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Abstract Purpose Apparent diffusion coefficient (ADC)
describes water diffusion within tissues. Previous studies
report a negative linear correlation between minimum
ADC and tumour cellularity in different types of gliomas,
but there are no studies in oligodendroglial tumours. This
study evaluated the relationship between ADC and tumour
cellularity in oligodendroglial tumours characterized by
genotype. Methods ADC was assessed in 17 patients with
known 1p/19q status: 3 grade II oligodendrogliomas (OII),
9 grade II oligoastrocytomas (OAII), 5 grade III oligoas-
trocytomas (OAIIl). Regions of interest were placed on
ADC maps around tumour margins to generate mean
tumour ADC, and over minimum and maximum tumour
ADC. Histopathology assessment of tumour cellularity
determined minimum, maximum and mean cell density in
serial stereotactic biopsies. Results 1p/19q loss was present
in 2/3 OII, 5/9 OAII, 2/5 OAIIl. Grade III tumours had
higher maximum cell density than grade II tumours (17.2
vs. 10.57%: Mann Whitney U; P = 0.20). Oligoastrocy-
toma were more likely to have a lower minimum cell
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density than oligodendrogliomas (Mann Whitney U,
P = 0.032). There was no relationship between cell density
and genotype. There was no linear correlation between
mean ADC and mean cell density (Spearman’s rho;
r = 0.486: P = 0.438), minimum ADC and maximum cell
density (Spearman’s rho; t = 0.158: P = 0.660), and
maximum ADC and minimum cell density (Spearman’s
rho; = 0.039: P = 0.985). Conclusions In oligoden-
droglial tumours there is no relationship between quanti-
tative assessment of cellularity and ADC. This may reflect
differences in oligodendroglial tumour biology compared
to other gliomas, although the composition of the extra-
cellular matrix may influence ADC more than cellularity.
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Introduction

Diffusion-weighed imaging (DWI) affords the opportunity
to assess free-water movement in tissues and relates image
intensity to the relative mobility of water molecules. In the
brain, true diffusion is beyond the spatial resolution of
MRI, therefore using a statistical model the apparent dif-
fusion coefficient (ADC), which describes microscopic
water diffusion, can be recorded for each voxel and dis-
played on an ADC map. A low ADC results from high
signal intensity on DWI and indicates restricted diffusion,
whereas a high ADC results from low signal intensity and
indicates free diffusion [1]. Since ADC is not a measure of
true diffusion, its relationship with the underlying tissue
architecture has been the subject of several studies. It has
been reported that smaller ADC values correspond with the
most cellular tumour component, whilst larger ADC values
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are correlated with low cellularity [2, 3]. The minimum
ADC values are therefore thought to represent the most
cellular tumour component, indeed low-grade gliomas tend
to have higher ADC values than high-grade gliomas [4].
ADC maps have many potential applications in neuro-
oncology, including tumour classification [4—6], assessing
response to therapy and identifying tumour recurrence [7—
9]. However, there are few reports of ADC analysis of
oligodendroglial tumours in the current literature [9, 10].
The biological factors responsible for differential chemo-
sensitivity in oligodendroglial tumours with and without
1p/19q loss are not known. Previous studies have sought to
characterize these clinical differences and distinguish the
molecular subtypes of oligodendroglial tumours on both
conventional [11, 12] and advanced MRI [13]. In a previ-
ous study we reported differences in ADC and ATC (ADC
transition coefficient: the rate of change in ADC between
adjacent voxels traversing the tumour border) between
oligodendroglial tumour genotypes, but not between oli-
godendroglial histopathology subtypes and grade [14].
Tumours with intact 1p/19q had higher maximum and
histogram ADC, and greater ATC compared to those with
1p/19q loss, but the relationship to the underlying tissue
architecture was not investigated. Therefore the aim of this
study was to investigate the relationship between tumour
ADC and histopathology assessment of cellularity in oli-
godendroglial tumours characterised by genotype.

Materials and methods
Case selection

Patients were drawn from a prospective study of adult
oligodendroglial tumours between July 2001 and June 2004
[15-18]. Patients were included in this study if they met the
following criteria: (i) histopathology diagnosis of oligo-
dendroglioma (O) or oligoastrocytoma (OA) World Health
Organisation (WHO) grade II or III [19]; (ii) known 1p/19q
status; and (iii) had diffusion-weighted imaging (DWI)
performed pre- (n = 6) or post-biopsy (n = 11), but prior
to commencing current therapy; all were included in our
previous study [14]. All patients underwent serial stereo-
tactic biopsy for diagnostic purposes. The study had ethical
approval.

MR imaging protocol and post-processing

Diffusion-weighted echoplanar imaging (TR = 9,400 ms,
TE 97 ms, matrix size 160 x 128, FOV 300 x 190 mm,
thickness = 5 mm, b = 0 and 1,000 s/mm2) were obtained
using a 1.5-T Signa MR Scanner (GE Medical Systems).
Images were post-processed offline using commercial
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Fig. 1 a-b ADC maps showing a non-geometric region of interest
around the tumour margin. a OAIl with 1p/19q loss (ADC:
1.63 &+ 0.28 x 107> mm?/s (mean % SD)) and b OAII with intact
1p/19q (1.27 4 0.18 x 107> mm*s). e=d ADC maps showing ROI
placement over minimum (1-4), maximum (5-8) and normal (9-12)
brain in c. (Adapted from Jenkinson et al. 2007 with permission [14])

software (Functool2 [v 6.0], Sun Microsystems) to generate
an ADC map. Evaluation of ADC was carried out as pre-
viously described [14]. Briefly, regions of interest (ROI)
were independently placed by a neurosurgeon (MDJ) and a
neuro-radiologist (TSS) blinded to histopathology subtype
and genotype. ADC values within each tumour were
assessed by placement of ROI according to previously
published methods with low inter- and intra-observer var-
iation [13]. The following protocol was used: first, using
the axial slice with the greatest abnormal ADC area, a non-
geometric ROI was drawn around the tumour margin
(excluding cystic and necrotic areas) to generate the mean
ADC value (+£standard deviation). Second, four circular
ROIs (area: 22 mm?) were placed over regions represen-
tative of maximum and minimum tumour ADC and over
contralateral normal brain (Fig. 1). The mean of each
group of four ROI was used for comparison between
tumour and normal brain and with cellularity and genotype.

Histopathology assessment
Serial stereotactic biopsy provides tissue samples at | mm

intervals along a trajectory from the radiological tumour
margin to a target point within the volumetric centre that
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Fig. 2 a Cellularity was
classified as: high—tumour
cells adjacent to each other with
little or no intervening
parenchyma; moderate—some
tumour cells may be adjacent to
each other but less densely
packed; low—few tumour cells
with intervening parenchyma
(%200 original magnification).
b Photographs of a grade I1I
oligoastrocytoma showing the
typical features used to assign
microcystic component
(original magnification x200).
Microcysts were classified as:
no microcysts (0); scant small
cysts (+); more widespread
small cysts (4++); and large
widespread cysts (+++)

encompasses areas of contrast enhancement. Routinely
processed haematoxylin and eosin (H&E) stained paraffin
embedded tissue samples from serial stereotactic biopsies
were used to assess histopathology features by an experi-
enced neuropathologist (DduP) [12]. The cellularity of
each sample was assessed (Fig. 2a) as either high: tumour
cells adjacent to each other with little or no intervening
parenchyma; moderate: some tumour cells may be adjacent
to each other but less densely packed; or low: few tumour
cells with intervening parenchyma. The background matrix
was assessed to determine the presence and extent of
microcystic change. The following scoring system was
applied to each sample to assess microcysts: (Fig. 2b): no
microcysts (0); scant small cysts (4); more widespread
small cysts (++); and large widespread cysts (+++). The
computed cell density was calculated according to pub-
lished methods [3]. Slides were reviewed at x200 original
optical magnification. A digital colour photograph was
taken of the x200 image and converted to a greyscale
image using Paint Shop Pro 7 (Corel). Uncompressed
greyscale tiff images for each biopsy sample were analyzed
using the public domain National Institutes of Health
(NIH) Image program v1.61 (http://rsb.info.nih.gov/
nih-image/). Each image was converted to a black and
white binary image by setting the image threshold at a
value at which cell nuclei were coloured red but the sur-
rounding tissue was not. The border of the tumour speci-
men was ringed in those biopsy samples that did not fill the
entire image and the area outside the marked shape was
excluded from the analysis. Histogram analysis of the
binary image identified the number of cell nuclei pixels
(black) and the background non-nuclei pixels (white). The
cell density for each biopsy was defined as the number of
nuclei pixels divided by the total number of pixels in within

the biopsy margin, and expressed as a percentage (Fig. 3).
For each case the average cell density was calculated by
summing the cell density of each biopsy and dividing by
the number of biopsies per case. The biopsy with the lowest
and highest cell density for each case was recorded as the
minimum and maximum cell density respectively
(Table 1).

Data analysis and statistics

The raw data for each biopsy sample was analyzed to
determine any associations between the computed cell
density and visual histopathology features. To enable
comparison of histopathology features with molecular
genetics and ADC a summary of the data for each patient
was created (Table 2). Microcystic change for each case
was categorized as present: >50% of biopsy samples with
microcysts and at least one sample with ++; or absent:
<50% of biopsy samples with microcysts and no samples

Fig. 3 Photographs of a grade II oligoastrocytoma showing a
grayscale and b binary images (original magnification x200) from
which the number of black and white pixels were calculated. The
percentage cell density is the number of black pixels (54,583) divided
by the total pixel count (1,339,000) multiplied by 100 (4.08%)
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Table 2 Correlations between subtype, grade and genotype and A. microcysts; B. average, maximum and minimum cell density (*Fisher’s

Exact test; "Mann Whitney U test)

A. Microcysts P*
No Yes
Subtype (6] 1 2 1.0
OA 6 8
Grade II 4 8 0.593
11 3 2
1p/19q loss No 5 3 0.153
Yes 2 7
B. Average cell density Pt Maximum cell density Pt Minimum cell density Pt
median (range) median (range) median (range)
Subtype (0} 15.4 (7.73-21.42) 0.078 18.25 (10.91-23.88) 0.206 11.55 (5.20-16.37) 0.032
OA 7.21 (4.39-21.42) 11.64 (5.51-26.35) 3.91 (1.85-13.20)
Grade I 7.10 (4.39-21.42) 0.114 10.57 (5.51-23.88) 0.020 4.63 (1.85-16.73) 0.883
111 11.33 (7.04-17.35) 17.20 (13.82-26.35) 3.78 (2.01-13.20)
1p/19q loss No 8.00 (4.39-17.35) 1.0 12.37 (5.51-20.68) 0.630 4.14 (2.01-13.20) 0.847
Yes 7.37 (5.10-21.42) 11.66 (6.51-26.35) 4.75 (1.85-16.73)

with ++. The average of the computed cell density for
each case was calculated and the minimum and maximum
cell density was also recorded. The summary data were
compared to histopathology and molecular genetics, and
minimum, maximum and mean histogram ADC. Due to the
small sample size non-parametric statistical tests were used
(Mann Whitney U, Fisher’s Exact and Spearman’s rho
tests). Data was analyzed using SPSS software.

Results
Study population

As previously described [14], 17 cases were studied (11
male; 6 female). Median age at operation was 42 years
(range: 24-72 years). There were fourteen primary, previ-
ously untreated cases. Three recurrent tumours had
received radiotherapy prior to MRI (median 64 months;
range: 51-71). 1p/19q loss was present in 2/3 OII, 5/9 OAII
and 2/5 OAIIL

Histopathology parameters

The median number of biopsy samples assessed per case was
six (range 3-8). Varying levels of heterogeneity of cellu-
larity, microcysts and cell density were seen for each case.
Using the data from each biopsy sample the computed cell
density was compared to the visual pathology assessments of
cellularity and the presence or absence of microcysts.
Computed cell density showed good separation when

categorized as low, moderate or high cellularity (Fig. 4a).
Cell density did not significantly differ between samples
with or without microcysts (Fig. 4b). Oligodendrogliomas
and oligoastrocytomas of both grades and genotypes were
equally likely to have microcysts (Table 2). Oligoastrocy-
tomas were more likely to have a lower minimum cell
density than oligodendrogliomas (Mann Whitney U;
P = 0.032). Grade III tumours had a higher maximum cell
density than grade II tumours (Mann Whitney U; P = 0.020).
Tumours with or without 1p/19q loss had similar average,
minimum and maximum cell density (Table 2).

Histopathology, cell density and ADC

Tumours with or without microcysts were equally likely to
show high or low mean histogram, maximum and mini-
mum ADC values (Fig. 5). There was no linear correlation
between mean histogram ADC and average cell density
(Fig. 6a), minimum ADC and maximum cell density
(Fig. 6b), and maximum ADC and minimum cell density
(Fig. 6¢).

Discussion

This is the first study to investigate the relationship
between ADC and cellularity in a series of oligodendroglial
tumours characterised by genotype. Oligodendroglial
tumours with 1p/19q loss were more likely to have a lower
maximum ADC, and a lower mean histogram ADC com-
pared to those with intact 1p/19q, however ADC was not
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Fig. 4 Boxplots of computed
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Fig. 5 Boxplots of histogram, minimum and maximum ADC and a—c presence or absence of microcysts (Mann Whitney U test)
a 207A 15 B 257 C
< A\J : . ¢ (5 . *
E 15 S e = R R 8200 ‘s .
[ * . < 10 = * < 15 T
g' 1.0 0. 0.466 £ I | ¢ . E . » .
g ':(‘) 2 051 ) =0.158 210 r=0.039
= = = U =<
z 05 pP=0.438 £ P=0.660 § 05 P=0.985
£ 00 ; . . 00+ ‘ . ‘ 0.0 ; , ‘ \
0.0 10.0 20.0 30.0 00 10.0 200 300 0.0 50 10.0 15.0 20.0

average cell density

maximum cell density

minimum cell density

Fig. 6 Scatterplots showing no linear correlation between a mean histogram ADC and average cell density; b minimum ADC and maximum cell
density and; ¢ maximum ADC and minimum cell density (Spearman’s rho correlation)

significantly different between histopathology subtypes or
grades. Categorization of cases as low, moderate and high
cellularity showed good agreement with computed cell
density, and regardless of subtype, grade or genotype,
tumours were equally likely to have low, moderate and
high cellularity. Grade III tumours had a higher maximum
cell density than grade II tumours. Oligoastrocytomas had a
lower minimum cell density than oligodendrogliomas.

@ Springer

There was no linear correlation between histogram ADC
and mean cell density, minimum ADC and maximum cell
density, and maximum ADC and minimum cell density.
The presence or absence of microcysts was unrelated to
tumour ADC.

The apparent diffusion coefficient, which separates dif-
fusion-weighted signal change from T2-weighted signal
change [20], is used as a surrogate measure of water
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movement within the brain. The relationship between ADC
and the corresponding tissue architecture is unknown but
two studies have suggested that it may be related to cell
density [2, 3]. Both studies investigated the relationship
between ADC and cell density in small mixed cohorts of
gliomas (including glioblastomas, anaplastic astrocytomas,
diffuse astrocytomas and oligodendrogliomas) and surgical
specimens that were retrospectively correlated with ADC
values. Minimum ADC values showed a negative linear
correlation with tumour cellularity, such that free water
diffusion decreased with increasing cell density, however,
this relationship was not observed in our study. There was
also no linear correlation between maximum tumour ADC
and minimum cell density or the degree of microcystic
change, which might be expected as water diffusion has
been suggested to be greater in areas with necrosis and
microcysts [3]. As in previous studies [2, 3], the correlation
between cell density and ADC was a retrospective analysis,
samples were not co-registered with surgical planning MRI
and all three series had small patient numbers (n = 17-20).
There was no correlation between ADC and cellularity in
this study, which may reflect the fact that previous studies
also included high-grade gliomas [2, 3]. However, if cel-
lularity is the primary determinant of ADC, then tumours,
which show increased cellularity, should have a lower
ADC than normal brain. This was not the case in our study,
and suggests that factors other than cellularity influence
ADC; indeed it has been shown that the composition of the
extracellular matrix may influence water diffusion. Com-
pared to normal white matter, both astrocytomas and oli-
godendroglial tumours contain increased amounts the
glycosaminoglycan hyaluronan [21, 22], which exhibits a
positive correlation with ADC [22].

ADC values represent diffusion along a single gradient
however diffusion is a three-dimensional process. Diffu-
sion tensor imaging (DTI) measures water movement in
multiple directions to provide data on both rate and
direction. Since water movement is anisotropic, one of the
units of measure is fractional anisotropy (FA). In a series of
patients with glioblastoma there was good correlation
between tumour FA and cell density, though the data was
derived from retrospective image correlation [23]. Two
studies investigating the relationship between tumour tis-
sue architecture and fractional anisotropy using three-
dimensional stereotactic planning MRI co-registered and
prospectively fused with DTI have recently been published
[24, 25]. In the first, tumour cell number showed a loga-
rithmic relationship with FA values, such that there was
greater diffusion in areas of low cell number compared to
those with higher cell numbers. The study authors
hypothesized that this reflected the infiltration invasion
mechanism of gliomas, namely, preserved fiber tracts at the
tumour border with enlargement of the extracellular space

[25]. In the second image-guided biopsy study, a correla-
tive analysis was performed between tissue architecture
(classified as solid tumour, tumour infiltrating normal
brain, or normal brain) determined from biopsy specimens
and diffusion tensor imaging characteristics [24]. Solid
tumour had a different diffusion tensor tissue signature
compared to infiltrated normal brain, and to normal brain.
The diffusion tensor tissue signatures extended beyond the
T2 tumour margin in half the cases examined [24]. A
similar study has yet to be performed using ADC, and its
relationship to tissue architecture remains speculative.

Conclusions

The absence of a positive linear correlation between ADC
and cellularity reported herein highlights the need for fur-
ther study using image guided sampling and intra-operative
image registration to related tissue biology to ADC in
oligodendroglial tumours and improve the diagnostic util-
ity of ADC maps.
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