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The apparent diffusion coefficient (ADC) determined
from MR diffusion tensor imaging (DTI) has shown
promise for distinguishing World Health Organization
grade II astrocytoma (AS) from the more prognostically
favorable grade II oligodendroglioma (OD). Since mixed
oligoastrocytomas (OAs) with codeletions in chromo-
somes 1p and 19q confer prognoses similar to those of
OD, we questioned whether a previously determined
ADC-based criterion for distinguishing OD and AS
would hold on an independent set of gliomas that
included OA with codeleted or intact 1p/19q chromo-
somes. We also questioned whether the ADC is associ-
ated with the tumor microstructure. ADC colormaps
generated from presurgical DTI scans were used to
guide the collection of biopsies from each tumor. The
median normalized ADC distinguished OD from AS
with 91% sensitivity and 92% specificity. 1p/19q code-
leted OAs were always classified as ODs, while 1p/19q
intact OAs were always classified as ASs. There were
positive associations between the ADC and both the
SMI-31 score of axonal disruption and the fraction of
tumor cells in the biopsies. The ADC of OD and 1p/
19q codeleted OA was more associated with tumor
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fraction, while the ADC of AS and 1p/19q intact OA
was more associated with SMI-31 score. We conclude
that our previously determined threshold median ADC
can distinguish grade II OD and AS on a new patient
cohort and that the distinctions extend to OA with code-
leted and intact 1p/19q chromosomes. Further, the
ADC in grade II gliomas is associated with the fraction
of tumor cells and degree of axonal disruption in
tumor subregions.
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Organization (WHO) grade II glioma, oligoden-

droglioma (OD) and astrocytoma (AS), have dis-
tinct biological characteristics and differ in response to
therapy and patient outcome. The prognosis for patients
with OD is significantly better than that for patients with
AS, averaging survival times of 10 years or more versus 4
years, respectively.”* This is due partly to their superior
response to chemotherapy® ® compared with AS.
Oligoastrocytomas (OAs) are infiltrating gliomas that
are variably composed of cell populations with both
astrocytic and oligodendroglial histopathologic pheno-
types and have a more heterogeneous biologic behavior
that comprises the spectrum from AS to OD. The mol-
ecular features of OA can aid in the prediction of
tumor behavior and patient outcome. Codeletions in

The 2 major histologic subtypes of World Health
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the 1p and 19q chromosomal arms occur in 90% of OD
and 50% of OA and are associated with improved survi-
val and response to therapy”® compared with AS. The
biologic factors responsible for the chemosensitivity of
tumors with 1p/19q codeletion are unknown;
however, studies have suggested that the 1p/19q status
may be associated with the differences in the infiltrative
growth patterns of gliomas.”'" Positive staining on
immunohistochemical assays of the p53 tumor suppres-
sor protein indicates abnormal p53 function and is most
often present in AS, followed by OA, and is least fre-
quent in OD. Immunopositivity of p53 is rarely observed
in tumors with a 1p/19q codeletion'"'* and is therefore
sometimes considered to be an indicator of poorer prog-
nosis for patients with grade II diffuse-type glioma.
Currently, the standard of practice for distinguishing
among the glioma subtypes is histopathological analysis
of tissue biopsy, which necessitates an invasive procedure
and is prone to tissue sampling error.'*'* Diffuse-type
gliomas are spatially heterogeneous tumors, and the
accuracy of glioma classification and grading through
biopsies is highly dependent on the tumor regions that
are sampled. This is particularly true for WHO grade 11
diffuse-type gliomas, which typically do not show a
contrast-enhancing region on MRI that can be used as a
target for obtaining a diagnostic biopsy. Defining nonin-
vasive techniques that are capable of differentiating these
various histologic types of diffuse-type low-grade
gliomas would be an important complement to tissue
analysis and a valuable surrogate diagnostic technique.
This is especially true for mixed OA tumors that may be
more heterogeneous across tumor subregions. A noninva-
sive method for predicting tumor aggressiveness and/or
response to therapy is also critical for managing patients
with inoperable tumors, such as brainstem gliomas;
patients with postsurgical residual disease; and particu-
larly patients with mixed diffuse-type gliomas, where
the residual tumor after surgery may not have the same
characteristics as the resected portion of tumor.
Microscopic molecular movement of water in tumors
reflects tissue properties that include varying levels of
structural alterations, tumor cellularity, and vasogenic
edema. MR diffusion tensor imaging (DTI) uses strong
magnetic field gradients applied in multiple directions
to probe the structure of biologic tissues at a microscopic
level by measuring the Brownian motion of water mol-
ecules; it has therefore been used for in vivo tissue
characterization."® Two diffusion parameters calculated
from DTI are isotropic mean diffusivity, also known as
the apparent diffusion coefficient (ADC), and fractional
anisotropy (FA), which is a measure of directional diffu-
sivity. Regions rich in cerebrospinal fluid such as the ven-
tricles and cortex appear bright on ADC image maps,
reflecting the nonrestricted isotropic water movement
in those areas. Tumors allow for more isotropic water
movement than the highly structured parenchyma of
normal brain and they may also contain regions of
edema; thus grade II gliomas often have higher ADC
values than normal white matter. In contrast, normal
white matter appears brighter than tumors on FA
image maps due to the directional movement of water
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along white matter structures in normal brain that are
often disrupted or absent in tumors.

Several groups have reported an inverse correlation
between ADC and cell density within glial tumors,'®~'%
suggesting that cell density is the main determinant of
ADC. However, all of the cited studies included a
mixture of low- and high-grade gliomas within their
study cohorts. In contrast, our group and others have
reported that grade II AS has a significantly higher ADC
than grade II OD,'”?° even though the cell density of
grade Il gliomas is uniformly low irrespective of histologic
subtype. We also found a trend toward lower FA in grade II
AS than in grade I1 OD, but the results were not as consist-
ent as they were for ADC."”

We hypothesized that other microstructural proper-
ties, such as cellular architecture, neuronal integrity,
and the degree or pattern of tumor infiltration into
normal regions, may influence the diffusion measure-
ments in tumors with relatively low cellularity. A
clearer understanding of the microstructural factors
that affect the ADC and FA may improve the interpret-
ation of MR diffusion data for grade II gliomas.

The goal of this study was to (1) test a previously deter-
mined threshold median ADC value for distinguishing OD
and AS on a new test set of grade II diffuse-type gliomas
and (2) compare the ADC and FA with microstructural
tissue properties at specific biopsy locations within the
tumors. Scored, blinded pathological assessment was
made of the histologic subtype, fraction of tumor cells to
total number of cells, and degree of axonal degradation
at one or more biopsy locations within each tumor, and
these data were compared with presurgical MR diffusion
parameters at that same location.

Materials and Methods

Study Population

A total of 30 patients with newly diagnosed nonenhan-
cing diffuse-type grade II glioma were included in this
study. Final tissue diagnosis was based upon histologic
examination of clinical and research biopsies using cri-
teria defined by WHO neuropathological criteria.>!
Twelve patients had OD (8 female, 4 male) and ranged
in age from 29 to 62 years, with a mean of 45 years.
Eleven patients had AS (3 female, 8 male) and ranged
in age from 29 to 48 years with a mean of 40 years.
Seven patients had OA (7 female, 0 male) and ranged
in age from 23 to 42 with a mean of 35 years. Imaging
studies were performed as standard of care and patients
provided informed consent for the biopsy portion as
approved by the Committee on Human Research at
our institution.

Conventional MRI

MR exams were performed with a 3T GE Signa Echospeed
scanner (GE Healthcare Technologies), using an 8-channel
head coil. The MRI examination included axial
T1-weighted postgadolinium 3D inversion recovery
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spoiled gradient echo (IRSPGR) images (repetition time
[TR] =9 ms; echo time [TE]=2 ms; inversion time
[TI] =400 ms; slice thickness = 1.5 mm; matrix =
256 x 256 field of vision [FOV] = 251 x 251 mm?; flip
angle = 40°), axial T2-weighted 3D fast spin echo (FSE)
(TR = 3667 ms, TE = 100 ms, slice thickness = 1.5 mm,
matrix = 256 x 256, FOV =261 x 261 mm?) and/or
axial XETA T2 fluid attenuated inversion recovery
(FLAIR) (TR = 10 000 ms, TE = 130 ms, TI = 2200 ms,
slice thickness = 1.5 mm, matrix =256 x 256, FOV =
241 x 241 mm?). After each examination, the images
were transferred to a Sun Ultra 10 workstation (Sun
Microsystems) for postprocessing.

The FSE or FLAIR was aligned to the postgadolinium
SPGR using software developed in our laboratory.** The
normal-appearing white matter (NAWM) mask was seg-
mented using FAST (FMRIB’s [Functional Magnetic
Resonance Imaging of the Brain] Automated
Segmentation Tool) Software on the T2-weighted FSE
image.”’

Diffusion-weighted Imaging

Patients were scanned with a 6-directional diffusion
weighted echo-planar imaging (EPI) sequence (TR =
7000 ms, TE = 63 ms, matrix size = 256 x 256, slice
thickness = 3 mm, b =1000s/mm? number of
excitations = 4). ADC and FA maps were calculated
on a pixel-by-pixel basis using software developed
in-house, based on published algorithms.>* Diffusion
images were registered to anatomical imaging by
rigidly aligning the T2-weighted (b=0) diffusion
image to the T2-weighted FSE and applying the trans-
formation to the ADC and FA maps. Normalized ADC
(nADC) and normalized FA (nFA) maps were generated
by dividing the diffusion image maps by the median
ADC or FA value within the NAWM mask.

Oligodendrogliomas

Colormaps were generated from nADC histograms of
previously acquired DTT data in a training set of subjects
with diffuse-type grade II gliomas®® (Fig. 1). As pre-
viously described, the colors are based on the nADC
values within the nonenhancing lesion of patients with
grade IT OD (pink), the NAWM of patients with grade
IT OD and AS (green), and the nonenhancing lesion of
patients with grade I AS (blue). Because of the higher
nADC values observed in AS, the blue regions represent
higher nADC values than the pink regions.

nADC-guided Biopsy

Surgeons identified candidates for this study from
patients with nonenhancing lesions suspected to be low-
grade diffuse-type gliomas scheduled to undergo surgical
resections. After 10 or 11 fiducials were positioned on
the patient’s skull, the MRI protocol described in
detail above was acquired. After postprocessing of the
images, 2—4 biopsy targets were chosen, based on iden-
tifying a blue and pink region from the nADC colormaps
whenever possible. Biopsy targets were visually overlaid
on the axial T2-weighted FSE displayed on the BrainLab
VectorVision neuronavigation system but could be over-
laid onto any of the anatomical images during surgery.
The biopsy target was always a cylinder with a diameter
and height of 6 mm to accommodate the 5-mm accuracy
of the surgical planning methodology.?®

In the operating room, the fiducials were registered to
the BrainLab System. Two sets of biopsies were
extracted during the course of the surgery: (1) clinical
biopsies, extracted from tumor regions chosen by the
surgeon that were sent to the clinical pathology service
for diagnostic assessment, and (2) nADC-guided biop-
sies, extracted from regions within or near the target
locations shown on the BrainLab system that were

Astrocytomas

Biopsies from
Blue Region

Biopsies from
Pink Region

Fig. 1. nADC colormaps of grade Il oligodendroglioma (OD) and grade Il astrocytoma (AS). Two left columns: ODs showing characteristic
small central blue regions and extensive pink regions. Two right columns: ASs showing characteristic extensive central blue regions and thin
pink rims. A yellow square represents the biopsy location from the blue and pink region.
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used for this research study only. The locations of the
biopsy samples obtained using diffusion MR image gui-
dance were recorded during the course of their extrac-
tion by using the Screen Save feature of the surgical
navigation system. Once extracted, the biopsy specimens
were fixed in formalin and sent to the University of
California—San Francisco neuropathology service for
histopathologic analysis.

Histopathology

Histologic analyses were used to classify the overall
tumor histopatholgic subtype, to detect the molecular
biomarkers, to score the tumor fraction (relative
number of tumor cells per total cells), and to score the
axonal integrity at specific tumor subregions. For the
overall tumor classification, the clinical diagnosis from
the non-nADC-guided biopsies was used to classify the
tumors as AS, OD, or OA.

The prognosis for gliomas that harbor codeletions in
the 1p and 19q chromosomes is similar to that of OD,
while the prognosis for gliomas with intact 1p and 19q
chromosomes is similar to that for AS. To determine
which of the gliomas had the cytogenetic deletions in
the 1p and 19q chromosomes, fluorescence in situ
hybridization (FISH) was performed on either a diagnos-
tic or nADC-guided biopsy from each tumor. An adja-
cent hematoxylin and eosin (H&E) stained section of
the case was reviewed to evaluate tumor and normal
tissue morphology and to identify the appropriate area
of FISH analysis. In cases where FISH could not be per-
formed for technical reasons, an immunohistochemical
assay of p53 tumor suppressor protein was performed.
Studies have shown that it is rare that both p53 immu-
noreactivity and 1p/19q codeletion are present in the
same WHO grade II glioma.'""'* Therefore, gliomas
that were immunopositive for p53 were assumed to
lack the classic chemosensitivity and improved
outcome attributed to oligodendroglial tumors.

The nADC-guided biopsies were histologically classi-
fied according to the clinical diagnosis of the tumor from
which they were extracted due to the more comprehensive
assessment of the entire tumor that is performed during the
clinical diagnostic procedure. For example, tissue stains
such as glial fibrillary acidic protein and vimentin are
often used in conjunction with H&E during the clinical
diagnostic procedure to help the pathologists discriminate
astrocytic and oligodendroglial features. The purpose of
collecting the nADC-guided biopsies was to more directly
evaluate the cellular and microstructural properties of sub-
regions within the tumors for comparison with the MRI
diffusion measures in the same regions. Histopathologic
H&E stains were examined to determine the contribution
of tumor cells to the overall cellularity of the specimen.
Biopsies with few or no tumor cells present were classified
as “low tumor fraction,” and those in which the bulk of the
specimen contained infiltrative tumor were classified as
“high tumor fraction.” The immunohistochemical stain
SMI-31 was used to assess loss and disruption of neuronal
processes (primarily axonal) by scoring on a scale from 0
to 3, where no disruption of normal structures =0
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(normal axonal pattern and high levels of SMI-31 immu-
noreactivity) and maximal loss and disruption of intrinsic
neuronal structures =3 (inconspicuous normal pattern
and only rare SMI-31 immunoreactive structures). All his-
topathologic assessments of the nADC-guided biopsies
were performed by the same experienced neuropathologist
(S.R.V.), who was blinded to patient diagnosis and
imaging results.

Data Processing and Statistical Analysis

An in-house semi-automated segmentation method was
used to define the T2 hyperintense region on the
T2-weighted FSE or FLAIR image. The segmented T2
lesion was then overlaid on the nADC maps to calculate
the median nADC within each tumor. The tumors were
classified as AS-like if the median nADC within the T2
lesion was greater than or equal to 1.8 and as OD-like if
the nADC was less than 1.8. The median nADC threshold
of 1.8 was found to distinguish the 2 glioma subtypes in a
previously published study on a training set of grade II
glioma patients.'” Two receiver operating characteristics
(ROC) analyses were performed to test the discrimina-
tory capability (area under the curve [AUC]) of the
median nADC value within the T2 lesion for distinguish-
ing AS and OD tumors in the new patient set (test set).
The first analysis was performed on the subset of AS
and OD tumors only, to test the sensitivity and specificity
of the previously determined median nADC of 1.8 to dis-
tinguish the 2 histologic subtypes. The second ROC
analysis was performed on the entire cohort to test the
capability of the median nADC for distinguishing
tumors with OD-like features from those with AS-like
features based on their histologic subtype, 1p/19q
status, and p53 immunostaining status.

We then compared the median nADC value, median
nFA value, tumor fraction, and SMI score for each
nADC-guided biopsy. All reported values are mean + stan-
dard deviation (SD) unless otherwise noted. A random
effects model with Patient as a random effect was used to
test the association between the SMI and MR diffusion
measures at the biopsy locations. This model was chosen
to account for the multiple biopsies obtained from each
patient. A mixed effects model with Patient as a random
effect and Tumor Fraction as the fixed effect was used to
compare the MR diffusion values in the low and high
tumor fraction biopsies. Fisher’s exact tests were used to
test the association between the biopsied region on nADC
colormaps (pink or blue) and the tissue fraction and SMI
staining in the same regions. All statistics were performed
using the IBM Predictive Analytics SoftWare statistics
package. An alpha level of P < .05 was used for all tests
of significance.

Results

ADC-based Tumor Classification

In our previous study, logistic regression analysis on a
training set of 39 grade I AS and OD gliomas showed
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that the 2 types could be classified with 87% accuracy
using a threshold median nADC value within the T2
lesion of 1.8. To validate these results, we tested the dis-
criminatory power of the same nADC threshold on an
independent test cohort of gliomas. The test cohort con-
sisted of patients with either OD (nz = 12), AS, (n = 11),
or OA (n = 7). Since gliomas with 1p/19q chromosomal
codeletions behave like OD and those with p53 immu-
noreactivity behave like AS, we also noted either vari-
able for each patient (Table 1).

Using a median nADC of less than 1.8 as the criterion
for OD, 11 of the 12 ODs were correctly categorized
(Table 2). The other OD had a median nADC value
equal to 1.8. Assessment of 1p/19q chromosomal
status was performed on 10 of the 12 ODs, and all 10
ODs showed a codeletion of 1p/19q, including the one
that was misclassified.

Table 1. Glioma histologic subtype, median nADC, 1p/19q
chromosomal codeletion, and p53 immunoreactivity information in
increasing order of the median nADC values. Assay was not
performed

Patient  Subtype Median 1p/19q p53
Number nADC (deletion =1, (positive = 1,
no deletion = 0) negative = 0)

1 oD 1.35 1 0
2 OA 1.40 1 0
3 oD 1.49 1 0
4 oD 1.50 1 -
5 oD 1.51 - 1
6 oD 1.52 1 0
7 OA 1.54 1 0
8 OA 1.55 1 0
9 oD 1.59 1 0
10 AS 1.59 - 1
11 oD 1.60 0
12 oD 1.61 -
13 oD 1.61 - 0
14 oD 1.63 1 0
15 oD 1.70 1 0
16 oD 1.80 1 0
17 AS 1.85 0 1
18 AS 1.86 - 1
19 AS 1.87 0
20 OA 1.96 1
21 AS 2.03 - 1
22 AS 2.14 - 1
23 OA 2.18 0 1
24 OA 2.18 0 -
25 AS 2.21 - 1
26 AS 2.29 - 0
27 OA 2.33 0 -
28 AS 2.35 - 1
29 AS 2.40 - 1
30 AS 2.42 - 0
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Table 2. Number of each glioma subtype with nADC values
above and below the 1.8 threshold

nADC oD AS OA (1p-/19q-)*
<18 11 1 3(3)
>1.38 1 10 4(0)

*The number of mixed OA tumors with codeletion in
chromosomes 1p and 19q (1p-/199g-).

Using a median nADC greater than or equal to 1.8 as
the criterion for AS, 10 of the 11 ASs were correctly cate-
gorized (Table 2). The other AS had a median nADC
value of 1.59. Assessment of p53 was performed on all
11 ASs, and 8 were found to be immunoreactive, includ-
ing the one that was misclassified.

Using the same criteria as above to classify the OAs, 3
of the 7 OAs were classified as ODs and all had 1p/19q
chromosomal codeletions. None of the 4 OAs classified
as AS had 1p/19q codeletions.

We performed 2 ROC analyses to determine the accu-
racy of using the median nADC to classify nonenhancing
gliomas. Based on the AS and OD gliomas only (nz = 23),
the AUC of the ROC was 0.95 (90% confidence interval
[CI] = 0.85 and 1.00), indicating a high degree of separ-
ation between the nADC values from AS and OD
(Fig. 2a). Using a threshold median nADC of 1.8, the
ODs were distinguished from the ASs with 92% sensi-
tivity and 91% specificity. We then performed an
ROC analysis on the entire cohort (7 = 30) to determine
whether the median nADC value could be used to dis-
tinguish the more prognostically favorable OD-like
gliomas from the less prognostically favorable AS-like
gliomas. The OD-like group comprised tumors with
OD histology or OA histology with 1p/19q chromoso-
mal codeletions. The AUC ROC was 0.97 (90% CI =
0.91 and 1.00), again indicating a high degree of separ-
ation between the AS-like and OD-like gliomas. Using
the same threshold median nADC of 1.8, OD-like
gliomas were distinguished from AS-like gliomas with
93% sensitivity and 93 % specificity.

Analysis of nADC, nFA, and Tissue Microstructure
at Biopsy Locations

A total of 45 nADC-guided biopsies from 21 of the 30
patients were available for analysis. Either 2 biopsies
(n = 18 patients) or 3 biopsies (n = 3 patients) were col-
lected from each tumor. We assessed the median nADC,
median nFA, SMI score, and tumor fraction at each
biopsy location. An example of the nADC colormaps,
H&E, and SMI-31 staining of intact axons in one of
the OD cases from Figure 1 is shown in Figure 3.
Figure 4 shows plots of the SMI-31 score versus (A)
nADC and (B) nFA at the 45 biopsy locations. A
random effects model of the data that accounted for
the multiple biopsies collected from each patient indi-
cated a significant positive association between nADC
and the SMI-31 axonal disruption score (P = 0.008,
n=45) but no association between nFA and the
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Fig. 2. ROC curves. (a) nADC discrimination of OD from the group of AS and OD tumors (AUC = 0.95). (b) nADC discrimination of OD-like
from the group of AS-like and OD-like tumors (AUC = 0.97). Diagonal segments are produced by ties. Arrows indicate the position of the
nADC = 1.8 value along the curve.

Fig. 3. Two biopsies from a patient with a grade Il oligodendroglioma overlayed on (a & e) ADC map and (b & f) nADC colormap with (c &
g) H&E and (d & h) SMI-31 stains. The yellow biopsy (a—d) is within a blue colormap region showing high nADC, high tumor fraction, and
high axonal disruption. The light blue biopsy (e—h) is within a pink colormap region showing lower nADC, low tumor fraction, and minimal
axonal disruption.
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Fig. 4. Plots of SMI-31 score of axonal disruption and (a) nADC (P = .008) and (b) nFA (P = .216) at biopsy locations. Open circles = low
tumor fraction, closed circles = high tumor fraction.

NEURO-ONCOLOGY * NOVEMBER 2011 1197



Khayal et al.: Diffusion MRI and histology in grade Il gliomas

SMI-31 score (P =0.216, n=45). We examined the
nADC and nFA of the high and low tumor fraction
groups. As shown in Figure 5, nADC values were
higher (P = 0.004) in the high tumor fraction biopsies
(2.07 4 0.58) relative to the low tumor fraction biopsies
(1.67 + 0.50), but there was no difference in the nFA
values (P = 0.166) of the 2 groups (0.40 + 0.18 versus
0.45 £+ 0.195).

Next, biopsies were grouped by histologic subtype,
and a random effects model was used to determine
whether the nADC associations with SMI score and
tumor fraction existed for each subtype. As in the
above analysis, biopsies were deemed OD-like if they
came from tumors that had OD histology (7 =15) or
OA histology with a 1p/19q co-deletion (n=8).

3.00

2.50

l - I
T
T

2.00

150

0.50

N B

nFA

® High Tumor Fraction

0.00 4

nADC

® Low Tumor Fraction

Fig. 5. Mean and standard deviation of nADC and nFA in biopsies
with low and high tumor fraction.

Biopsies were deemed AS-like if they came from
tumors with AS histology (7 = 16) or had OA histology
with intact 1p/19q chromosomes (7 =6). Figure 6a
and b show that the positive association between
nADC and SMI-31 score held for the AS-like biopsies
(P=0.053) but not for the OD-like biopsies (P =
0.099). Figure 6¢ shows that the nADC of the
high tumor fraction biopsies from both subtypes
were higher than that of the low tumor fraction
biopsies; however, only the OD-like biopsies reached
statistical significance (AS-like: P = 0.058, OD-like:
P =10.039).

We investigated the underlying microstructural prop-
erties of the pink (lower nADC values) and blue (higher
nADC values) tumor regions on the nADC colormaps.
Table 3 shows the distribution of biopsies with high
and low tumor fraction within the 2 groups. The blue
biopsies came predominantly (79%) from regions with
high tumor fraction. However, the pink biopsies were
equally as likely (50%) to come from regions with low
or high tumor fraction. A Fisher’s exact test showed a
trend but no statistically significant association (P =
0.065) between the colormap tumor region and tumor
fraction. Table 3 also shows the number of biopsies
with an SMI-31 score of 2 or greater (high SMI) and
the number of biopsies with an SMI-31 score less than
2 (low SMI) within the 2 groups. The blue biopsies
came predominantly (68%) from regions with high
SMI, and the pink biopsies came predominantly (73%)
from regions with low SMI. A Fisher’s exact test
showed a significant association (P = 0.008) between
the colormap tumor region and SMI. The blue and
pink regions, respectively, on the nADC colormaps are

(a) AS-like (b) OD-like
35 5 3.5
3 E 3
256 U g o 0o 25 ~ ﬁ
U | | o 2
T15 o o B <15 ii—g_s_ﬁiﬁ
1 O 1 8
0.5 0.5
0 ; - 0 '
0 1 2 3 0 1 2 3
SMI-31 Score P=.05 SMI-31 Score P=.10
(€) 350
3.00 T -
2.50 T p—]
¥ 200
< 150 R
1.00
0.50 I — —
0.00
AS-like OD-like

O High Tumor Fraction

B Low TumorFraction

Fig. 6. Plots of normalized ADC and SMI score of axonal disruption for biopsies from (a) AS-like and (b) OD-like gliomas. (c) Mean and
standard deviation of nADC in AS-like and OD-like glioma biopsies with low and high tumor fractions. *P < .05.
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Table 3. Tissue properties of pink and blue regions on nADC
colormaps. Fisher's exact tests show that the colormap region is
predictive of SMI (P = .008) but not tumor fraction (P = .076).
Low SMI: SMI-31 score <2. High SMI: SMI-31 score >2

Region on Low Tumor  High Tumor Low High
nADC Colormap Fraction Fraction SMI SMI
Blue (n = 19) 4 15 6 13
Pink (n = 26) 13 13 19 7

P =.065 P =.008

Table 4. Counts and microstructural features of pink and blue
biopsies extracted from AS-like and OD-like gliomas. Biopsies
from OD-like gliomas were typically from pink colormap regions
with low SMI and low tumor fraction, while biopsies from AS-like
gliomas were typically from blue colormap regions with high SMI
and high tumor fraction

AS-like OD-like

Pink Blue Pink Blue

Low SMI Low Tumor Fraction 3 3 10 0
High Tumor Fraction 1 2 5 1
High SMI Low Tumor Fraction 0O 1 0 0
High Tumor Fraction 2 10 5 2
Total 6 16 20 3

more predictive of high and low SMI score than high and
low tumor fraction.

To compare the histologic properties of the pink and
blue biopsies from the OD-like and AS-like tumors, we
categorized the biopsies by histology, tumor fraction,
and SMI-31 score (Table 4). Biopsies from OD-like
gliomas were primarily from pink colormap regions
(20/23) due to the predominance of lower nADC
values that characterized OD-like gliomas (Fig. 1).
Fifteen of the 20 pink biopsies had low SMI, 10 of
which also had low tumor fraction. The remaining 5
pink biopsies had both high SMI and high tumor frac-
tion. Taken together with the above analyses, these
results suggest that the lower (pink) nADC values
observed in OD-like gliomas arose from a predominance
of regions with low SMI in those tumors. The fact that
regions with low SMI also tended to have low tumor
fractions further contributed to the low nADC values
in OD-like gliomas. The 3 biopsies from the small
central blue regions of OD-like gliomas all had high
tumor fraction, 2 of which also had high SMI. The com-
bined high tumor fraction and high SMI is consistent
with the higher ADC values in the blue colormap
regions.

Contrary to the findings for OD-like gliomas, the
biopsies from AS-like gliomas came predominantly
(16/22) from blue colormap regions, due to the large
area of high ADC values that characterize AS-like
gliomas (Fig. 1). Eleven of the 16 blue biopsies had
high SMI, 10 of which also had high tumor fraction.
The remaining 5 blue biopsies had low SMI, 3 of
which had low tumor fraction and 2 with high tumor
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fraction. These results suggest that the high ADC
values in AS-like gliomas arose from the predominance
of high SMI values, the majority of which also had
high tumor fraction. Four of the 6 biopsies from the
thin pink rim of the AS-like gliomas had low SMI, 3 of
which also had low tumor fraction. The combined low
SMI and low tumor fraction is consistent with the
lower ADC values of the pink biopsies.

Discussion

Diffuse-type WHO grade II gliomas are heterogeneous
tumors that generally do not enhance on postgadoli-
nium T1-weighted MRIs. The grade II nonenhancing
glioma population in this study served as the test
data set for the nADC threshold for distinguishing
grade II OD from grade II AS that was determined
using logistic regression on a training set of patients
in a previous study.'” The current study also compared
the MRI diffusion parameters and microstructural
tissue properties of nADC-guided biopsies collected
from pink (low nADC) and blue (high nADC) regions
on nADC colormaps.>

ROC analysis indicated a strong distinction between
the nADC values of OD and AS in this new patient
cohort, which is consistent with the high classification
accuracy that was found using logistic regression on
the training set of patients in our previous study.
Using the previously determined threshold of 1.8
median nADC within the T2 lesion, we were able to
distinguish AS from OD in this new patient cohort
with high sensitivity and specificity. These results
further validate the use of the median nADC within
the T2 lesion to classify diffuse-type gliomas that are
suspected of having grade II histology. Nonenhancing
gliomas may also be of mixed histology (eg, OA) and
have a biologic behavior that comprises the spectrum
from AS to OD. We therefore performed a second
ROC analysis of the entire patient cohort to determine
whether the OA gliomas with molecular characteristics
that were OD-like would be classified with the OD
gliomas, based on their median nADC values. Again,
there was a strong distinction between OD-like
gliomas, which were defined as having an oligodendro-
glial component in conjunction with 1p/19q chromo-
somal codeletions, and AS-like gliomas, which did
not have these histologic and chromosomal features.
This finding was a key outcome of the study because
of the more favorable prognosis for patients harboring
gliomas with OD-like features. It suggests that the
median nADC may be a useful prognostic marker for
unresectable nonenhancing tumor.

All of the mixed OAs that had nADC values similar to
OD (<1.8) had deletions in chromosomes 1p and19q,
while gliomas with nADC values similar to AS (>1.8)
showed no 1p/19q codeletions. OA with intact 1p/
19q also appeared similar to AS on nADC colormaps,
having a large central blue region and a sharp, smooth
transition to a thin pink rim (data not shown). This is
similar to observations by other groups: a sharp,
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smooth border along with homogeneous signal intensity
on T1- and T2-weighted MRI was associated with intact
(nondeleted) 1p/19q chromosomes.?”~*® In contrast, the
typical pattern on nADC colormaps of OD and 1p/19q
codeleted OA gliomas was a small central blue region
surrounded by the more extensive and homogeneous
pink region.

Normalized ADC values were higher in the high
tumor fraction biopsies relative to the low tumor frac-
tion biopsies. This appears to be contrary to previous
papers suggesting lower nADC values in more highly cel-
lular tumor regions.'® However, when one considers
that the low tumor fraction biopsies comprised primarily
normal brain, while the high tumor fraction biopsies
comprised primarily tumor, the results are consistent
with the higher ADC values that are typically reported
for tumor versus normal brain. Indeed, 5 of the 17 low
tumor fraction biopsies contained no discernible tumor
cells at all (data not shown). This not only explains the
lower nADC values in the low tumor fraction biopsies
but also underscores the need for additional imaging
methods, such as MR spectroscopy,”” to help distinguish
tumors from nontumors within the hyperintense lesion
on T2-weighted images. In addition to the positive
association between nADC values and tumor burden,
we also found a positive association between nADC
values and SMI-31 scores of axonal disruption. Taken
together, both an increase in the number of tumor cells
and an increase in the degree of axonal disruption can
result in an increase in the nADC value within a region
of tumor.

There was no difference in the nFA value of low
and high tumor fraction biopsies and no association
between nFA and SMI-31 score. The lack of a clear
relationship between nFA and the underlying tumor
microstructure may be due partly to the inability to
fully characterize the anisotropic water movement
with the 6-direction diffusion tensor sequence that
we used for this study. Of the 2 tissue properties
that we measured, however, the SMI-31 score of
axonal disruption appeared to have the strongest influ-
ence on the nFA.

Separating the biopsies by subtype, the association
between nADC and SMI-31 score was observed in
only the AS-like biopsies. This was due in part to the
larger range and higher values of SMI-31 scores
observed in AS-like biopsies compared with OD-like
biopsies. Although both subtypes exhibited the positive
association between nADC and tumor fraction, statisti-
cal significance was reached only in the OD-like biop-
sies. This was due in part to the more equal
distribution of biopsies with high and low tumor frac-
tion among the OD-like biopsies compared with the
AS-like biopsies. These findings reflected the different
patterns of infiltration of AS and OD that were observed
in this study. In AS, engulfed normal structures were
often disrupted, particularly in regions where there
was a predominance of tumor cells. However, in OD
the underlying normal structures were often maintained
irrespective of the number of tumor cells in a given
region.
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Examination of the biopsies from the pink (high
nADC) and blue (low nADC) colormap regions
showed that there was a strong association between
the colormap region and SMI-31 score and a weak
(not statistically significant) association between the
colormap region and tumor fraction. The biopsies
from OD-like gliomas were overwhelmingly pink, con-
sistent with their characteristic appearance on color-
maps, which was primarily pink with a small blue
region in the center of the tumor. The pink OD-like
biopsies had predominantly a combination of low
SMI-31 scores and low tissue fractions, while the
blue OD-like biopsies all had high tissue fraction.
This parallels the 2 results showing that (1) the
SMI-31 score was strongly associated with colormap
region, and (2) the tissue fraction was associated with
nADC in OD-like gliomas. In comparison, the biopsies
from the AS-like gliomas were primarily blue, consist-
ent with their characteristic appearance on colormaps,
which had a large central blue region transitioning
rapidly to a thin pink rim. The blue AS-like biopsies
had predominantly a combination of high SMI-31
scores and high tissue fractions, while the pink
AS-like biopsies primarily had low SMI-31. Again,
these results parallel the 2 findings that (1) the
SMI-31 score was strongly associated with colormap
region, and (2) the SMI-31 score was associated with
nADC in AS-like tumors.

In conclusion, the median nADC value within the
T2 lesion could be used to classify the histology of
the OD and AS in a new cohort of diffuse-type grade
II gliomas, validating the findings from our previous
study on a training cohort. Mixed OAs harboring the
favorable prognostic marker—1p/19q chromosomal
codeletion—could also be classified by their median
nADC values. The ADC values within tumor subre-
gions were associated primarily with the degree of dis-
ruption of neuronal processes and less so with the
fraction of tumor cells, particularly in AS and mixed
OA with intact 1p/19q chromosomes. In OD and
mixed OA with 1p/19q chromosomal codeletions,
the ADC is less influenced by the degree of neuronal
disruption and is more associated with the fraction of
tumor cells in a given region. These results suggest
that ADC variations in grade II gliomas are prognosti-
cally significant and are influenced by the arrangement
and density of neuronal processes and tumor cells
rather than by overall cell density. More studies are
needed to determine whether the observed associations
hold among nonenhancing gliomas of higher histologic
grade and how the inclusion of additional imaging par-
ameters can improve the noninvasive diagnosis of
nonenhancing gliomsa of all histologic grades and
subtypes.
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