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Abstract Although multimodality
therapy for high-grade gliomas is
making some improvement in out-
come, most patients will still die from
their disease within a short time. We
need tools that allow treatments to be
tailored to an individual. In this study
we used diffusion tensor imaging
(DTI), a technique sensitive to subtle
disruption of white-matter tracts due
to tumour infiltration, to see if it can be
used to predict patterns of glioma
recurrence. In this study we imaged 26
patients with gliomas using DTI. Pa-

Introduction

tients were imaged after 2 years or on
symptomatic tumour recurrence. The
diffusion tensor was split into its
isotropic (p) and anisotropic (g) com-
ponents, and these were plotted on T,-
weighted images to show the pattern
of DTI abnormality. This was com-
pared to the pattern of recurrence.
Three DTI patterns could be identi-
fied: (a) a diffuse pattern of abnor-
mality where p exceeded ¢ in all
directions and was associated with
diffuse increase in tumour size; (b) a
localised pattern of abnormality where
the tumour recurred in one particular
direction; and (c) a pattern of minimal
abnormality seen in some patients
with or without evidence of recur-
rence. Diffusion tensor imaging is able
to predict patterns of tumour recur-
rence and may allow better indi-
vidualisation of tumour management
and stratification for randomised con-
trolled trials.
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Malignant gliomas are aggressive tumours that have a poor
prognosis. Although metastasis outside of the central
nervous system is exceptional, the local infiltration of the
brain is a major factor in the failure of current treatment
modalities. Recent studies using multimodal therapy that
combines surgery, radiotherapy and chemotherapy have

demonstrated significant improvements in survival in a
minority of patients with glioblastomas [1]. The reasons
why a combination of therapies helps a small number of
patients require further exploration for patient counselling,
adapting the therapeutic cocktail to the individual, and
possibly for stratification for randomised controlled trials.

Gliomas are one of the most heterogeneous groups of
tumours. There is a marked difference in behavioural and
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pathological features between tumours of the same histo-
logical grade as well as within different regions of the same
tumour [2, 3]. This heterogeneity means it is difficult to
know if we should consider gliomas as localised tumors or
as more widespread diseases [4]. Our clinical experience is
that both are seen to differing degrees. Clinicians used to
managing glioma patients see some patients with tumours
that simply enlarge without extensive invasion, while
others infiltrate widely in the surrounding white matter.
The development of tools that could determine if an
individual tumour has a more localised or a more infil-
trative growth pattern might allow a more individualised
choice of treatment, such as more aggressive surgery,
radiotherapy with localised increase in dose, and local
delivery of chemotherapy drugs for localised tumours, or
more emphasis on systemic therapies (such as systemic
chemotherapy and standard dose radiotherapy with wider
margins) for more infiltrative tumours. The ability to
combine different modalities based on the particular
tumour behaviour and pathology in order to individualise
treatment might improve tumour control, while at the
same time avoiding the toxicity of therapies unlikely to
work. In addition, the identification of different growth
patterns might be of value in selecting patients for entry
into clinical trials, or stratifying those within large-scale
studies.

One key feature of gliomas is their growth and
infiltration into white-matter tracts. Diffusion tensor imag-
ing (DTI) is sensitive to subtle disruption of white-matter
tracts and can detect abnormalities around gliomas that
appear normal on conventional imaging [5, 6]. Newer
analytical techniques of the diffusion tensor allow us to
differentiate tumours from areas of normal brain infiltrated
by glioma cells [7-9], and these methods have been
validated using image-guided biopsies of the peritumoural
area [10]. There is also evidence that these DTI
abnormalities occur before the appearance of obvious
tumours on conventional imaging [11].

In this study we aimed to use DTI on initial imaging to
identify patterns of white-matter abnormality that can
predict patterns of tumour recurrence at a later date in a
cohort of glioma patients.

Materials and methods
Patients

Data from patients with gliomas recruited to a series of
studies using diffusion tensor imaging carried out in the
Wolfson Brain Imaging Centre were used for this study. All
studies had been approved by the Local Research Ethics
Committee, and all patients had provided informed
consent. We included patients with a histologically
confirmed diagnosis of glioma who had a DTI study and
then had follow-up imaging. Follow-up imaging was

performed either more than 2 years after the initial study
or at the time of symptomatic recurrence.

In total 25 patients fulfilled the study inclusion criteria
(mean age 44 years, range 23—79; 15 male). Their data are
summarised in Table 1. A total of 12 patients had WHO
grade IV tumours, 5 had WHO grade III tumours (1
anaplastic astrocytoma, 2 anaplastic oligodendroglioma
and 2 anaplastic oligoastrocytoma) and 8 had WHO grade
II tumours (6 diffuse astrocytomas, 1 oligodendroglioma
and 1 oligoastrocytoma). Of the WHO grade II patients,
three patients had not received previous therapy. Of these,
one was studied after starting radiotherapy when there was
clear evidence of tumour progression with the development
of marked enhancement, and the other two progressed
rapidly with evidence of recurrence shortly after the end of
radiotherapy. The other five patients were studied at the
time of tumour transformation into an apparently more
aggressive tumour based on imaging findings, but the
tumours, as is commonly done in clinical practice, were not
re-biopsied.

Of the 25 patients, 22 had evidence of tumour progres-
sion and 3 patients with glioblastomas had no evidence of
progression. Of the 25, 17 patients had been treated
previously with surgery and radiotherapy and were studied
at either tumour recurrence (n=14) or during follow up
when they had stable disease (n=3). Six patients did not
receive treatment between the DTI study and imaging to
show recurrence. In four cases this was because the patient
was undergoing surveillance imaging following surgery
and radiotherapy. In others there was evidence of progres-
sion before they could start other treatments (especially
radiotherapy). Of the remaining patients, eight underwent
radiotherapy between the two studies, nine were treated
with chemotherapy and two patients were treated with both
chemotherapy and radiotherapy.

Imaging details

Patients were imaged at 3 Tesla on a Bruker MedSPEC
S300 MR (Bruker BioSpin, Ettlingen, Germany). The
diffusion tensor imaging was performed in the axial plane
with 4-mm slice thickness and a 1-mm interslice separation
using a single-shot, spin echo, echo planar imaging (EPI)
diffusion tensor sequence. The sequence evolved slightly
over the course of these studies: initially, the sequence had
the following parameters: TR 5070 ms, TE 107 ms, FOV
25%25 cm, matrix size 128x128, providing eight slices.
Later studies used a sequence with TR 6,000 ms, TE
100 ms, FOV 20.0%x20.0 and matrix size of 100x100,
interpolated to 128 %128 for reconstruction. This sequence
provided 27 slices (whole brain coverage). For both types
of DTI sequence, each slice was collected from 12 non-
colinear gradient directions. For each direction one T, (bg)
image and five diffusion gradient-weighted images were
collected (with b-values of 318-1,570 s/mm?).
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Table 1 Details of patients studied

No. Sex Age WHO Histology Previous Interval between DTI MR Post-DTI Response to
grade therapy studies (days)  recurrence recurrence treatment post-DTI
pattern pattern therapy

I M 25 1I Astrocytoma RT 988 Diffuse Diffuse Chemotherapy Initial response

2 F 39 1 Astrocytoma RT 207 Diffuse Diffuse None Initial response

3 M 40 II Astrocytoma RT 240 Localised  Localised = Chemotherapy Initial response

4 M 42 1I Astrocytoma RT 442 Diffuse Localised = Chemotherapy Initial response

5 M 4 11 Astrocytoma None 296 Diffuse Diffuse RT Initial response

6 M 55 II Astrocytoma RT and 681 Limited Limited None N/A

chemotherapy

7 M 33 1I Oligoastrocytoma  RT 232 Diffuse Diffuse Chemotherapy Initial response

8 M 46 1 Oligodendroglioma None 169 Diffuse Diffuse RT Initial response

9 F 38 I Anaplastic RT 43 Diffuse Diffuse RT No response
astrocytoma

10 M 41 1 Anaplastic None 358 Diffuse Diffuse RT Initial response
oligoastrocytoma

11 F 53 1II Anaplastic RT 112 Limited Diffuse None N/A
oligoastrocytoma

12 M 46 1 Anaplastic RT 136 Diffuse Diffuse Chemotherapy Initial response
oligodendroglioma

13 F 58 1I Anaplastic RT 353 Localised  Localised = Chemotherapy Initial response
oligodendroglioma

14 M 23 IV Glioblastoma None 412 Localised  Localised  RT then Initial response
multiforme chemo

IS5 F 31 IV Glioblastoma RT - Limited Limited RT Initial response
multiforme

16 M 32 1V Glioblastoma None 66 Diffuse Diffuse RT No response
multiforme

17 M 32 1V Glioblastoma RT 105 Localised  Localised = Chemotherapy No response
multiforme

18 F 37 1V Glioblastoma RT 44 Localised  Localised = Chemotherapy No response
multiforme

19 F 37 1V Glioblastoma RT and - Limited Limited None N/A
multiforme chemotherapy

20 M 47 IV Glioblastoma RT 272 Localised  Localised = Chemotherapy Initial response
multiforme

21 F 55 IV Glioblastoma None 265 Localised  Localised RT Initial response
multiforme

22 M 60 IV Glioblastoma None 173 Diffuse Diftuse RT Initial response
multiforme

23 F 60 IV Glioblastoma RT 606 Localised  Localised  RT then Initial response
multiforme chemo

24 F 60 IV Glioblastoma RT - Limited Limited None N/A
multiforme

25 M 79 1V Glioblastoma None 29 Diffuse Diftuse None N/A
multiforme

RT Radiotherapy

Data reconstruction and DTI analysis

The method of image reconstruction has been previously
described [9]. Briefly, processing was performed using an

in-house program implemented in MATLAB (The Math-
Works, Natick, MA), following the method proposed by
Basser [12]. For each voxel, the eigenvalues (A1, Az, A3)
were computed, and then used to calculate the isotropic
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component, p, and the anisotropic component of the
diffusion tensor, ¢q. These were calculated on a voxel-by-
voxel basis to produce maps of both the p and ¢
components.

These maps were coregistered to the T,-weighted
images using VTK CSIG (Computational Imaging
Sciences Group, Kings College, London, UK) [13].
Regions of interest were drawn around the area of
obviously reduced anisotropy on the ¢ map, and this was
superimposed on the p map where another region was
drawn around the isotropic abnormality. The pattern of the
differences between the two maps was examined. This was
compared to imaging performed at time of recurrence.
Patterns of DTI abnormality were defined as diffuse if the p
abnormality exceeded the ¢ abnormality by more than
0.5 c¢cm in all directions, localised if the p abnormality
exceeded the g abnormality by more than 0.5 cm in one
particular direction, and a minimal pattern if the p
abnormality was similar to the g abnormality.

Follow-up imaging and assessment of recurrence
patterns

Follow-up imaging was performed on clinical grounds at
1.5 Tesla (Signa CV/I, GE, Milwaukee, WI). Imaging
consisted of a minimum of an axial T,-weighted fast spin
echo sequence (TR 6,000 ms, effective TE 106 ms, FOV

Initial Study

Fig. 1 a—c An example of a diffuse pattern of glioma growth. This
46-year-old man (patient 12) was diagnosed with a WHO grade III
anaplastic oligodendroglioma 4 years prior to the study, when he had
been treated with surgery and radiotherapy. He was imaged before
starting chemotherapy (a). DTI study showed a p abnormality (shown

22.0%x16.0, matrix 320x256, with a slice thickness of
6.0 mm with 1.0 mm gap), and a pre- and post-gadolinium-
enhanced T;-weighted spin echo sequence (TR 500 ms, TE
9 ms, FOV 22.0x22.0, matrix 256x224, with a slice
thickness of 6.0 mm with 1.0 mm gap). The image used for
this study was the one taken at the time of initial clinical
progression as defined by the patient developing features of
clinical deterioration when the oncologist was considering
further therapy. These images were examined by experi-
enced neuroradiologists, and the direction of abnormality
on T,-weighted images at tumour recurrence was com-
pared to the pre-treatment T,-weighted images to assess
pattern of recurrence. The assessor was blinded to the result
of the DTI data. In cases where the area increased in all
directions, this was referred to as a diffuse recurrence.
Where the signal increased in a particular direction, this
was referred to as localised recurrence. The minimal
recurrence patterns exhibited little difference between the
two sets of images.

Results

Examples of tumour recurrence patterns are shown in
Figs. 1, 2 and 3. The mean interval between studies (+SE)
was 406+102 days for WHO grade II tumours, 200+
65 days for WHO grade III tumours and 219+64 days for
WHO grade IV tumours. Only nine patients had a further

At recurrence

in red) that was larger than the g abnormality (shown in green) in all
directions (b). He received four cycles of temozolomide and initially
remained clinically well, progressing after completing the fourth
cycle. At recurrence there was a diffuse increase in the size of the
enhancing lesion on T,-weighted imaging (c)
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Initial study

Fig. 2 a—c An example of a localised growth pattern in a 32-year-
old man (patient 17) with a right parietal glioblastoma previously
treated with surgical excision and post-operative radiotherapy. He
was studied with DTI at the time of recurrence. The images show a
T,-weighted image of the initial tumour (a), a map of the isotropic
component of the DTI (p, effectively the mean diffusivity) (b), and a
T,-weighted image performed after tumour progression on PCV

Initial study

Fig. 3 a—c An example of minimal progression in a 37-year-old
woman (patient 19) who had been diagnosed with an occipital
glioblastoma 4 years previously. She had undergone surgical
resection followed by radiotherapy, but relapsed 2 years later. She
was then managed with repeat resection, three cycles of PCV
chemotherapy, and was retreated with radiotherapy (45 Gy in 30
fractions). She was studied with DTI 2 years after finishing the
second course of radiotherapy. a The T,-weighted abnormality and

At recurrence

chemotherapy (c¢). These images have been coregistered with the
isotropic diffusion tensor abnormality (shown in green) and
anisotropic tensor abnormality (shown in red) superimposed.
There is an area posteriorly where the isotropic abnormality is
greater than the anisotropic abnormality. Follow-up imaging with
tumour progression shows an overt tumour growing in a localised
pattern in the area predicted by DTI

22 years later

b a map of the isotropic component of the diffusion tensor with the
isotropic abnormality (shown in green) and anisotropic components
(shown in red) outlined. There is little difference between either of
these abnormalities and the T,-weighted abnormality. ¢ A gadolin-
ium-enhanced T,-weighted abnormality performed 2.5 years after
the previous study. It shows no evidence of tumour progression. The
patient remains well
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MRI study; this includes the three patients with stable
disease. Of the remainder, 10 had no further imaging as
their clinical state deteriorated rapidly on recurrence and 6
had a CT study only.

Diffuse pattern of DTI abnormality

A diffuse pattern of DTI abnormality was seen in 12
patients. The mean interval between studies in this group
was 261+75 days. This included six WHO grade II
tumours, and three each of the WHO grade Il and WHO
grade IV tumours. Of these 12, 10 had either had no
surgical procedure before treatment or just a biopsy.
Approximately half (5 of 12) had been treated with
radiotherapy. In all of these patients the tumour recurrence
showed a generalised increase in the size of the tumour. An
example is shown in Fig. 1.

In 7 of 12 patients, the gadolinium enhancement
mirrored the changes in T,-weighted abnormality. Of the
other five patients, one subsequently showed a diffuse
increase in enhancement.

Localised pattern of DTI abnormality

Localised DTI abnormality was seen in eight patients.
The mean interval between studies in this group was 287
+62 days, and there was no significant difference
between the interval for this group and the diffuse
group. This group included six WHO grade IV tumours
and one each of WHO grade II and III gliomas. Of the
eight, six had previously been treated with surgical
resection and all but two had received radiotherapy before
the DTI study. In three of these patients, there were
abnormalities in both the p (isotropic) and ¢ (anisotropic)
components in regions with normal T,-weighted signal.
In the other patients, the isotropic abnormality (p) was
larger than the anisotropic component (g) within areas of
abnormal T,-weighted signal. In all cases further tumour
regrowth occurred in the direction in which the p
abnormality exceeded the g abnormality. An example is
shown in Fig. 2.

In half these patients, the gadolinium-enhanced abnor-
mality mirrored the changes in T,-weighted abnormality.
Three of the other patients subsequently showed a diffuse
increase in enhancement on later imaging.

Minimal pattern of DTI abnormality

The isotropic abnormality (p) was similar to the aniso-
tropic component (g) in five patients. One of these
patients subsequently progressed in a diffuse growth
pattern within 4 months of imaging. This patient had a
large bihemispheric WHO grade III anaplastic oligoas-

trocytoma that had infiltrated most of the surrounding
white matter on initial imaging. One patient who had a
recurrence 3 years after biopsy and radiotherapy for a
WHO grade III anaplastic astrocytoma also showed a
minimal abnormality on DTI. After imaging she under-
went PCV chemotherapy, and although she has definite
evidence of tumour progression, remains alive and well
2.5 years after imaging. In a further three patients with
WHO grade IV glioblastomas, there was no evidence of
tumour recurrence or growth after radiotherapy. The
patients have remained free of disease progression over
2.5, 3 or 5 years of follow up. An example is shown in
Fig. 3.

Misclassified patients

Table 2 describes the effect of various factors on the
ability of DTI to predict recurrence patterns. In total, three
patients (12%) were misclassified using this technique.
They included one WHO grade II astrocytoma, and two
WHO grade III patients (one an anaplastic astrocytoma
and one an anaplastic oligoastrocytoma). All three patients
had received radiotherapy prior to the DTI study
(compared to 13 in the correctly classified group). Two
patients were treated after the DTI study, one was
retreated with radiotherapy, and one was started on PCV
chemotherapy.

Table 2 Effect of factors on the prediction of recurrence patterns
with DTI

Correctly classified Misclassified

(n=22) (n=3)

Tumour grade

WHO grade 11 7 1
WHO grade 111 3 2
WHO grade IV 12 0
Previous therapy

Surgical resection 10 1
Biopsy 6 2
Radiotherapy 13 3
Chemotherapy 3 0
Therapy between DTI study and follow up

None 5 1
Radiotherapy 6 1
Chemotherapy 8 1
Radiotherapy and chemotherapy 3 0
Response to therapy

N/A 6 1
No response 5 1
Initial response 11 1
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Discussion

By splitting the diffusion tensor into its isotropic and
anisotropic components it is possible to define two regions
around a tumour: immediately around the central part of the
tumour is an area with reduced anisotropy which
corresponds to gross tumour, and surrounding this area is
a region of increased isotropic but normal anisotropic
diffusion which correlates with tumour infiltration. These
findings have been previously verified using image-guided
biopsies [10], where this technique was shown to correctly
identify tumour infiltration in 19 out of 20 cases. This
compared to conventional gadolinium-enhanced T,-
weighted MR, which could only identify the extent of
infiltration in 11 out of the 20 cases, and T,-weighted MR,
which could correctly identify 12 out of the 20 cases.

We have identified three patterns of growth from the
initial DTI study, namely a diffuse abnormality that
corresponds to generalised tumour growth in most cases,
a more localised abnormality that predicted further tumour
growth in that direction, and a minimal abnormality that
might be a predictor of improved survival and slower
tumour growth. In this study we have shown that, using
these techniques, we can identify patterns of tumour
recurrence.

Understanding the pattern of glioma recurrence might
allow us to identify the appropriate treatment for the
individual patient. There is evidence that gliomas can be
considered as both local and systemic diseases. Hochberg
and Pruitt were able to show that most gliomas recurred
within 2 cm of the original tumour [14]. This was later
confirmed on MRI by Albert et al. who showed that 80% of
glioma recurrences emerged from areas of enhancement
[15]. Yet biopsy studies suggest that gliomas extend
beyond the limits seen on imaging [16—18], and cells with
the characteristics of gliomas can be cultured in tissue
taken over 4 cm from the obvious tumour edge [19].

Current treatment modalities, and especially radiother-
apy, try to deal with both problems. Radiotherapy treatment
volumes are planned to include the whole tumour (gross
tumour volume, GTV) and then expanded in all directions
to produce a generous margin designed to include micro-
scopic infiltration (clinical target volume, CTV). For
glioblastomas, this margin is typically 2.5 ¢cm around the
edge of the gross tumour. A further 0.5-cm margin is
applied to account for positioning and set-up errors (the
planning target volume, PTV). Data on the tolerance of the
normal brain to radiotherapy suggest that a total dose of
60 Gy given in 30 fractions has approximately a 5% risk of
producing radiation necrosis within 5 years of treatment
[20]. Yet this dose is not sufficient to control the tumour,
since virtually all patients with high-grade gliomas treated
to 60 Gy recur within the central high-dose area [21, 22].
Dose escalation studies suggest that doses of the order of
90 Gy can control tumour growth, at the expense of
radiation necrosis developing in about a third of patients

[23]. There have been recent attempts to improve tumour
localisation using imaging techniques, for example MR
spectroscopy [24], diffusion tensor MRI [25] and PET
imaging [26]. These studies have shown that these
techniques can be incorporated into radiotherapy planning
and that they can reduce the size of the CTV. In turn this
should allow dose escalation without increasing the risk of
radiation necrosis in areas of normal brain [25].

Clinical experience suggests that tumours of the same
grade can behave differently; some simply increase in size,
while others are highly infiltrative. If we can predict
potential recurrence patterns we could individualise ther-
apy to that patient. This applies both to the choice of
treatment, and the specific details of that treatment, such as
radiotherapy treatment volumes. Patients with diffuse
tumours, for example, would need treating with more
widespread therapy. This could entail radiotherapy with
wide margins, systemic chemotherapy or the local
application of drugs that diffuse over large distances.
More localised patterns of recurrence might be suitable for
more aggressive surgical resection including integrating
advanced imaging techniques (e.g. MR spectroscopy) into
image guidance systems to determine the tumour margin
more accurately, more targeted radiotherapy, possibly
using an intensity modulated technique [25], and more
directed local therapies to the areas likely to lead to
recurrence. The development of convection-enhanced
delivery allows the local administration of various drugs
directly into the peritumoural area without the problems of
penetration of the blood-brain barrier. If the sites of likely
tumour spread and hence the likely recurrence is known,
these therapies could be directed to these regions.

Other studies have also found that tumour imaging can
predict recurrence. Using early gadolinium-enhanced
conventional MRI, Ekinci et al. showed that the presence
of nodular enhancement predicted recurrence [27]. Only 1
of their 16 patients exhibiting thin linear enhancement
within 24 h of surgery recurred within the year. Pirzkall et
al. showed that MR spectroscopic (MRS) abnormalities
could predict sites of new contrast enhancement in high-
grade gliomas and could correlate with the time to onset of
new contrast enhancement [24]. Studies using imaging
techniques to look at glioma outcomes have shown that
glioblastomas exhibiting enhancement, multifocality, ex-
tensive oedema or satellite lesions have a worse prognosis
[28]. Imaging studies suggest that gliomas with increased
perfusion [29, 30] and hlgher metabolic rate as determined
by FDG PET [29 or = C-methionine PET [31] have a
poorer prognosis.

In this study we have used the T,-weighted signal as our
measure of tumour recurrence. There is a commonly held
view that the high signal on T,-weighted images represents
oedema. This is not completely true as numerous biopsy
studies have shown that the infiltrating tumour margin
extends at least as far as the T,-weighted abnormality.
Johnson studied tumour spread in post-mortem brains and
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found that the tumour margin correlated well with the area
of T,-signal abnormality [32]. In a study that used serial
stereotactic biopsies on 40 patients with gliomas, Kelly et
al. found histological evidence of tumours in areas with a
normal T, signal in 16% of biopsies and a normal T, signal
in only 4% of biopsies [18]. They concluded that tumour
cell infiltration extends at least as far as the abnormal T,
signal in high- and low-grade gliomas. Animal models of
developing tumours suggest that areas of increased T,-
weighted signals are the first markers of tumour develop-
ment and precede T, signal changes [33]. In most cases we
found that the gadolinium enhancement mirrored these T»-
weighted changes. It must be remembered that the
gadolinium enhancement is due to contrast leakage through
aneovasculature that occurs later in the development of the
tumour. As a result it is not surprising that these changes in
enhancement occur later than the changes in the T,-
weighted signal which appear to be due to changes as a
result of tumour infiltration.

There are a number of limitations of our study. The main
problem is that this is a retrospective study of a heteroge-
neous group of patients that were selected for other studies.
Table 3 shows the numbers of patients that were treated
previously with some assessment as to the success of
treatment. Most of the patients had already been treated
with surgery and radiotherapy and were studied at either
recurrence or with stable disease. Although we excluded
patients who underwent surgical resection as this could
alter the location of white-matter tracts, we have included
patients that received radiotherapy or chemotherapy. We
doubt, however, that either radiotherapy or chemotherapy
will alter the pattern of imaging and clinical relapse since
we found similar patterns in the eight patients that had not
received any treatment and the treated patients who were
imaged at recurrence. Since most patients treated with
radiotherapy recur within the treated volume, this treatment
is not likely to alter the pattern of recurrence [21, 22]. It is
interesting to note, however, that all three patients

Table 3 Heterogeneity of patients studied

Treatment n

No previous adjuvant therapy given (n=9)

Relapse after initial response to radiotherapy 6
Progression without response to therapy 2
Significant progression before starting RT 1

Previous adjuvant therapy (n=16)
Further adjuvant therapy

Progression after initial response 7
Progression without response 3
No further treatment

Stable disease 3
Recurrence during surveillance 3

misclassified by DTI had received radiotherapy prior to
the DTI study.

The majority of patients with high-grade gliomas fail to
respond to chemotherapy. Those that do respond initially
progress later in the same location, suggesting that this
treatment will have little effect on the recurrence pattern.
The final treatment received by 19 of 25 patients was
dexamethasone. This is known to alter the diffusion
properties around the tumour, but has its main effect on
the isotropic measures of diffusion rather than anisotropic
diffusion [34]. This would suggest that dexamethasone
would uniformly reduce the isotropic abnormality around
the tumour and thus underestimate the extent of the tumour
infiltration. An image-guided biopsy study has shown that
this is not the case [10].

It is clear that the diffuse and localised groups may
describe different groups of patients. There were lower
grade tumours in the diffuse group who had at most been
biopsied, whereas the localised group had more glioblas-
tomas that were largely resected before receiving radio-
therapy. It was not the aim of this study to look at the
clinical factors that were involved in patterns of tumour
recurrence, rather to see if DTI could predict these
patterns. As a result, we feel that the effects of hetero-
geneity are less important for the reporting of the results
of this study.

One possible interpretation of the differences between
the diffuse and localised groups would be the timing of
imaging. It is quite possible that if the diffuse group were
imaged sooner they would demonstrate an initial localised
recurrence pattern. Similarly, the localised group might go
on to develop a diffuse recurrence pattern. At the time of
this study it was our usual practice to image patients only at
the time of clinical progression. In other words, the timing
of the repeat imaging was determined by clinical factors
which we would expect to be similar in both groups. In
fact, using this time point, the interval between studies for
the diffuse and localised groups was not significantly
different. Future studies are clearly needed to confirm these
findings in a larger cohort of patients of similar tumour
grade treated in a more uniform fashion and studied
prospectively with a standard follow-up pattern.

Conclusion

This study has shown that the use of diffusion tensor
imaging can predict patterns of tumour recurrence. By
looking at the patterns of either tumour infiltration or occult
tumour not seen on conventional MR sequences, it is
possible to classify tumours into three categories: those
with a diffuse abnormality that predicts generalised
increase in tumour size; a localised abnormality that
predicts more localised recurrence; and in a few patients, a
limited abnormality that appears to predict a better
prognosis. Use of these techniques may allow individ-
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ualisation of treatments and has the advantage over
molecular markers that the data are acquired pre-opera-
tively so they can direct surgical treatments, guide biopsies
to the relevant parts of a tumour and direct local
chemotherapy treatments before tissue samples are avail-
able. A larger, prospective study based on a more
homogeneous cohort of high-grade glioma patients is

planned to investigate this further.
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