative
MR, in 34 with postoperative MRI performed within 1 week, and in
46 with postoperative MRI performed between 2-12 weeks. Our final
study population consisted of 118 patients with 132 MRI studies
(48 grade I1, 40 grade 11, and 44 grade IV). Figure 1 shows the patient
selection process.

Clinical and Imaging Information

Patient medical records were retrospectively reviewed to collect
information including sex, age, and Karnofsky Performance Scale
score (KPS) at the time of increased contrast enhancement,
histologic subtypes (diffuse astrocytoma, oligoastrocytoma, or
oligodendroglioma), isocitrate dehydrogenase 1 (IDH1) mutation
status (12), disease duration (time interval between first
histopathologic diagnosis of LGG and subsequent increased
contrast enhancement), adjuvant therapy received before
increased contrast enhancement, post-radiation therapy duration
(time interval between the end of radiation therapy and subsequent
increased contrast enhancement), and tumor grades associated with
increased contrast enhancement. The first follow-up MRI studies
after the last operation were reviewed for the presence of baseline
residual tumor.

MRI Parameters
MRI examinations were performed at 1.5 T (N =14) or 3.0 T (N =
118). All examinations included a T2-weighted sequence, DWI, and
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306 patients with low-grade gliomas
followed up between 2004 and 2020

v

- 174 patients without contrast enhancement

Excluded

132 patients with increasing contrast enhancement,
DWI and surgery

\ 4

- 7 patients with proven radiation necrosis
- 7 patients without DWI

Excluded

118 patients included

v

\ 4

95 patientsin
training group

25 patientsin
validation group

FIGURE 1 | Flowchart of patient selection process. DWI, diffusion-weighted imaging.

T1-weighted sequences acquired before and after administration of
0.1 mmol/kg body weight gadopentetate dimeglumine (Magnevist;
Schering, Berlin, Germany). MRI parameters are provided in
Table 1. Isotropic DWI and ADC maps were generated using
software provided by the manufacturers.

Measurements of Tumor Size and ADC

All imaging data were transferred to an independent workstation
and processed using nordicICE (nordic Image Control and
Evaluation Version 2, Nordic Imaging Lab, Bergen, Norway). Co-
registration of T2-weighted and post-contrast T1-weighted images
to ADC maps were based on a 3D non-rigid transformation and
mutual information. Adequacy of registration was visually assessed
and manually adjusted. Blinded to the final pathologic results, 2
board-certified neuroradiologists with 20 and 17 years of experience
independently measured contrast enhancement size, whole tumor
size,and tumor ADC on all MRI studies. Post-contrast T'1-weighted

images in axial, coronal, and sagittal planes were used to localize
increased contrast-enhancing tumor portions. These tumor
portions were carefully chosen to include as much of the
enhancing regions as possible and avoid the inclusion of necrosis,
cysts, hemorrhage, edema, calcifications, and normal-appearing
brain. Size of the contrast-enhancing regions was the product of the
largest diameter of the increased contrast-enhancing portion and its
perpendicular length on a single post-contrast transverse image.
The size of the whole tumor, which included both enhancing and
non-enhancing components, was measured on transverse T2-
weighted images. If multiple lesions were present, the largest 3
were selected and their products were summed.

ADC was measured by placing a region of interest (ROI) of 30
mm” or larger on the tumor portion with increased contrast
enhancement (Figure 2). The ROI was drawn to cover the largest
axial tumor cross-section, after excluding necrosis, macroscopic
hemorrhages, and calcifications.
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TABLE 1 | MRI parameters.

Field Vendor Model Patients Sequence TR TE TI In-plane resolution Slice thickness Slice gap
strength (ms) (ms) (ms) (mm?) (mm) (mm)
3T Siemens Magnetom Trio 87
T2W 4000 90 0.43 x 0.43 4 0
Post-contrast 2000 2.6 900 1.0x 1.0 1 0
MPRAGE
Dwi 5300 93 1156 x 1.15 4 0
3T Philips Ingenia 24
T2W 4500 100 0.68 x 0.68 4 1
Post-contrast T1TFE 8 3.5 950 1.0x1.0 1 0
Dwi 4000 60 1.78 x 1.78 4 1
3T GE Discovery 7
MR750
T2W 5400 107 0.43 x 0.43 4 1
Post-contrast 8.2 3.2 450 1x1 1 0
BRAVO
DwI 6000 65 0.86 x 0.86 4 1
15T Philips Intera 6
T2W 4000 90 0.41 x 0.41 5 1.5
Post-contrast T1W 420 11 0.41 x 0.41 5 1.5
Dwi 3200 60 0.82 x 0.82 5 1.5
15T GE Optima MR450 8
T2W 5300 100 0.45 x 0.45 5 2
Post-contrast 7.8 3.2 450 1x1 1 0
BRAVO
Dwi 6000 74 0.86 x 0.86 5 2

DWI performed using 3 diffusion gradients with b values 0 and b = 1000 s/mm?. T2W, T2-weighted; T1W, T1-weighted; DWI, diffusion-weighted imaging; TR, repetition time; TE, echo
time; Tl, inversion time; MPRAGE, magnetization-prepared rapid acquisition with gradient echo; TFE, turbo field echo; BRAVO, brain volume imaging.

Morphologic Assessment

Blinded to final pathology results, 3 board-certified neuroradiologists
with 6, 17, and 20 years of experience independently assessed the
contrast enhancement patterns. Contrast enhancement patterns were
categorized into solid (>70% area of the whole tumor on transverse
image), scattered, or rim enhancing.

Statistical Analysis

Intra-class correlation coefficient (ICC) analysis, with a two-way
random-effects model, was used to assess agreement between
observers for measurements of ADC, whole tumor size, and
contrast enhancement size. For each ROI of these measurements,
the mean of the observers’ measurements was adopted as the
final value. Fleiss’s kappa testing was used to evaluate observer
agreement for contrast enhancement patterns and the majority’s
opinion was designated as the final pattern.

To validate our model for the prediction of MT in LGGs, patients
were split into training and validation groups. According to the time
ofhistopathologic diagnosis, instances diagnosed between 2004 and
2018 were included in the training group and those diagnosed
between 2018 and 2020 in the validation group.

Data of the training group were used to develop the study
model. Univariate logistic regression was applied to test if the
following variables could predict MT: sex, age, KPS, histologic
subtype, IDH1 mutation, disease duration, presence of baseline
residual tumor, radiotherapy (RT), post-RT duration,
chemotherapy, whole tumor size, contrast enhancement size,
contrast enhancement pattern, and ADC. Selected variables with
P-values < 0.10 by univariate analysis were subjected to
multivariate analysis using logistic regression with a backward

selection procedure. Starting from the highest P-value, a backward
elimination process by using the Wald test was applied to discard
variables that did not contribute significantly to the prediction
concluding with the most parsimonious model to identify MT
(13). Odds ratios and 95% CIs were calculated to demonstrate the
relative risk of each significant factor for MT. Using receiver
operating characteristic curve analysis, areas under the curve and
cutoff values of statistically significant factors and regression
models were determined. Cutoff values with the highest
sensitivity and lowest false-positive rates were chosen to
calculate sensitivity, specificity, and accuracy of each significant
factor and model. A commercially available statistical software
package (SPSS 23, IBM, Armonk, NY) was used for analysis, and
P-values < 0.05 were considered to indicate significance.

By inputting the data of the validation group into the study
model formula developed by multivariable regression, the MT
probabilities for each instance of the validation group were
obtained. Using a cut-off probability of 0.5, these MT
probabilities were tabulated to calculate the respective sensitivity,
specificity, PPV, and NPV for this group to validate the study model.

To further validate the study model developed using
multivariate regression, we performed classification and
regression trees method (CART) with k-fold cross validation
using the “Tree’ command in the SPSS 23 software package (14,
15). All patients were randomly divided into a training set (80%)
and a validation set (20%). Using data of the training set, the CART
was applied to develop a model with MT as the dependent variable.
The independent variables were the parameters included in the
most parsimonious model generated using multivariate regression.
Five-fold cross validation was performed to validate the model
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FIGURE 2 | Images in a 40-year-old man with low-grade glioma with increased contrast enhancement but preserved grade Il histology. (A) Axial apparent diffusion
coefficient, and (B) Axial post-contrast T1-weighted images show region-of-interest placement in the contrast-enhancing solid portion of the right frontal tumor.
Images in a 58-year-old man with low-grade glioma with increased contrast enhancement and malignant transformation. (C) Axial apparent diffusion coefficient, and
(D) Axial post-contrast T1-weighted images show region-of-interest placement in the contrast-enhancing solid portion of the left frontal tumor.

based on the selected parameters. This model was applied to the
validation set to assess the performance of the prediction.

RESULTS

Patient Demographics

Table 2 is an overview of clinical and imaging information of 132
instances. One hundred and six instances (median age, 46 years;
interquartile range, 27-65 years; 68 male patients) were included

in the training group and 26 instances were included in the
validation group.

Interobserver Agreement

There were excellent interobserver agreements in the measurement
of contrast enhancement size (ICC = 0.958, 95% CI = 0.941-0.970,
P < 0.001), whole tumor size (ICC = 0.935, 95% CI = 0.903-0.955,
P<0.001) and tumor ADC (ICC=0.924,95% CI=0.891-0.947, P<
0.001). Interobserver agreement among the 3 readers was
substantial-to-perfect for categorization of contrast enhancement
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pattern (Fleiss” kappa coefficient = 0.806, 95% CI = 0.801-0.810,
P <0.001).

Study Model Development

Table 3 illustrates the results of univariate analysis in which
previous radiotherapy (P = 0.034), larger whole tumor size (P =
0.033), larger contrast enhancement size (P = 0.006), and lower
ADC (P < 0.001) were associated with MT (Figure 3). On ROC
analysis, the discriminative power of contrast enhancement size
measured with AUC was 0.67 (95% CI: 0.57, 0.78). With 3.25
cm? as the cutoff value, contrast enhancement size predicted MT
with a sensitivity of 48/64 (75%), specificity of 22/42 (52%), and
accuracy of 70/106 (66%) (Figure 4). The discriminative power
of ADC measured with AUC was 0.85 (95% CI: 0.79, 0.93). With
the cutoff value of 968.07 x10° mm?*/seconds, using ADC
predicted MT with a sensitivity of 55/64 (86%), specificity of
28/42 (67%), and accuracy of 83/106 (78%) (Figure 4).

Using multivariate logistic regression analysis with a
backward selection procedure, the most parsimonious model
for predicting MT was developed and consisted of age in years
(P =0.110), radiotherapy (P = 0.168), contrast enhancement size
in cm? (P = 0.015), and ADC in mm?/s (P < 0.001). The model

formula was logit (probability) = 8.152 - 0.038*Age
-0.853*Radiotherapy + 0.081*Contrast enhancement size -
0.006*ADC. On ROC analysis, the AUC of this model was 0.87
(95% CI: 0.81, 0.94) (Figure 4). With 0.5 as the probability cutoft
value, the sensitivity, specificity, and accuracy of this model in
diagnosing MT were 56/64 (88%), 33/42 (79%), and 89/106
(84%), respectively (Table 4).

Study Model Validation
By inputting the data of the validation group (26 instances) into
the study model formula, the model correctly classified MT in 22
of 26 instances (85%), with a sensitivity of 17/20 (85%) and
specificity of 5/6 (83%) (Table 4).

Using the CART with a 5-fold cross validation and
incorporating age, radiotherapy, contrast enhancement size,
and ADC as the independent variables, the model generated
with the training set (106 instances) correctly classified MT in 91
of 106 instances (86%), with a sensitivity of 58/66 (88%) and
specificity of 33/40 (83%) (Table 4). By applying this model to
the validation set (26 instances), MT was correctly classified in 23
of 26 instances (88%), with a sensitivity of 16/18 (89%) and
specificity of 7/8 (88%) (Table 4).

TABLE 2 | Clinical and imaging data of 132 instances with low-grade gliomas demonstrating increased contrast enhancement.

Clinical and Imaging Information

Training Group (N =106)

Validation Group (N = 26) All Instances (N = 132)

Sex

Female 38 (55.9%)

Male 68 (64.2%)
Age range (year) 48 + 12*
Karnofsky performance status 90, 10*
Histologic subtype

Diffuse astrocytoma 32 (30.2%)

Oligoastrocytoma 30 (28.3%)

Oligodendroglioma 44 (41.5%)
Isocitrate dehydrogenase 1 mutation

Wild-type 14 (183.2%)

Mutant 66 (62.3%)

Not available 26 (24.5%)
Baseline residual tumor

Yes 80 (75.5%)

No 26 (24.5%)
Disease duration (year) 4.6, 6"
Adjuvant therapy

Radiotherapy 80 (56.3%)

Carmustine implant 49 (34.5%)

Temozolomide 13 (9.2%)
Post- Radiotherapy duration (month) 42.8, 68.4%
Whole tumor size (cm?) 8, 14.6%
Contrast enhancement size (cm?) 5, 13.5%
Contrast enhancement pattern

Solid 32 (30.2%)

Scattered 44 (41.5%)

Rim 30 (28.3%)
Apparent Diffusion Coefficient (x10-6 mm2/s)

<968 56 (52.8%)

> 968 50 (47.2%)
Tumor grade

1l 42 (39.6%)

1l 30 (28.3%)

v 34 (32.1%)

8 (30.8%) 46 (34.8%)
18 (69.2%) 86 (65.2%)
51, 23* 47,19*

88.2 + 9.1* 90, 10"
11 (42.3%) 43 (32.6%)
5 (19.2%) 35 (26.5%)
10 (38.5%) 54 (40.9%)
4 (15.4%) 18 (13.6%)
20 (76.9%) 86 (65.2%)
2 (7.7%) 28 (21.2%)
14 (53.8%) 94 (71.2%)
12 (46.2%) 38 (28.8%)

4.8, 6.3" 47,59
22 (100%) 102 (61.4%)
0 49 (29.5%)

0 15 (9.0%)
56.7 + 46.1* 42.8,60.1%

9.8, 18.4% 9, 14.3%

10.9 + 12.8* 5,13.3"
7 (26.9%) 39 (29.5%)
11 (42.3%) 55 (41.7%)
8 (30.8%) 38 (28.8%)
16 (61.5%) 72 (54.5%)
10 (38.5%) 60 (45.5%)
6 (23.1%) 48 (36.4%)
10 (38.5%) 40 (30.3%)
10 (38.5%) 44 (33.3%)

“Data are mean + SD; *data are median, interquartile range.
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TABLE 3 | Univariate analysis of factors associated with malignant transformation in the study group (106 instances).

Factors Malignant Transformation P Value OR 95% CI
No Yes
Sex .70 1.18 0.52-2.64
Male 26 42
Female 16 22
Age (year) 50 +12 47 £ 13 .09 0.97 0.94-1.00
Karnofsky performance status 90, 12.6 0, 15 .52 1.01 0.98-1.05
Histologic subtype .29 NA NA
Diffuse astrocytoma 13 19
Oligoastrocytoma 15 15
Oligodendroglioma 14 30
Isocitrate dehydrogenase 1 mutation .38 NA NA
Yes 25 41
No 13 13
Disease duration (year) 4.2,4.0 4.9, 4.2 .59 1.00 1.00-1.00
Baseline residual tumor 13 0.47 0.18-1.25
Yes 35 45
No 7 19
Radiotherapy .03 9.46 1.18-75.78
Yes 36 44
No 6 20
Post-radiotherapy duration (month) 42.5, 48.4 46, 49.1 .99 0.99 0.99-1.01
Chemotherapy A2 1.94 0.85-4.47
None 30 36
Carmustine implant 16 33
Temozolomide 1 12
Whole-tumor size (cm?) 3.8,9.7 12.0, 9.1 .03 1.05 1.00-1.09
Contrast enhancement size (cm?) 2.0,7.0 6.8, 10.2 .01 1.09 1.02-1.15
Contrast enhancement pattern (cm?) .64 0.89 0.53-1.48
Solid Ihl 21
Scattered 19 25
Rim 12 18
Apparent Diffusion coefficient (x10° mm?/s) 1137.0 + 287.8 880.3 + 257.2 < 0.001 0.99 0.99-1.00

Data are mean + SD for age; data are median, interquartile range for Karnofsky performance status, disease duration, post-radiotherapy duration, whole-tumor size, contrast enhancement
size, and apparent diffusion coefficient.
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FIGURE 3 | Boxplots between contrast-enhanced tumor portions with malignant transformation and those that remained WHO grade Il regarding (A) Apparent
diffusion coefficient, and (B) Contrast-enhancement size.

Frontiers in Oncology | www.frontiersin.org 7 September 2021 | Volume 11 | Article 744827


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wong et al.

Predicting Malignant Transformation of Astrocytoma

Arca Under the Curve
= Apparent Diffusion Coefficient 0.852
==== Contrast Enhancement Size 0.676

sensitivity

sensitivity

0.89

Area Under the Curve
0.8

0.67

0.27

1 - specificity

0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

1 - specificity

FIGURE 4 | Graphs show receiver operating characteristic curve plotted using calculated sensitivity against 1-specificity to assess test performance (area-under-the-
curve) in diagnosing malignant transformation. (A) Apparent diffusion coefficient and contrast-enhancement size, and (B) the multivariate logistic regression model.

DISCUSSION

Our results show that if we used increasing contrast enhancement as
an indication of MT in LGGs, one-third (48/132) of them would
remain grade II. A multivariate logistic regression model, including
age, presence of radiotherapy, ADC and contrast enhancement size,
was established to predict MT (accuracy: 84%, sensitivity: 86%,
specificity: 79%). This model was further validated by using data of
26 recently recruited instances (accuracy: 85%, sensitivity: 85%,
specificity: 83%). By inputting clinical information and common
MRI parameters into the model formula the probability of MT was
predicted with high accuracy.

In high-grade gliomas, decreased ADC (16, 17) is associated with
increased tumor cellularity. MT is expected to show decreased ADC
due to increased cellularity. Previous reports using ADC for
differentiation among glioma grades show variable results.
Differentiation between LGGs and high-grade gliomas can be
achieved using DWI in which ADC values of LGGs are
significantly higher than those of high-grade tumors (18, 19). A
recent report revealed significant ADC differences between grades II
and III, grades ITand IV, and between grades IT and ITI-IV gliomas (9).
Conversely, a study of non-enhancing gliomas found no significant
ADC differences between LGGs and high-grade gliomas (20),
Moreover, a considerable overlap of ADC values have been found

between grade IT and grade IV gliomas (21) and between grade Il and
grade IV gliomas (19). These inconsistencies may be partly explained
by tissue heterogeneity in glial tumors (22). Because tumor grading
depends on the location of biopsies or surgical resection, such
heterogeneity may cause sampling errors and thus inaccurate
grading. In these previous studies, the location of contrast
enhancement was not cross-referenced to that of the ROI (8, 9, 18,
19). ADC values have been used to detect early MT in LGG. In a study
of 18 patients undergoing MT (10), low intensity on DWI was used to
target possible MT. Similarly, because of heterogeneity of high-grade
glioma (23) and MT (11), portions of tumors with varying ADC
values may coexist making it difficult to locate those with the lowest
diffusion further reducing reproducibility. Of note is that in one series
contrast enhancement occurred simultaneously with restricted
diffusion in 12/18 (66%) patients and appeared about eight months
later in the remaining 6/18 (33%) patients with restricted diffusion
(10). Contrast enhancement was also found in the location of
restricted diffusion about 3 months later in 23/27 (85%) patients
with glioblastoma (10). These results suggest that contrast
enhancement is likely to appear within months after restricted
diffusion in high-grade gliomas. In our study, ADC was only
measured in tumor portions with increasing contrast
enhancement. Given that our model accurately diagnosed MT in a
subset of patients with contrast-enhancing tumors, the combined use

TABLE 4 | Diagnostic accuracy of malignant transformation for study model and model validation.

Statistical Algorithm

Multivariate regression

Classification and regression trees with 5-fold cross validation

Study model (106 instances)
Model validation (26 instances)

Study model (106 instances)
Model validation (26 instances)

Sensitivity Specificity PPV NPV Accuracy
0.88 0.79 0.86 0.80 0.84
0.85 0.83 0.94 0.63 0.85
0.88 0.83 0.89 0.80 0.86
0.89 0.88 0.94 0.78 0.88
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of ADC measurements and increasing contrast enhancement
improved the specificity by limiting the ADC measurement to the
contrast-enhancing tumor portions thus counteracting the effect of
tumor heterogeneity.

Recently, an MRS study diagnosing MT of LGGs with increased
contrast enhancement showed an accuracy of 89.6% (4). In that
study, using single-voxel proton MRS, the NAA/Cho ratio was the
only significant factor diagnostic of MT. Unlike that study, ours
used DWI and contrast-enhanced imaging which are included in
routine MRI protocols. Moreover, pre-localization of lesion as
needed for MRS was not required and imaging data can be
retrospectively processed to evaluate different tumor components,
for example, non-enhancing components. However, when the
results of imaging are uncertain using conventional MRI
techniques, MRS can be obtained to improve one’s interpretation.

In our study, the median time to MT was 5 years and thus
comparable to previously reported times to MT that range from 2.7
to 5.4 years (24, 25). However, in our study, none of the previously
identified factors (24-26), including old age, male sex, multiple tumor
locations, tumor size > 5 cm, adjuvant temozolomide, presence of
residual tumor, astrocytoma histology, and IDH wild-type, were
significant predictors of MT. This discrepancy may be attributed to
different criteria used for MT, such as the fact that in our study MT was
confirmed with histology but in others, this confirmation was imaging-
based in some patients. While most of the previously mentioned factors
were analyzed in our study, ADC was not assessed or analyzed in those
other studies. In our study, the combined effect of ADC and contrast
enhancement size on MT was stronger than the effect of other factors
thus diluting the effect of those factors in the multivariate regression
model. More importantly, in other studies, the factors were assessed for
associations with MT, but in ours, various factors were used to develop
a model to predict MT.

Deep learning has recently become a dominant form of supervised
machine learning method that uses a network architecture for a
specific application (27). For classification in neuroimaging, imaging
features are extracted and act as inputs to enter a neural network, like
the convolutional neural network (CNN), which outputs a
probability of the image belonging to each class. Deep learning
methods have been applied in multiple aspects of gliomas, using
MRI metrics to predict long-term outcome, treatment response like
pseudopregression, and tumor genetics including 1p19q codeletion,
O-6-methylguanine DNA-methyltransferase promoter, and IDH
mutations (28). A deep learning approach would be able to model
more complex and non-linear relationships between dependent and
independent variables. In contrast, the model presented in our study
is a simple linear relationship of limited clinicoradiologic features.
Our model may not be as robust as one built with deep learning in the
prediction of MT, but it allows assessments of the individual
associations between MT and clinicoradiologic parameters. This
information could be clinically important and is not available with
deep learning method. However, if a larger sample size was available,
applying a radiomic approach with deep learning to predict MT of
gliomas would be a focus of further investigation.

Only LGGs having increasing contrast enhancement were
included in our study. The exclusion of non-enhancing tumors
was a limitation of our study. Further study of MT in non-

enhancing tumors is necessary and should be performed using an
alternative approach instead of manual ROI placement, such as
whole-tumor histogram analysis. Second, ADC measurements may
be affected by heterogeneity in MRI units and protocols.
Unfortunately, these heterogeneities are inevitable in a study of
patients imaged over 17 years although it has been reported that
variability of ADC values across platforms is small (29). Thirdly, the
use of 2-dimensional measurements was a limitation of our study.
A recent study comparing volumetric segmentation and
bidimensional products in the assessment of glioblastoma
progression revealed that using the bidimensional measurement
was approximately 30% less accurate and tended to underestimate
tumor progression (30). Lastly, the inclusion of patients from a
single institution may limit the generalizability of our findings,
which can be improved by performing a more comprehensive
multicenter study using different MRI scanners and MRI protocols.
In conclusion, a model incorporating ADC and contrast
enhancement size was established to predict MT in low-grade
gliomas with increased contrast enhancement. Compared with
using contrast enhancement size alone, taking into consideration
ADC more accurately diagnoses MT of low-grade gliomas.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Chang Gung Medical Foundation Institutional
Review Board. Written informed consent for participation was
not provided by the participants’ legal guardians/next of kin
because: This retrospective study was performed after
institutional review board approval. The need to obtain patient
informed consent was waived by our review board (202100387B0).

AUTHOR CONTRIBUTIONS

AW and CT primarily designed the study. TS, K-CW, P-YC, and
MC provided suggestions for improvements from technical and
medical perspective. AW, CT, and TS collected and analyzed
data. All co-authors provided feedback and were involved in
manuscript revision. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was funded by grants from the Ministry of Science and
Technology, Taiwan (MOST 108-2314-B-182A-015, MOST 108-
2314-B-182A-016, MOST 108-2314-B-182A-044).

ACKNOWLEDGMENTS

The authors thank Mr. Morris MF Wu for providing advice on
statistical analysis.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 744827


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wong et al.

Predicting Malignant Transformation of Astrocytoma

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko C, et al.
CBTRUS Statistical Report: Primary Brain and Other Central Nervous System
Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21
(Suppl 5):v1-100. doi: 10.1093/neuonc/noz150

. van den Bent MJ, Wefel JS, Schift D, Taphoorn MJ, Jaeckle K, Junck L, et al.

Response Assessment in Neuro-Oncology (a Report of the RANO Group):
Assessment of Outcome in Trials of Diffuse Low-Grade Gliomas. Lancet
Oncol (2011) 12(6):583-93. doi: 10.1016/S1470-2045(11)70057-2

. Narang AK, Chaichana KL, Weingart JD, Redmond KJ, Lim M, Olivi A, et al.

Progressive Low-Grade Glioma: Assessment of Prognostic Importance of
Histologic Reassessment and MRI Findings. World Neurosurg (2017) 99:751—
7. doi: 10.1016/j.wneu.2016.04.030

. Toh CH, Castillo M, Wei KC, Chen PY. MRS as an Aid to Diagnose

Malignant Transformation in Low-Grade Gliomas With Increasing
Contrast Enhancement. AJNR Am ] Neuroradiol (2020) 41(9):1592-8.
doi: 10.3174/ajnr.A6688

. Fink JR, Carr RB, Matsusue E, Iyer RS, Rockhill JK, Haynor DR, et al.

Comparison of 3 Tesla Proton MR Spectroscopy, MR Perfusion and MR
Diffusion for Distinguishing Glioma Recurrence From Posttreatment Effects.
J Magn Reson Imaging (2012) 35(1):56-63. doi: 10.1002/jmri.22801

. Matsusue E, Fink JR, Rockhill JK, Ogawa T, Maravilla KR. Distinction Between

Glioma Progression and Post-Radiation Change by Combined Physiologic MR
Imaging. Neuroradiology (2010) 52(4):297-306. doi: 10.1007/s00234-009-0613-9

. Schiff D, Van den Bent M, Vogelbaum MA, Wick W, Miller CR, Taphoorn M,

et al. Recent Developments and Future Directions in Adult Lower-Grade
Gliomas: Society for Neuro-Oncology (SNO) and European Association of
Neuro-Oncology (EANO) Consensus. Neuro Oncol (2019) 21(7):837-53.
doi: 10.1093/neuonc/noz033

. Arevalo-Perez ], Peck KK, Young RJ, Holodny Al Karimi S, Lyo JK. Dynamic

Contrast-Enhanced Perfusion MRI and Diftusion-Weighted Imaging in Grading
of Gliomas. ] Neuroimaging (2015) 25(5):792-8. doi: 10.1111/jon.12239

. Server A, Graff BA, Josefsen R, Orheim TE, Schellhorn T, Nordhoy W, et al.

Analysis of Diffusion Tensor Imaging Metrics for Gliomas Grading at 3 T. Eur
J Radiol (2014) 83(3):e156-65. doi: 10.1016/j.ejrad.2013.12.023

Freitag MT, Maier-Hein KH, Binczyk F, Laun FB, Weber C, Bonekamp D,
et al. Early Detection of Malignant Transformation in Resected WHO II Low-
Grade Glioma Using Diffusion Tensor-Derived Quantitative Measures. PloS
One (2016) 11(10):e0164679. doi: 10.1371/journal.pone.0164679

Jalbert LE, Neill E, Phillips JJ, Lupo JM, Olson MP, Molinaro AM, et al.
Magnetic Resonance Analysis of Malignant Transformation in Recurrent
Glioma. Neuro Oncol (2016) 18(8):1169-79. doi: 10.1093/neuonc/now008
Kim YH, Nobusawa S, Mittelbronn M, Paulus W, Brokinkel B, Keyvani K,
et al. Molecular Classification of Low-Grade Diffuse Gliomas. Am ] Pathol
(2010) 177(6):2708-14. doi: 10.2353/ajpath.2010.100680

Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful Selection of Variables in
Logistic Regression. Source Code Biol Med (2008) 3:17. doi: 10.1186/1751-0473-3-17
Krzywinski M, Altman N. Classification and Regression Trees. Nat Methods
(2017) 14(8):757-8. doi: 10.1038/nmeth.4370

Song YY, Lu Y. Decision Tree Methods: Applications for Classification and
Prediction. Shanghai Arch Psychiatry (2015) 27(2):130-5. doi: 10.11919/j.issn.
1002-0829.215044

Chen L, Liu M, Bao J, Xia Y, Zhang ], Zhang L, et al. The Correlation Between
Apparent Diffusion Coefficient and Tumor Cellularity in Patients: A Meta-
Analysis. PloS One (2013) 8(11):e79008. doi: 10.1371/journal.pone.0079008
Sadeghi N, D'Haene N, Decaestecker C, Levivier M, Metens T, Maris C, et al.
Apparent Diffusion Coefficient and Cerebral Blood Volume in Brain Gliomas:
Relation to Tumor Cell Density and Tumor Microvessel Density Based on
Stereotactic Biopsies. AJNR Am ] Neuroradiol (2008) 29(3):476-82. doi: 10.3174/
ajnr.A0851

Sugahara T, Korogi Y, Kochi M, Ikushima I, Shigematu Y, Hirai T, et al.
Usefulness of Diffusion-Weighted MRI With Echo-Planar Technique in the

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Evaluation of Cellularity in Gliomas. ] Magn Reson Imaging (1999) 9(1):53—
60. doi: 10.1002/(sici)1522-2586(199901)9:1<53::aid-jmri7>3.0.c0;2-2

. Kitis O, Altay H, Calli C, Yunten N, Akalin T, Yurtseven T. Minimum

Apparent Diffusion Coefficients in the Evaluation of Brain Tumors. Eur
] Radiol (2005) 55(3):393-400. doi: 10.1016/j.ejrad.2005.02.004

Liu X, Tian W, Kolar B, Yeaney GA, Qiu X, Johnson MD, et al. MR Diffusion
Tensor and Perfusion-Weighted Imaging in Preoperative Grading of
Supratentorial Nonenhancing Gliomas. Neuro Oncol (2011) 13(4):447-55.
doi: 10.1093/neuonc/noq197

Kono K, Inoue Y, Nakayama K, Shakudo M, Morino M, Ohata K, et al. The
Role of Diffusion-Weighted Imaging in Patients With Brain Tumors. AJNR
Am ] Neuroradiol (2001) 22(6):1081-8.

Provenzale JM, Mukundan S, Barboriak DP. Diffusion-Weighted and
Perfusion MR Imaging for Brain Tumor Characterization and Assessment
of Treatment Response. Radiology (2006) 239(3):632-49. doi: 10.1148/
radiol.2393042031

Lee S, Choi SH, Ryoo I, Yoon TJ, Kim TM, Lee SH, et al. Evaluation of the
Microenvironmental Heterogeneity in High-Grade Gliomas With IDH1/2
Gene Mutation Using Histogram Analysis of Diffusion-Weighted Imaging
and Dynamic-Susceptibility Contrast Perfusion Imaging. ] Neurooncol (2015)
121(1):141-50. doi: 10.1007/s11060-014-1614-z

Murphy ES, Leyrer CM, Parsons M, Suh JH, Chao ST, Yu JS, et al. Risk Factors
for Malignant Transformation of Low-Grade Glioma. Int ] Radiat Oncol Biol
Phys (2018) 100(4):965-71. doi: 10.1016/j.ijrobp.2017.12.258

Tom MC, Park DY]J, Yang K, Leyrer CM, Wei W, Jia X, et al. Malignant
Transformation of Molecularly Classified Adult Low-Grade Glioma. Int J
Radiat Oncol Biol Phys (2019) 105(5):1106-12. doi: 10.1016/j.ijrobp.2019.
08.025

Chaichana KL, McGirt MJ, Laterra ], Olivi A, Quinones-Hinojosa A. Recurrence
and Malignant Degeneration After Resection of Adult Hemispheric Low-Grade
Gliomas. ] Neurosurg (2010) 112(1):10-7. doi: 10.3171/2008.10.JNS08608
Zaharchuk G, Gong E, Wintermark M, Rubin D, Langlotz CP. Deep Learning in
Neuroradiology. AJINR Am ] Neuroradiol (2018) 39(10):1776-84. doi: 10.3174/
ajnr.A5543

Chow DS, Khatri D, Chang PD, Zlochower A, Boockvar JA, Filippi CG.
Updates on Deep Learning and Glioma: Use of Convolutional Neural
Networks to Image Glioma Heterogeneity. Neuroimaging Clin N Am (2020)
30(4):493-503. doi: 10.1016/j.nic.2020.07.002

Newitt DC, Zhang Z, Gibbs JE, Partridge SC, Chenevert TL, Rosen MA, et al.
Test-Retest Repeatability and Reproducibility of ADC Measures by Breast
DWI: Results From the ACRIN 6698 Trial. ] Magn Reson Imaging (2019) 49
(6):1617-28. doi: 10.1002/jmri.26539

Berntsen EM, Stensjoen AL, Langlo MS, Simonsen SQ, Christensen P,
Moholdt VA, et al. Volumetric Segmentation of Glioblastoma Progression
Compared to Bidimensional Products and Clinical Radiological Reports. Acta
Neurochir (Wien) (2020) 162(2):379-87. doi: 10.1007/s00701-019-04110-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wong, Siow, Wei, Chen, Toh and Castillo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

September 2021 | Volume 11 | Article 744827


https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1016/S1470-2045(11)70057-2
https://doi.org/10.1016/j.wneu.2016.04.030
https://doi.org/10.3174/ajnr.A6688
https://doi.org/10.1002/jmri.22801
https://doi.org/10.1007/s00234-009-0613-9
https://doi.org/10.1093/neuonc/noz033
https://doi.org/10.1111/jon.12239
https://doi.org/10.1016/j.ejrad.2013.12.023
https://doi.org/10.1371/journal.pone.0164679
https://doi.org/10.1093/neuonc/now008
https://doi.org/10.2353/ajpath.2010.100680
https://doi.org/10.1186/1751-0473-3-17
https://doi.org/10.1038/nmeth.4370
https://doi.org/10.11919/j.issn.1002-0829.215044
https://doi.org/10.11919/j.issn.1002-0829.215044
https://doi.org/10.1371/journal.pone.0079008
https://doi.org/10.3174/ajnr.A0851
https://doi.org/10.3174/ajnr.A0851
https://doi.org/10.1002/(sici)1522-2586(199901)9:1%3C53::aid-jmri7%3E3.0.co;2-2
https://doi.org/10.1016/j.ejrad.2005.02.004
https://doi.org/10.1093/neuonc/noq197
https://doi.org/10.1148/radiol.2393042031
https://doi.org/10.1148/radiol.2393042031
https://doi.org/10.1007/s11060-014-1614-z
https://doi.org/10.1016/j.ijrobp.2017.12.258
https://doi.org/10.1016/j.ijrobp.2019.08.025
https://doi.org/10.1016/j.ijrobp.2019.08.025
https://doi.org/10.3171/2008.10.JNS08608
https://doi.org/10.3174/ajnr.A5543
https://doi.org/10.3174/ajnr.A5543
https://doi.org/10.1016/j.nic.2020.07.002
https://doi.org/10.1002/jmri.26539
https://doi.org/10.1007/s00701-019-04110-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Prediction of Malignant Transformation of WHO II Astrocytoma Using Mathematical Models Incorporating Apparent Diffusion Coefficient and Contrast Enhancement
	Introduction
	Materials and Methods
	Patients
	Clinical and Imaging Information
	MRI Parameters
	Measurements of Tumor Size and ADC
	Morphologic Assessment
	Statistical Analysis

	Results
	Patient Demographics
	Interobserver Agreement
	Study Model Development
	Study Model Validation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


