The British Journal of Radiology, 84 (2011), 271-278

Clinical target volume delineation in glioblastomas:
pre-operative versus post-operative/pre-radiotherapy MRI
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Objectives: Delineation of clinical target volume (CTV) is still controversial in
glioblastomas. In order to assess the differences in volume and shape of the
radiotherapy target, the use of pre-operative vs post-operative/pre-radiotherapy T, and
T> weighted MRI was compared.

Methods: 4 CTVs were delineated in 24 patients pre-operatively and post-operatively
using T; contrast-enhanced (T1preCTV and T1postCTV) and T, weighted images
(T2preCTV and T2pos7CTV). Pre-operative MRI examinations were performed the day
before surgery, whereas post-operative examinations were acquired 1 month after
surgery and before chemoradiation. A concordance index (Cl) was defined as the ratio
between the overlapping and composite volumes.

Results: The volumes of T1preCTV and T1pos7CTV were not statistically different

(248 + 88 vs 254 + 101), although volume differences >100 cm? were observed in 6
out of 24 patients. A marked increase due to tumour progression was shown in three
patients. Three patients showed a decrease because of a reduced mass effect. A
significant reduction occurred between pre-operative and post-operative T, volumes
(139 + 68 vs 78 + 59). Lack of concordance was observed between T1preCTV and
T1postCTV (C1=0.67 + 0.09), T2preCTV and T2postCTV (C1=0.39 + 0.20) and comparing
the portion of the T1preCTV and T1postCTV not covered by that defined on T2pgreCTV
images (C1=0.45 + 0.16 and 0.44 + 0.17, respectively).

Conclusion: Using T> MRI, huge variations can be observed in peritumoural oedema,
which are probably due to steroid treatment. Using T; MRI, brain shifts after surgery and
possible progressive enhancing lesions produce substantial differences in CTVs. Our data
support the use of post-operative/pre-radiotherapy T; weighted MRI for planning purposes.
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The current standard of care for newly diagnosed
glioblastoma (GBM) is maximal surgical debulking, fo-
llowed by adjuvant radiation therapy (RT) and temozo-
lomide chemotherapy [1]. Although RT has been a
standard post-operative treatment for GBM for more than
25 years [2], it is under continuous investigation [3], and
there are some controversies about the optimal way to
deliver this therapy [4].

Radiation treatment volume is one of these incompletely
studied issues, even if the use of CT and MRI has greatly
improved the accuracy and reproducibility of tumour
localisation and delineation. Some established national
guidelines [5, 6] have been suggested; however, currently,
there is no consensus on what volume constitutes the
optimal RT target. Also, in current glioblastoma trial
protocols (e.g. the Radiation Therapy Oncology Group
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(RTOG) 0825 phase III trial [7] and European Organization
for Research and Treatment of Cancer (EORTC) 26082—
22081 [8]), a different use of T; /T, MRI scans acquired pre-
or post-operatively has been suggested.

There are several data showing that the natural history of
GBM has a tendency for local recurrence, with complete
resection being virtually impossible because of the infil-
trative nature of this disease. More than 80% of recurrences
occur within 2 cm of the original tumour margin [9-12],
even after complete macroscopic resection. These data
support the generally accepted practice of delivering
external beam RT on the target defined by conventional
contrast-enhanced MRI (or CT). In this approach, the gross
tumour volume (GTV) includes the contrast-enhancing
lesion seen on pre-operative examination or, alternatively,
the cavity and residual enhancing lesion on post-operative
images. Then a uniform margin, of approximately 2.0 cm, is
usually added to address clinically occult glioma cells and
to create the clinical target volume (CTV). Alternatively, the
perifocal oedema visible at the pre-operative scan, with [11]
or without [10] an additional margin of approximately
2 cm, has been investigated as the CTV.
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Since target volume delineation can translate into
improved tumour control and/or reduced radiation to-
xicity, any effort should be made to identify the optimal
imaging approach. Nevertheless, the application of limited
radiation fields needs safety margins: a 2cm GTV
expansion is considered a good compromise to irradiate
about 85% of tumour cells and to simultaneously spare
healthy tissues [13]. The irradiation of normal brain can
determine atrophy and may result in late sequelae as co-
gnitive deficits, progressive global dementia, apathy and
personality changes [14-16]. These clinical findings are
consistent with extensive radiation-related damage to
brain tissues reported in histological studies [17]. An
increase in oedema indicates an alteration in vascular per-
meability whereas loss of myelin, vascular changes and
necrosis are associated with delayed reactions [18].
Radiation injury and severe clinical symptoms depend
on the irradiated volume and other radiation parameters
such as total delivered dose, fraction size and treatment
duration [19].

Herein, in order to assess possible differences in volume
and shape of the radiotherapy target, which can result in
target missing and/ or differences in the amount of normal
tissue irradiated, the use of pre-operative vs post-
operative/pre-radiotherapy T; and T, weighted MRI
were compared. For this purpose, three widely proposed
volumes for the delineation of the radiotherapy target in
patients affected by GBM were compared: (1) the
enhancing volume delineated on T; weighted pre-
operative MRI scans plus 2 cm of margin; (2) the resection
cavity and residual enhancing area plus 2 cm on post-
operative MRI examinations; and (3) the oedema identi-
fied on pre-operative T, weighted images. A further CTV
was delineated post-operatively on the T, weighted
images.

Methods and materials

Participants and study design

The MRI examinations of 24 patients (16 males and 8
females) with intracranial GBM (confirmed at histopatho-
logical examination) were analysed. All the patients had
surgical debulking using craniotomy. For surgical plan-
ning and monitoring purposes, MRI examinations were
performed the day before surgery, and 31 + 3 days (range
26-36) after surgery, before the beginning of adjuvant
chemoradiation. After MR images registration, three CTVs
were delineated: pre- and post-operatively on T; contrast-
enhanced images, and pre-operatively on T, weighted
images, as defined in detail in the image analysis section.

In order to evaluate changes after surgery owing to
steroid administration and tumour removal, a further
CTV was delineated post-operatively on the T, weighted
images.

MR acquisitions

The day before surgical resection, the multimodal MR
examination included contrast-enhanced (gadolinium-
diethylenetriamine penta-acetic acid (Gd-DTPA)) T;
weighted imaging by multislice spin echo sequence
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(repetition time (TR), 500 ms; echo time (TE), 11 ms;
slices 20, axial; slice thickness, 5 mm; field of view,
240 x 240 mm; matrix, 256 x 256; average, 1) acquired
at 3.0 T. A further T, examination was performed by a
fluid attenuated inversion recovery (FLAIR) sequence
(TR, 9000 ms; TE, 100 ms; number of social slices, 20;
slice thickness, 5 mm; field of view, 240 x 240 mm;
matrix, 256 x 256; average, 1).

1month post-operatively, the MRI examination was
repeated including both the T; weighted contrast-
enhanced images and the T, weighted images acquired
before surgery.

Image analysis

MR images were transferred to a commercial treat-
ment planning system (Eclipse, Varian Medical Systems
Palo Alto, CA), where they were matched together using
the available tools for image co-registration. Image
registration was performed by an automatic mutual
information algorithm or, when the results were not
considered satisfactory after visual inspection, by means
of 5-9 matching points on anatomical landmarks. Visual
inspection gave major relevance to the region surround-
ing the lesions. The procedure was repeated, adding or
moving landmarks, to improve the quality of registra-
tion. Tumour volumes were drawn independently by
two physicians (MA and DA). The two contours were
then simultaneously displayed and visually evaluated by
the two physicians and revised by a neuroradiologist
(GKR) to resolve any incongruence and to obtain the
definitive contour.

In detail, a GTV was delineated as the whole enhancing
portion in the pre-operative images (T1preGTV), and the
resection cavity plus (if any) enhancing residual tumour
in the post-operative examination (TlposrGTV). The
corresponding T1prpCTV and T1postCTV were obtained
by adding a 2.0 cm automatically expanded uniform mar-
gin to the corresponding GTVs. The obtained CTVs were
then manually reduced in the vicinity of anatomical
barriers for tumour spread (i.e. skull, tentorium, falx
cerebri).

Furthermore, to draw T2prgCTV and T2postCTV, the
area of high signal intensity was delineated on T,
weighted pre- and post-operative images, without adding
any margin.

The differently delineated volumes were calculated in
each patient, and compared with each other by paired
Student’s t-test.

To further compare two differently delineated CTVs
(CTViand CTVyy), the overlapping volumes (CTV; N CTVy)
and the composite volumes (CTV; U CTVy) were calculated
(Figure 1) by the treatment planning system, and a con-
cordance index (CI) was defined as the ratio between the
overlap and composite volumes according to the following
equation:

CI=(CTV; N CTVy)/(CTV; U CTVy)

Higher scores of CI mean better concordance between
the two considered CTVs; low scores of CI mean worse
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Figure 1. To compare two differently delineated volumes
(a), represented by continuous and dashed lines respectively,
the overlapping volume (b) and the composite volume (c)
were calculated.

concordance and, therefore, a markedly different irradia-
tion of tumour and brain volumes.

Finally, a discordance clinical target volume Dcry
defined as:

DCTV(I VS H) = CTV] — (CTV[ ﬂ CTV][)

was used to identify the volume of CTV| not covered by
CTVp.

Assessment of tumour progression before
radiotherapy

When a large CTV increase was measured between pre-
operative and post-operative/pre-radiotherapy T; con-
trast-enhanced images, the early post-operative T; MR
examination performed within 48 h after surgery was
retrospectively evaluated to better assess the increased
extent of blood-brain barrier leakage. A contrast-enhanced
(Gd-DTPA) multislice spin echo sequence had been
acquired at 1.0 T (TR, 600 ms; TE, 11 ms; number of axial
slices, 20 slice thickness, 5 mm; field of view, 220 x 220 mm;
matrix, 256 x 256; average, 1).

Results

Target volumes

The mean values of the delineated volumes are shown in
Table 1. The CTVs (and the corresponding GTVs) calcu-
lated on T; pre-operative images were not significantly (ata
0.05 level) different from those calculated on T; post-
operative images. However, volume changes larger than
30 cm® were observed between pre-operative and post-
operative GTVs. Accordingly, comparing T1preCTV with
TlpostCTV (Figure 2), volume differences >100 cm?® were
observed in 6 out of 24 (25%) patients: a marked volume
increase owing to tumour progression in 3 out of 24 (12.5%)
patients (patients 1, 6 and 14) and a marked volume
decrease owing to reduced mass effect in 3 out of 24 (12.5%)
patients (patients 2, 8 and 23).

In Figure 3, the increased extent of blood-brain barrier
leakage observed in patient 14 is shown; the MR
examination performed within 48 h after surgery enabled
better assessment of tumour progression.

Both TlpreCTV and TlposrCTV were significantly
higher than T2preCTV (p < 0.05). Because a significant
reduction in the volume of oedema occurred post-
operatively, T2posrCTV was significantly (p < 0.05) lower
than TZPRECTV

Figure 4 shows how CTVs were defined and shows an
example (patient 8) with marked differences among the
volumes delineated because of a reduced mass effect.

Overlapping and discordance volumes

The overlapping volumes (Table 1) showed incomp-
lete concordance between TlprpgCTV and TlpogrCTV.
Furthermore, comparing the overlapping volumes
TlpRECTV N TZPRECTV and TlPOSTCTV N TZPRECTV with
the whole T2preCTV (122 and 118 vs 139 cm?), it appeared
that more than 80% of the T2prgCTV was covered by the
CTVs delineated on T; images. The overlapping CTVs are
shown in Figure 2 and their comparison with the CTVs
identifies the Dcry. Large T2preCTVs, which were not
covered by the two CTVs delineated at T; images, occurred
only in patients 5 and 11. A larger D1y was observed when
comparing the portion of the CTV defined on T; images that

Table 1. Delineated volumes, overlapping clinical target volume and concordance indexes

MR images Mean +SD Range
Gross tumour T1preGTV 37 + 26 2-94
Volume (cm?) T1postGTV 39 + 39 7-178
CTV (cm?) T1preCTV 248 + 88 97-473
T1postCTV 254 + 101 138-501
T2preCTV 139 + 68 24-254
T2pos7CTV 78 + 59 15-236
Overlapping CTVs (cm®) Tlpre N TlposT 202 + 73 92-353
T2pre N T2posT 61 + 44 3-153
T1pre N T2pre 122 + 59 24-219
T1post N T2pre 118 + 54 24-196
Concordance index (CTVs) T1pre VS Tlpost 0.67 + 0.09 0.52-0.88
T2pre VS T2posT 0.39 + 0.20 0.09-0.75
T1pre VS TZPRE 0.45 + 0.16 0.15-0.73
T1post VS T2pre 0.44 + 0.17 0.14-0.73
Concordance index (GTVs) T1pre Vs Tlpost 0.37 + 0.15 0.08-0.60

GTV, gross target volume; CTV, clinical target volume; SD, standard deviation.
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Figure 2. Clinical target volumes (CTV) (in cm?) and the respective overlapping volumes in each patient examined by T1pge,
T1post and T2pge scans. For every pair of examinations, the volume of CTV, not covered by CTV,, i.e. the discordance clinical

target volume D¢y, can be easily extrapolated.

was not covered by that defined on T2prg images. The mean
volume of TlpogrCTV not covered by TlpreCTV, ie.
Derv(Tlpost vs Tlprg), was 52 + 53 cm® and the corre-
sponding brain volume covered by T1preCTV but outside
TlpostCTV, i.e. Dery(Tlpre vs Tlpost), was 46 + 36 cm>. In
patient 2, more than 120 cm? of brain tissue that was not
included in the T1posrCTV was included in the T1prCTV;
in patient 14, a substantial incomplete (about 170 cm?)
coverage of the more reliable T1posrCTV occurred; in pa-
tient 11, both a potential missing of the target (about 40 cm®)
and brain irradiation (about 55 cm®) would occur if the
T1preCTV was used instead of the T1posrCTV as the target.

Concordance indexes

Comparing pre- and post-operative T; volumes, the CI
values increased from the GTVs to the CTVs as an effect of
the isotropic 2.0 cm expansion (Table 1). However, even
this higher CI showed that marked changes occurred
between the pre-operative and the post-operative scans.
The low CIs obtained by using T2prprCTV were the result
of the substantial changes in the amount of oedema after
surgery (comparing T2preCTV vs T2postCTV) and of the
smaller volume of T2preCTV with respect to the two CTVs
delineated on the T, images (T1preCTV vs T2preCTV, and
TlpOSTCTV Vs TZPRECTV)

Discussion

Delineation of CTV in the planning of post-opera-
tive irradiation of GBM is controversial, producing
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non-uniform CTV sizes and RT fields. As a consequence,
target volumes can change considerably according to
different treatment guidelines.

The macroscopic extension of GBM tumour is usually
identified with the whole enhancing portion on the pre-
operative images, or with the resection cavity plus the
possible enhancing residual tumour on the post-opera-
tive examination. On the other hand, the delineation of
the CTV, i.e. of the microscopic tumour extension, is an
unresolved issue, since the spread of tumour cells in the
infiltrating and not enhancing portion is poorly detect-
able by the clinical imaging methods currently available.

Simple MRI techniques, such as those used in our
study, are inadequate for precise volume delineation in
GBM, but other imaging techniques using MR or radio-
tracers [20, 21] have been able to identify the metabolically
active tumour tissues within the anatomical region of
interest and could be used in clinical routine. Advanced
MR approaches, such as spectroscopy and diffusion
tensor imaging, resulted in a better correlation with
histopathological findings [22-24] and the pattern of
recurrence during follow-up [25-27]. Furthermore, data
of biopsy specimens of infiltrating tumour tissue showed
promising sensitivity and specificity of ''C-methionine
positron emission tomography [28], which also appeared
able to identify areas at high risk of recurrence [29].
However, these advanced methods are not yet completely
established and further investigations are warranted
before their acceptance as guidelines in clinical practice.
A thorough and complete discussion of the use of new
biological functional imaging methods for more accurate
target delineation is beyond the scope of this paper.
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Figure 3. Increased extent of blood-brain barrier leakage observed in patient 14. The contrast-enhancing tumour portion,
which is visible on the pre-operative MRI (a), was reduced by surgical resection, as confirmed by early post-operative MRI (b) that
was performed within 48 h after surgery. Tumour progression occurred during the time that elapsed before the beginning of
radiotherapy, with an enlargement of the contrast-enhancing volume in the pre-radiotherapy images (c), which produced a

T1p0stCTV larger than the T1preCTV.

Currently, in clinical practice, only conventional CT/
MRI methods are routinely applied, on the basis of their
proven correlation with the histopathological observa-
tion and/or with the pattern of recurrence. Ante- or post-
mortem CT/MRI compared with ante- or post-mortem
pathological observations in patients with untreated
high-grade glioma have shown macro- and microscopic
tumour extension within a 2 cm margin of the original
visualised mass [13]. Furthermore, the recurrence pat-
terns after irradiation, documented by CT/MRI, have
shown that more than 90% of the tumours recur within a
2 cm margin of the primary site [9-12]. To date, on the
basis of these findings, the prevalent approach is to
define the CTV as the GTV plus an additional margin of
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2-3 cm, which can be reduced in the vicinity of
anatomical barriers for tumour spread.

Alternatively, the perifocal oedema is proposed as the
CTV, since it has been supposed to contain infiltrating
tumour cells [30, 31]. However, analysis of the recurrence
patterns showed that the complete irradiation of perifo-
cal oedema (with [11] or without [10] expansion) was not
found to be necessary. Moreover, peritumoural oedema
did not accurately correlate with the presence of tumour
cells detected at histological examination [32, 33]. These
data suggest that peritumoural oedema merely coexists
with infiltrating tumour cells, and that it may simply
represent the result of mass effect and of tumour-
secreted vascular permeability factors. Accordingly, our
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(d)

Figure 4. Pre-operative (white line) and pre-radiotherapy (black line) Clinical target volumes (CTV) contours of patient 8.
Representative sections of T; pre-operative (a), T; pre-radiotherapy (b), T, pre-operative (c) and T, pre-radiotherapy (d) show a
decrease in CTV because of the reduced mass effect and reduced oedema.

data showed a significant decrease in the volume of
oedema between pre-operative and post-operative T,
MRIs. Since this was presumably due to gross tumour
removal and steroid treatment, our data confirm that
factors other than the presence of infiltrating tumour
cells determine the extension of peritumoural oedema.
The proximity to the GTV is a widely accepted factor
in predicting the initial site of recurrences, but the use of
contrast-enhanced T; MRI for its delineation is not yet
standardised. The pre-operative examination, needed for
planning surgical treatment, is routinely used in many
countries to also plan radiation therapy. The acquisition
of a post-operative contrast-enhanced scan performed
within 48 h has been recommended [5], in order to
differentiate between enhancing residual tumour and
post-operative changes. However, several problems limit
the possibility of undertaking these scans within 48 h:
physical difficulties in the initial post-operative period
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(neurological disabilities, wound healing, etc.), limited
ability to adopt an adequate set-up during the examina-
tion and trouble in using the immobilisation casts, and
scheduling problems since the referral for radiotherapy
is frequently done only after the histopathological
confirmation of disease.

Even in the literature regarding the pattern of recur-
rence, the correlation between follow-up analysis and
expanded GTV was reported using both pre-operative
[10, 12] and post-operative/pre-radiotherapy [9, 11]
examinations.

Our data clearly show that the two methods can re-
sult in different treatment volumes. Despite there being
no significant differences observed when comparing
T1preCTV with T1postCTV volumes, substantial differ-
ences were observed as a result of tumour displacement
after surgery or tumour progression. The reduction in
the mass effect after surgery can produce brain shifts,

The British Journal of Radiology, March 2011



CTV in glioblastoma by pre-operative vs post-operative MRI

which could significantly affect the dose distribution if
it is planned on pre-surgical examinations. In our data,
the average brain area of 46 cm® could be within the
TlpRECTV, but outside the TlpOSTCTV. As a conse-
quence, planning the radiotherapy based on the
T1preCTV  could potentially irradiate large brain
volumes at full dosage that are not included in the
T1postCTV.

Furthermore, since tumour progression in GBM was
observed both after surgery [34] and during RT [35],
it is difficult to determine the most appropriate time
for baseline RT imaging. Comparing TlpreGTV with
TlpostGTV, our data showed a markedly larger enhan-
cing volume in 3 out of 24 patients. This suggests that
true tumour progression occurs during the time elapsed
between surgery and the beginning of adjuvant therapy.
Thus, the use of T1prgCTV could produce an incomplete
coverage of the tumour volume T1pogrCTV.

Conclusions

As supported by our data, the delineated CTV
depends on the MRI sequences used (T» vs T1) and times
of acquisition (pre- vs post-operative). Relevant spatial
and volumetric differences occurred in 25% of the 24
patients analysed.

To plan radiotherapy, a post-operative contrast-en-
hanced Ty MR examination performed before the begin-
ning of adjuvant chemoradiation should be preferred to
pre-operative data. This provides a more reliable way to
delineate the “adapted” CTV. The availability of a post-
operative/pre-radiotherapy MRI examination allows con-
sideration of brain shift after surgery and a proper
assessment of the tumour status before adjuvant treat-
ment. Such assessment provides a better baseline for an
adequate follow-up.
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