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Background: To evaluate mean apparent diffusion coefficient (ADC) values on pre-radiotherapy magnetic
resonance (MR) at sites that gave rise to glioblastoma (GBM) recurrence compared to similar surrounding
background tissue that did not progress to tumor.

Methods: Twenty out of 110 consecutive patients with pathology proven GBM treated at our institution
from 1/1/2009 to 5/31/2012 had definitive recurrence 6 months following radiotherapy. In this single-
center retrospective cohort study, pre- and post-radiotherapy MR brain exams were evaluated. Sites of tumor
recurrence on post-therapy exams were co-localized to pre-therapy exams and the background tissue type
which gave rise to tumor was noted (i.e., T2 hyperintensity, normal appearing white or gray matter). Similar
surrounding background tissue not progressing to tumor was also selected. Two radiologists compared mean
ADC values on pre-radiotherapy MR for sites which gave rise to future tumor recurrence and sites of similar
background tissue.

Results: Pre-radiotherapy mean ADC values were significantly lower in regions of future tumor recurrence
than in regions of surrounding background tissue not progressing to tumor (P=0.003). There were no
significant quantitative differences on T1-weighted pre contrast (P=0.50) or T2-weighted (P=0.10) sequences
between sites. There was strong interobserver agreement with an intraclass correlation of 0.867 for ADC
values at sites of future tumor recurrence and background tissue.

Conclusions: Mean ADC values may help predict sites of future gross tumor recurrence in GBM, which
could be helpful in radiation therapy planning.
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Background

Glioblastoma (GBM) is the most common and deadly
primary brain tumor (1). Accounting for 20% of all
intracranial tumors, the average life expectancy after
diagnosis remains 14 months despite intense research and
significant advances in therapy and imaging (1,2) The
current standard of care in patients with newly diagnosed
GBM involves surgical resection, oral temozolomide
chemotherapy and targeted radiation therapy (2,3).
Nevertheless, GBM often recurs or progresses following
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adjuvant therapy because of the topographically diffuse and
infiltrative nature of the disease (2,4).

Magnetic resonance (MR) of the brain has evolved into
an essential tool with a multi-parametric approach that
allows for noninvasive characterization and surveillance
of these aggressive tumors. Pre- and post-radiotherapy
MR is a standard means of assessing for tumor recurrence
and determining radiation planning target volumes (1).
Pre-treatment radiation planning is primarily based on

contoured volumes generated on the MR T1-weighted
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Figure 1 Published ADC values for normal, tumor, and benign altered brain tissue: previous authors have reported on ADC values of

normal brain tissue, tumor recurrence and non-tumor inflammation or injury which suggests ADC can be a useful tool in differentiating

these types of tissue on tumor surveillance imaging. ADC, apparent diffusion coefficient.

post contrast and T2/fluid-attenuated inversion recovery
(FLAIR) sequences with a small margin around the
abnormal region (1).

A major challenge in treating GBM is distinguishing the
extent of tumor from other inflammatory processes such as
peritumoral edema, treatment-induced pseudoprogression
or radiation necrosis (2,5,6). Conventional T1-weighted
post contrast and T2/FLAIR MR sequences are widely
utilized to assess tumor extent and define the radiation
target volume for radiotherapy. Pseudoprogression, like
tumor recurrence, can appear as abnormally increased
T1-weighted post gadolinium signal on MR sequences
within 2 months of radiotherapy but in contrast to new
tumor typically recovers or stabilizes spontaneously over
serial exams (2,7). Similarly, radiation necrosis can appear
as late enhancement 3-12 months after radiotherapy and
can be confused with new tumor recurrence, but reflects
treatment-induced cell death of brain tissue and may not
resolve over time (2). Since suspected peritumoral edema
on T2/FLAIR sequences is not always included in the
radiation planning target volumes, it is critically important
to correctly identify tumor from other similar appearing but
benign signal abnormalities.

Several physiology-based MR imaging methods show
promise in discriminating between tumor and benign
altered tissue. Diffusion-weighted imaging (DWI) utilizes
the motion of water protons in tissues, and can generate
quantitative measures including the apparent diffusion
coefficient (ADC) to differentiate tumor from surrounding
tissue based on the microstructure and cellular integrity
of the tissue (5,8). The DWI sequence with ADC maps
is almost universally acquired on MR brain exams but
these are not widely used to define radiation target
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volumes for radiotherapy. Necrosis, whether caused by
chemoradiotherapy or tumor growth, degrades normal
cellular structure to varying degrees and increases the ADC
of tissue (9). Several prior studies have reported ADC values
in neoplastic tissue, peritumoral edema or post-treatment
change, and normal head and neck tissue (8,10-12), and
these studies have generally found on post-treatment MR
exams that mean ADC values of tumor recurrence fall
between the mean ADC values of normal brain tissue and
peritumoral or post-treatment tissue changes (Figure I).

However, few studies have evaluated ADC values of
the same tissue in relation to the pre- and post-treatment
MR exams. In this investigation, we hypothesized that the
brain tissue in regions of future tumor recurrence have
pre-treatment ADC values different from those of other
similar regional tissue despite a lack of visible differences
on post gadolinium T1-weighted MR sequences. Our aim
was to determine whether ADC values on pre-treatment
MR exams could be associated with sites of future tumor
recurrence, which would have significant implications for
the incorporation of ADC mapping into pre-radiation
planning and the current treatment of GBM.

Methods
Patient population

All patients with pathology proven GBM who received
radiation therapy and had tumor recurrence on follow
up MR exams at our institution between January 1, 2009
and May 31, 2012 were included in this single-center
retrospective cohort study. Institutional Review Board
approval was obtained and waiver of consent was granted.
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Surgical pathology proven
GBM patients (n=110)

46 exclued
No radiotherapy

64 patients

44 excluded
No follow up MRI 16
No tumor recurrence 20
Regression of residual tumor 8

Patients with tumor
recurrence (n=20)

Figure 2 Patient selection: selection criteria for our patient cohort
are demonstrated in this graphic. Tumor recurrence was determined
by two independent reviewing radiologists based on serial MR

evaluadons. MR, magnetic resonance; GBM, glioblastoma.

Data was acquired in compliance with all applicable Health
Insurance Portability and Accountability Act regulations.
A database of patients who had MR brain exams was
generated from our institution’s Picture Archiving and
Communications System (PACS), General Electric
Centricity database and cross-referenced with a pathology
database for all patients with histopathology confirmed
diagnosis of GBM according to the World Health
Organization classification system. Medical records were
reviewed to identify patients who received standard external
beam radiation therapy at our institution and had baseline
(post-surgical, pre-radiotherapy) MR and a minimum of
2 follow up MR scans at least 6 months after radiation
therapy. Patients were excluded who did not receive
radiation treatment for GBM at our institution or who did
not have adequate post-treatment follow up MR imaging.
During the study period 110 adult patients with pathology
proven GBM were identified. Of these, 20 patients met
inclusion criteria (Figure 2). Fourty-six patients were
excluded because they did not receive radiation treatment
at our institution. Additionally, 16 patients were excluded
who received radiation therapy but did not have adequate
post-treatment follow up imaging, while 20 patients had no
evidence of tumor recurrence on serial exams until the end
of the study period. Eight patients were excluded because
they had regression of residual tumor on follow up imaging,
rather than tumor recurrence. Among the patients who met
inclusion criteria, a review of medical charts was conducted
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to obtain clinical information and pre- and post-treatment
imaging exams were analyzed. The 20 included patients
underwent MRI within 24 hours following surgery for initial
baseline postoperative evaluation. This exam was utilized
as the pre-radiotherapy baseline MRI in this study. The
included patients had radiation therapy 30£11 days after
surgical resection.

For this study, a patient was deemed to have tumor
recurrence on MR exams if there was nodular enhancement
on post radiotherapy T1-weighted post contrast sequence
which was new or increased by greater than 25% on the
6 months follow up MR exam with continued increase on
an additional follow up exam. Histologic sampling to prove
recurrence was not available in these subjects. Therefore,
serial follow up exams showing continued increase in
enhancing tumor outside the expected timeframe for
pseudo-progression, allowed diagnosis of recurrence
over treatment related changes. In addition, each of these
patients was reviewed at a multidisciplinary tumor board
and underwent a consensus change in clinical management
based on radiologic evidence of recurrence. Increased non-
enhancing T2/FLAIR lesions were not selected as sites for
ADC comparison given that ADC is often used to confirm
this tissue as tumor. Each of the 20 patients in this study
had enhancing lesions that progressed on serial follow-up
exams. None of the excluded patients had increased non
enhancing tumor on follow-up exams. Although the 1990
MacDonald criteria defined tumor progression as new or
increasing enhancement on serial imaging, the updated
response criteria recommended by the Response Assessment
in Neuro-Oncology (RANO) Working Group stated
progression could only be defined with new enhancement
if the imaging exam was greater than 12 weeks after
completion of chemoradiotherapy (13,14). Given the
possibility of early confounding treatment related changes,
we chose to include only patients who had a minimum of
two follow up MR exams at least 6 months post-treatment.
Serial imaging and chart review also confirmed that no
corresponding clinical acute or subacute stroke was present

that could explain the low ADC lesions.

MR and data acquisition

All MR examinations were performed on a 1.5-T imaging
system (General Electric Medical Systems; Siemens Medical
Solutions) or a 3.0-T imaging system (Siemens Medical
Solutions) using standard pulse sequences. Conventional
imaging sequences (model parameters noted with similar
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scan parameters between machines), including T'1-weighted
spin echo [TE/TR 14/366, slice thickness =1.6 mm, number
of excitations (NEX) =6, matrix size =256x192, and field
of view (FOV) =22 cm], T2-weighted fast spin-echo (TE/
TR 110/3,400, slice thickness =1.6 mm, NEX =6, matrix
size =256x192, and FOV =22 c¢m), FLAIR (TT =2,250 ms,
TE/TR 144/11,000, slice thickness =3 mm, NEX =6,
matrix size =256x192, and FOV =22 c¢m), and DW images
(single-shot echo-planar, TE/TR 90/3,600, slice thickness
=5 mm, matrix size =128x128, FOV =22 cm, b-value
=1,000 s/mm’, one volume with no diffusion weighting
followed by three volumes with diffusion weighting along
one of the three orthogonal axes) were obtained during each
examination. ADC maps were generated by the scanner by
estimating the diffusion coefficient along each of the three
orthogonal directions and averaging these values.

Sites of tumor recurrence on post-radiotherapy T1-
weighted post contrast sequences were transferred to
corresponding sites on pre-radiotherapy T1-weighted post
contrast and ADC sequences utilizing the AW workstation
Integrated Registration tool (General Electric Healthcare,
Waukesha, WI, USA). Sites of ROI measurement were
determined independently on T1-weighted post contrast
sequences and transferred to the ADC maps to minimize
introduction of bias. Quantitative ADC, T'1, and T2 values
were recorded on this pre-radiotherapy exam.

Surrounding background sites that did not give rise
to future tumor were chosen to match the type of tissue
which gave rise to future tumor [i.e., T2 hyperintensity,
normal appearing white matter (WM), or normal appearing
gray matter (GM)]. The AW workstation quantitative
thresholding tool (General Electric Healthcare, Waukesha,
WI, USA) was utilized to select a region with T1-weighted
pre-contrast and T2-weighted signal intensity values within
10% of those recorded for sites of future tumor. This
technique yielded regions with targeted signal intensities,
and the site closest to the tumor recurrence and also
located within the same radiation dosage region (60 Gy,
46-60 Gy, or outside 46 Gy) was selected. These sites were
targeted on the post therapy T2/FLAIR sequence with
similar registration and cross referencing, and ADC, T1,
and T2 quantitative measurements were recorded on pre-
radiotherapy exam and these values were compared to
values obtained at future tumor and sites.

Future tumor site selection and mean ADC measurements
were performed by two experienced radiologists following
the above methods. The mean ADC measurements for
sites of future tumor recurrence and T1/T?2 signal intensity
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matched background tissue were compared for interobserver
variability.

Radiation planning target volume determination
utilized T'1-weighted post contrast and T2/FLAIR MR
images on post-surgical/pre-radiation exams. The 46 Gy
volume included T2/FLAIR abnormal regions with a
2 cm clinical target volume and 0.3-0.5 cm expansion.
The 60 Gy volumes included the resection cavity, residual
enhancement, a 2 cm clinical target volume, and 0.3-0.5 cm
expansion. Recurrence was considered outside of the
planning target volume if there was definitive tumor located
completely outside of the 60 Gy isodense line on post
radiation follow up MR exam, which implied the site of
recurrence did not receive the full 60 Gy dose.

Data analysis and statistical methods

The sample size was predetermined by the number of
subjects meeting the inclusion criteria who had MR
performed and available in our institution’s PACS database.
The primary endpoint used for this study was the difference
in the mean ADC values of tissue at sites of future tumor
recurrence on pre-radiation MR exams compared to mean
ADC values of T1- and T2-signal intensity-matched
tissue that did not go on to tumor recurrence. A two-
sided Wilcoxon signed-rank test was used to compare for
significant differences between the continuous variables for
nonparametric dependent samples. Intraclass correlation
was used to compare for interobserver variability. SPSS
statistical software package, version 20 (IBM, Chicago, IL,
USA), was used for calculations and box plots. A P<0.05 was
considered statistically significant.

Results

Baseline patient characteristics and demographics for the
twenty patients included in this study are listed in 7Table 1.
The mean age (= standard deviation) was 56.9+13.2 years,
and 8/20 patients (40%) were male. The locations of the
patients’ primary GBM lesion varied, consistent with the
topographically diffuse nature of the disease. Four of the
20 patients (20%) had tumor recurrence outside of the
60 Gy isodense line. Twelve had recurrence within previous
regions of T2 hyperintensity, seven had recurrence within
previously normal appearing WM, and one had recurrence
in previously normal GM (Tables 2,3). Representative tumor
recurrences on pre- and post-radiotherapy MR exams
outside the planning target volume (Figure 3) are shown.
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Table 1 Baseline characteristics

Location of tumor
recurrence (in or

No. Age Sex Location of primary out of radiation
(years) GBM )

planning target
volume/portal)

1 69 Male Left temporal Out of portal

2 60 Female Right frontotemporal In portal

3 60 Female Right medial temporal In portal

4 28 Female Right frontal In portal

5 19 Male Right frontal In portal

6 47 Male Right temporal In portal

7 65 Male Left parieto-occipital In portal

8 52 Female Right temporal In portal

9 61 Female Lefttemporoparietal In portal

10 54 Male Left occipital In portal

11 67 Female Left frontal In portal

12 61 Female Left temporal In portal

13 67 Female Right temporal In portal

14 72 Female Left occipital Out of portal

15 59 Male Left temporoparietal Out of portal

16 63 Female Left parietal In portal

17 65 Female Left temporo-occipital  Out of portal

18 54 Male Left cerebellar In portal

19 51 Female Left parieto-occipital In portal

20 63 Male Right temporal In portal

No., patient number; GBM, glioblastoma.

All twenty patients included in this study underwent
surgical resection of their GBM prior to the initiation
of radiation treatment. Upon review of medical records,
surgeons reported a total gross resection for 12 of the
20 patients (60%). In the eight subjects with subtotal
resection, the surgeon reported complete or near complete
resection of visible tumor in each of these cases. Early
postoperative MR in the subtotal resection group showed
small amounts of nodular enhancement around the resection
cavity in all eight and thick linear enhancement also present
in 3/8 cases which were compatible with residual tumor.

Eighteen of the 20 patients (90%) also received initial
chemotherapy with oral temozolomide. One patient
did not receive chemotherapy secondary to liver failure.
Another patient did not receive chemotherapy nor complete
radiation treatment secondary to acute hospitalizations.
Seventeen of 20 (85%) completed standard radiation
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Table 2 Mean ADC at sites of future tumor recurrence versus

background control tissue

Mean ADC Mean ADC
No. future tumor matched control Tissue type
(x10° mm?s) (x10° mm?/s)

1 1,163 1,394 Edema

2 1,253 1,302 Edema

3 941 1,013 Edema

4 1,080 1,160 Edema

5 1,096 1,276 Edema

6 1,082 1,411 Edema

7 756 970 Edema

8 969 1,418 Edema

9 1,017 1,442 Edema

10 1,012 1,301 Edema

11 1,199 1,310 Edema

12 906 1,258 Edema

13 817 839 Normal-appearing WM
14 742 865 Normal-appearing WM
15 738 714 Normal-appearing WM
16 722 819 Normal-appearing WM
17 742 721 Normal-appearing WM
18 782 776 Normal-appearing WM
19 805 817 Normal-appearing WM
20 849 753 Normal-appearing GM

No., patient number; ADC, apparent diffusion coefficient;
WM, white matter; GM, gray matter.

Table 3 Average of mean ADC

Future tumor (x10°mm?s) Control (x10® mm?/s) P
938+175 1,095+268 0.003*
*, statistically significant; ADC, apparent diffusion coefficient.

treatment with 60 Gy. Mortality data and second line
chemotherapy data were not collected for this investigation.

The mean ADC value of pre-radiotherapy brain tissue
in regions of future tumor recurrence was significantly
lower than mean ADC in control regions matched for T1-
and T2-weighted signal intensity (938+175x10™ mm’/s vs.
1,095+268x10™° mm’/s, P=0.003), despite the lack of any
visible abnormalities on post gadolinium T1-weighted MR
sequences (Tables 2,3). There was no significant difference
in T1- or T2-weighted signal intensity values (P=0.50 and
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Figure 3 Recurrence outside radiation planning target volume. Post radiation: axial T1-weighted pre (A) and post (B) contrast images
demonstrate an enhancing mass in the right periventricular region representing distant tumor recurrence. A nodular enhancing component
of the mass was selected as the site for measurement (arrow). Axial FLAIR image (C) demonstrates high signal within the mass with
surrounding edema. Axial ADC map (D) demonstrates relative decreased signal in the focus of nodular enhancement (arrow). Pre radiation:
axial T1-weighted pre (E) and post (F) contrast show no mass was present in the corresponding site of future tumor recurrence. Axial
FLAIR image (G) demonstrates normal WM at the site of future tumor recurrence (arrow). Axial ADC map (H) shows the site in normal
WM at which future tumor recurred. Quantitative ADC values were measured at this location (circle) and compared to ADC of surrounding
background signal where tumor did not recur (X). Axial T1-weighted pre (I) and post (J) contrast images at a more inferior level show the
resection cavity in the left occipital region without abnormal enhancement. ADC, apparent diffusion coefficient; FLAIR, fluid-attenuated

inversion recovery; WM, white matter.
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Figure 4 Box and whisker plots demonstrate the differences between mean ADC in sites of future tumor recurrence and respective

background tissue in (A) all future recurrences vs. respective background n=20; (B) future recurrence arising from T2 hyperintense tissue vs.

background T2 hyperintensity n=12; (C) future recurrence arising from normal appearing WM shown); (D) mean of absolute differences

in ADC between future tumor sites and respective background ADC. Note that the large overlap in ADC values seen with the whole group

analysis is lessened when only recurrence arising from T2 hyperintense tissue is evaluated. ADC, apparent diffusion coefficient; WM, white

matter.

P=0.10, respectively) between the regions that went on
to tumor recurrence versus background sites that did not.
Figure 4 shows box and whisker plots of the mean ADC
values for the two sets of ROIs. While the differences are
statistically significant, there is substantial overlap of mean
ADC values between the two groups when all patients are
considered together (Figure 4A4); however, the overlap is
clearly lessened by categorizing the patients according to
the type of tissue from where the tumor recurred, i.e., from
T2-hyperintense or normal appearing WM (Figure 4B,C)
Specifically, the mean ADC differences was substantially
lower when recurrent tumor arose from T2-hyperintense
WM, which was a majority of cases (60%), P=0.002. No
significant mean ADC difference was seen when recurrent
tumor arose from background normal appearing WM.
There was strong interobserver agreement with intraclass
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correlation of 0.867 and P<0.0001 for the pretreatment
mean ADC measurements performed independently by two
radiologists.

Radiation dosage for sites of future tumor recurrence
were recorded as within the 60 Gy volume (n=16), outside
60 Gy but within the 46 Gy volume (n=2), or outside 46 Gy
volume (n=2). Corresponding background sites were
selected within the same radiation dosage region for each
patient.

Discussion

Our study showed a statistically significant difference in pre-
radiotherapy mean ADC between brain tissue that goes on
to tumor recurrence and other, similar-appearing tissue that

does not. To our knowledge, this is the first GBM study that
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quantitatively compares pre-treatment mean ADC values
at sites that gave rise to new tumor to similar-appearing
tissue not giving rise to tumor. This data coincides with
results from previous studies which compared ADC values
of different tissues on post-radiotherapy treatment MR
exams and found reduced ADC measures in areas of tumor
recurrence (5,10,11).

Although RANO criteria also account for the T2 non-
enhancing component of tumor, in this study, only new
enhancing tumor that serially increased from a site of T2
hyperintensity were selected as sites of recurrence. ADC is
inherent to defining the presence of non-enhancing tumor and
therefore these sites were not chosen as targets for this study.

A recent study by Elson ez a/. (15) showed that regions of
ADC hypointensity on pre-radiotherapy exams correlated
with sites of gross tumor recurrence on post-therapy exams
in 88% of their cases. Their study also reported that pre-
radiation ADC hypointensity regions were 95% covered
within the 60 Gy isodense line assigned on pre-radiation
exam (15). Their study qualitatively evaluated ADC
hypointensity and qualitatively assessed T'1 post-contrast
and T2 signal abnormalities for correlating enhancement
and T2 shine-through. Our study complements their
findings by reporting quantitative ADC measurements
on each of our 20 subjects and comparing ADC values to
that of surrounding background tissue. In our study, ADC
values were compared to similar surrounding tissue without
significant differences in T'1 pre-contrast or T2 values. This
suggests that ADC can be abnormal even without gross T'1
and T2 quantitative disturbances.

Methylation of the DNA repair enzyme O6-
methylguanine-DNA methyltransferase (MGMT) is a
significant biomarker in GBM which can support the
presence of true recurrence over pseudoprogression (16).
However, all cases in this study were determined to be
tumor recurrence 6 months post therapy with available
serial MR exam data by two independent reviewers.
Therefore, the role for MGMT methylation status in
evaluation for pseudoprogression was limited in this study.

ADC differentiates tissues based on the rate of water
movement and cellular integrity of tissue, and research
has shown that ADC correlates well with the cellularity
of tumors seen on histologic examinations (2,17). It is
physiologically plausible that the cellular integrity of a tumor
cell will differ with that of normal brain cells, post-operative
edema or post-chemoradiotherapy pseudoprogression, or
post-treatment cells undergoing necrosis. Malignant cells
are hypercellular with enlarged nuclei and hyperchromatism,
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all affecting the ADC measure (8).

Our data may be explained by decreased mean ADC
values representing non-enhancing tumor prior to gross
recurrence. The large overlap in our whole group ADC
values is significantly reduced when only recurrence
arising from T2 hyperintensity (n=12/20) is compared to
similar background. A previous study showed that isolated
restricted diffusion can precede development of enhancing
tumor in a subset of patients with GBM (18). It is possible
that these sites in our study represent isolated non-
enhancing T2 hyperintense tumor with restricted diffusion
that developed enhancement on follow up exams.

An alternative explanation for our results may be related
to treatment related tissue hypoxia and necrosis. Tissues at
the periphery of tumors demonstrating low ADC values on
post therapy exams have been previously shown to represent
tissue hypoxia related to response to therapy (19). A study
comparing DWT and PET/CT utilizing a hypoxia agent
has shown that hypoxia within brain tumor tissues correlate
with low ADC values (20). In the available cases from our
study, no decreased cerebral blood flows or cerebral blood
volumes were identified at future recurrence sites that
would suggest hypoxia alone accounted for lowered ADC
values. Further research may elucidate the mechanism
of low ADC values on pre-treatment exams as increased
cellularity versus hypoxia within tumor or a combination of
both phenomena.

Multiple strategies have been employed to assess ADC
data in GBM evaluation. Mean ADC values have been well
documented as important MR data to support the presence
of GBM tumor or recurrence on a given exam (10,11,21).
Although earlier studies demonstrated the use of minimum
ADC as an important predictor in overall survival in treated
GBM (22), a more recent study showed that minimum
ADC correlates poorly with the most aggressive component
of high grade gliomas, possibly due to factors such as tissue
compression or ischemia (23). Gradients of ADC values
that increased with distance away from enhancing tumor
allow differentiation of GBM from metastatic lesions (24).
Metastatic lesions were shown to have homogenous ADC
gradient values with increasing distance from enhancing
tumor whereas GBM had increasing ADC values (24). ADC
histograms can be generated by plotting ADC values of
individual voxels within segmented volumes which offers
a more complete analysis of the ADC spectrum within a
region of interest. Studies have shown ADC histogram
analysis to be an important predictor of patient survival with
treatment of bevacizumab (9,25-27).
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Previous studies have concluded that advanced MR
imaging techniques may help differentiate tissue on post-
treatment MR exams, which can prevent delays in treatment
of tumor recurrence, improve prognosis and avoid
continuation of ineffective treatment (7,11). Our study
suggests that ADC values may be helpful even before the
initiation of radiotherapy in the stages of radiation target
volume determination. As noted, tumor recurrence occurred
outside the radiation planning target volume in 20% of our
study patients. A prior investigation that examined pre-
treatment ADC values concluded that ADC analysis could
stratify progression-free survival in recurrent GBM (9). Our
study suggests that the use of ADC values in conjunction
with conventional T1 and T2/FLAIR MR sequences could
better identify an appropriate radiation planning target
volume for radiation therapy. Moreover, ADC maps are
commonly available on routine MR brain exams and can be
easily incorporated into potential treatment planning.

There were several limitations to this investigation. The
study sample size was limited by the number of subjects
who received their treatment and had the appropriate
MR imaging performed and available in our institution’s
PACS database. From the initial 110 patients screened
for the study, only twenty were included. Most notably,
mortality data was not collected for the initial 110 patients
screened. Given the average life expectancy of 14 months,
it is possible that the twenty patients who survived long
enough to meet the inclusion criteria were healthier than
the patients who were excluded. Given the small sample
size and retrospective nature of this investigation, validating
our findings in a larger sample size with adequate power or
through a future prospective study would be useful. A larger
study could suggest a pretherapy mean ADC threshold
value that prospectively predicts future tumor recurrence.

This study was also limited in that tumor recurrence
was not defined by histologic evidence. However, tumor
recurrence was determined by MR evidence on two follow
up exams at least 6 months post radiotherapy in addition
to consensus change in clinical management based on
multidisciplinary tumor board review. Similar evidence for
tumor recurrence has been used by previous authors when
histologic evidence was unavailable (15,28).

The subject group in this study was heterogeneous in
composition (12/20 gross total resections and 8/20 subtotal
resections) which could affect the baseline ADC values
at sites of residual disease. However, the recurrence sites
selected for quantitative comparison in this study were
separate from the nodular or thick linear enhancing tissue
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which could be considered residual disease in order to
limit the effects of residual disease on ADC analysis. In
addition, ADC values are also affected by the postoperative
resection cavity and sites of associated hemorrhage. Sites
of recurrence were not selected in regions of possible
hemorrhage, within the resection cavity, or within a thin
rim of enhancement at the periphery of the resection cavity.

Previous studies have shown that nodular and thick
linear enhancement patterns and higher residual tumor
volume on early post-operative MR have been associated
with increased recurrence rates and lower survival (29-31).
However, all 20 in our cohort had evidence of new nodular
enhancing tumor on serial imaging at previous sites without
enhancing tumor, regardless of post-operative residual
tumor status. Future studies with a larger sample size could
elucidate whether similar tumor recurrence after subtotal
vs. gross total resection yields differences in prognosis.

A technical limitation involves the ADC region of
interest selection. Currently, there is no standardized way
to determine the region of interest from which to acquire
ADC measurements, although our methods were similar
to a previous study examining ADC values in GBM (18).
A future study with automated segmentation of low ADC
regions for analysis would decrease the possibility of bias in
ROI selection and would increase sensitivity in detecting
clinically relevant regions on pre-therapy exams.

Images included in this study were collected from
different MR scanners. However, ADC should not depend
on field strength or differences in the pulse sequences, so
this should not have significantly affected the outcome of
this study. In addition, ADC values were only compared
to values within the same exam and analyzed as paired
data which further reduces variability of utilizing multiple
scanners.

Conclusions

In conclusion, our study showed a significant association
between mean ADC values on pre-treatment MR exams and
sites of future tumor recurrence. Pre-radiotherapy mean
ADC at sites of future tumor recurrence were significantly
lower than the mean ADC in T1 and T2 matched control
tissue not progressing to tumor. Future investigations with
larger sample sizes could prospectively correlate sites of low
ADC on pre-therapy exams with the development of tumor
recurrence on follow up evaluations. In addition, automated
segmentation of low ADC signal could reduce manual
ROI selection bias and increase prospective applicability
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