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INTRODUCTION

entral nervous system tumors comprise 1%2% of all

ABSTRACT

Purpose: Studies have shown that cellularity of glial tumors are inversely correlated to minimum
apparent diffusion coefficient (ADC) values derived on diffusion-weighted imaging (DWI).
The purpose of this prospective exploratory study was to evaluate whether temporal change
in “minimum ADC” values during follow-up predict progressive disease in glial tumors post
radiotherapy and surgery. Materials and Methods: Adult patients of glial tumors, subjected to
surgery followed by Radiotherapy (RT), were included in the study. Serial conventional magnetic
resonance imaging with DWI at the following time points — presurgery, pre-RT, post-RT imaging
at 3, 7, and 15 months were done. For “minimum ADC” values, multiple regions of interest (ROI)
were identified on ADC maps derived from DWI. A mean of 5 minimum ADC values was
chosen as “minimum ADC” value. The correlation was drawn between histology and minimum
ADC values and time trends were studied. Results: Fourteen patients were included in this study.
Histologies were low-grade glioma (LGG) - 5, anaplastic oligodendroglioma (ODG) -5, and
glioblastoma multiforme (GBM) - 4. Minimum ADC values were significantly higher in LGG
and GBM than ODG. Presurgery, the values were 0.812, 0.633, and 0.787 x 10 mm?*/s for LGG,
ODG, and GBM, respectively. DWI done at the time of RT planning showed values of 0.786,
0.636, 0.869 x 10~ mm?s, respectively. During follow-up, the increasing trend of minimum ADC
was observed in LGG (P = 0.02). All these patients were clinically and radiologically stable.
Anaplastic ODGs, however, showed an initial increase followed by the fall of minimum ADC
in all the 5 cases (P = 0.00). Four of the five cases developed progressive disease subsequently.
In all the 4 GBM cases, a consistent fall of minimum ADC values was observed (P = 0.00), and
they all progressed in spite of RT. Conclusions: The DWI-derived minimum ADC values are an
important yet simple quantitative tool to assess the treatment response and disease progression
before they are evident on conventional imaging during the follow-up of glial tumors.
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inherent difficulty with response assessment and injury of
normal tissue following radiotherapy in the glial tumors, where
tumor cannot always be distinguished from associated edema

malignancies.l" According to the Indian Council for
Medical Research-2009 Cancer Registry report, glioma
incidence in India is 5.8% in Mumbai, 6.7% in Bengaluru,
3.5% in Chennai, 5.6% in Dibrugarh, and 28.2% in Trivandrum
among males and 6.3% in Mumbai, 5.6% in Bengaluru, 7.5%
in Chennai, 0% in Dibrugarh, and 21.8% in Trivandrum
among females.!?!

The treatment of glial tumor is multimodal. The general
principal includes maximal surgical resection followed
by adjuvant radiotherapy with or without chemotherapy
depending upon the grade of tumor.’*! However, there is
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and normal irradiated tissue. Using T1-weighted, T2-weighted,
and proton density-weighted imaging, changes during or in the
short-term (up to 15 months) are not always apparent in the
normal brain that gets irradiated in the trajectory of radiation
beams, even though doses as high as 60-65 Gy in 6 weeks are
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delivered.'® Conventional magnetic resonance imaging (MRI)
alone is often not able to provide an early indication of the
effectiveness of radiation therapy, chemotherapy, and/or
targeted therapies. Sophisticated imaging techniques such as
functional MRI imaging (e.g., MR spectroscopy, diffusion, and
perfusion imaging) or positron emission tomography (PET)
using amino acid traces, therefore, have been explored.”

Diffusion magnetic resonance and
apparent diffusion coefficient

Diffusion-weighted MR imaging (DW-MRI) interrogates tissue
architecture using the information on random (Brownian)
motion of water molecules in tissues. Water movement
in tissues is not entirely random as it is modified by flow
within blood vessels and ducts and by interactions with
components that restrict water diffusions such as hydrophobic
phospholipid-containing cellular membranes, intracellular
organelles, and macromolecules.

imaging

In vivo, intracellular and extracellular compartments will
have their own unique water diffusion constants, which are
measured in mm?s. The measured diffusion coefficient of
water in the brain is around 1 x 103 mm?/s. The average water
displacements are usually much greater than the diameter of
a cell; therefore, water diffusion in tissues is not unrestricted
but attenuated. The measured diffusion in tissues is termed as
apparent diffusion coefficient (ADC).®!

With increasing tumor cellularity and architectural distortion,
any increase in the tortuosity of the extracellular space will
additionally contribute to decreased ADC values. Any process
that causes ischemia, necrosis or cellular lysis will lead to
increases in water diffusion corresponding to increases in
ADC values. The measured ADC is, therefore, inversely
related to the cellularity of tumors and grade.”'? Studies in
the patients with glial tumors have shown inverse correlations
between ADC values and tumor cellularity and grade, with
high-grade gliomas having significantly lower ADC values
than low-grade gliomas.[¥ Cell proliferation has also been
correlated with ADC value; Higano et al. noted a significant
inverse correlation between ADC value and the Ki67 labeling
index in 37 patients with glioma ( = —0.562; P < 0.001).0'2
Radiologists have also used increased tumor cellularity as a
biomarker of malignancy using ADC value in DW imaging
(DWI) to discriminate between benign and malignant disease
in a variety of other organs such as liver, pancreas, prostate,
retroperitoneum, ovary, breast, and the head and neck. These
studies have shown that malignant lesions have significantly
lower ADC values than normal tissues or benign lesions.['+2!!

Low ADC values are used as indicators for high-grade gliomas
and correlate with poor survival in malignant astrocytomas
independent of tumor grade.l'"? Several studies have also
demonstrated that DWI is a sensitive and early indicator
of both treatment response and overall survival in brain
tumors.[222¢!

Although conventional MRI is available in most cities of
India, centers routinely using functional imaging are less. In
the clinical setting, there are very few studies from India using
DWI and ADC as a biomarker in tumors of the brain and

cervical cancer.”-*!! With this view in mind, we wanted to test
the utility of a simple, functional study parameter which can
be easily done along with conventional MRI at a larger scale
at the national level to predict progression of disease in glial
tumors post treatment. With a view to refine assessment of
tumor status during follow-up after radiotherapy and surgery
of glial tumors, we studied the role of ADC for predicting
tumor response in patients. The purpose of this study was
to evaluate whether changes in “minimum ADC” values of
glial tumors of the brain following RT can help in predicting
progression of disease in the context of conventional imaging
and clinical status of the patients.

MATERIALS AND METHODS

This pilot prospective study was conducted after approval
from the Institutional Ethical Committee and patient consent
was taken.

Patients

Following initial surgery, patients were referred from
the Department of Neurosurgery to the Department of
Radiotherapy between October 2008 and October 2010. Their
demographic profiles were recorded.

Inclusion criteria

Adult patients (18-70 years); who had histological proof
of glial tumors of brain having WHO low-grade glioma
(LGG Grade II), that is, astrocytoma, oligoastrocytoma or
oligodendroglioma [ODG]) and high-grade glioma (HGQG),
that is, anaplastic ODG (WHO Grade III) and glioblastoma
multiforme (GBM) (WHO Grade 1V), who had received RT
but no chemotherapy (temozolomide/bevacizumab) and any
other anti-cancer treatment due to cost concerns and other
logistic reasons and to rule out the confounding factor like
pseudoprogression and pseudoprogression.

Exclusion criteria

Patients having age <18 years and >70 years; LGG where
no histological proof was available; anaplastic ODG/GBM
patients who received concurrent/adjuvant temozolomide/
chemotherapy.

Radiotherapy planning, treatment, and delivery
Patients were immobilized in a U type thermoplastic cast, and
contrast-enhanced computed tomography (CECT) scan of the
brain was done with 3 mm slice thickness after placement
of fiducial markers. Postsurgery, patients, underwent an MRI
scan on a 3T scanner. CECT Radiotherapy planning scan
was co-registered with the postsurgery MRI images using
the fusion software on the TPS (Eclipse version 8.0, Varian
Medical Systems, Palo Alto, CA).

Target delineation was performed on the fluid-attenuated
inversion recovery (FLAIR) images in LGG and T1-weighted
contrast images in HGG. Clinical target volume (CTV) was
generated from gross tumor volume in three-dimensional (3-D)
by a 1 cm expansion for LGG and a 2 cm expansion for
HGG with appropriate editing for anatomical barriers to
tumor spread. The planning target volume was generated
from the CTV by a 0.5 cm expansion in 3-D. RT to a dose of
54 Gy/30 fr/6 weeks for LGG and 59.4 Gy/33 fr/61/2 weeks
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for anaplastic ODG was prescribed to the PTV. GBM patients
received 60 Gy/30 fr/6 weeks to the PTV. RT was delivered
conventionally or conformally with 2-3 coplanar beams, using
0.5 cm or 1 cm multileaf collimator leaves on a 6 MV linear
accelerator. The 95% isodose line aimed to cover the PTV in
all cases and dose heterogeneity within the PTV was restricted
to —5% to +7% of the prescribed dose as per ICRU-50.

Follow-up program and serial magnetic resonance
imaging

Patients were evaluated clinically along with serial
conventional MRI along with DWI at the following time
points — presurgery, pre-RT planning, post-RT baseline
imaging at 3 months and 1-2 imaging later at 7 and 15 months
or at the clinical suspicion of progression.

On conventional MRI, assessment of size and the response was
made by using McDonald’s criteria and modified RANO criteria.
2331 Tn addition, changes in size of contrast-enhancing area or
appearance of new contrast-enhancing lesions were noted.

Magnetic data
processing

The MR imaging was performed on a 3.0 Tesla MRI scanner
(General Electric Medical System, Milwaukee, WI) by using
a standard 8 channel head coil. The MRI study included fast
spin echo T2, T2 FLAIR, DWI pre- and post-contrast T1
FLAIR using gadolinium diethylenetriamine penta-acetic acid
(Gd-DTPA; Schering, Germany) at a dose of 0.1 mmol/kg
body weight. The common parameters used for all of the pulse
sequences were field-of-view = 24, slice thickness = 3 mm
with no interslice gap.

resonance acquisition and

Apparent diffusion coefficient calculation

DW-MRI data were used to compute ADC values. ADC maps
were generated on a pixel-by-pixel basis using formula:

ADC = b In (S,/S)

Where S| and S represent the signal intensities of the image
without and with DW gradients, and b (diffusion weighting
factor) was 1000 s/mm? in our study and SO is map obtained
with b = 0 and S is with b = 1000 s/mm?. Before calculation
of ADC maps, an automatic de-scalping method was used for
discarding the nonbrain portions.?¥ The calculated ADC maps
were analyzed by using Image] image processing software
(https://imagej.nih.gov/ij/) — screen captures as shown in
Figure 1.B%! Regions of interests (ROIs) using a square of 16
mm? within the tumor area were drawn manually onto the
obtained ADC maps corresponding to the solid enhancing
portions/relevant portions on a T1-weighted or FLAIR images
of the lesion. For normalization, in each patient, ROIs were
also drawn in the normal-appearing contralateral hemisphere.
A mean of the 5 lowest minimum ADC values was determined
on each image set which was chosen as “minimum ADC”
value for that image set. All the quantitative analysis was
performed under the guidance of experienced neuroradiologist.

Statistical considerations

The correlation was drawn between histology and “minimum
ADC” values, and time trends were studied. ADC data were
summarized using means and standard deviations (SDs) and

statistical significance of the difference between the mean of
the minimum ADC, that is, “minimum ADC” are reported
using the t-test or analysis of variance (ANOVA) using
Statistical Package for the Social Sciences (SPSS) version 21
software. (IBM SPSS predictive analytics software). Since this
was an exploratory study, designed to see the feasibility of
using DWI to see an association between ADC and the clinical
profile, a sample size of convenience was taken as there was
no a priori hypothesis of a difference in outcomes.

RESULTS

The data included 5 patients of LGG (median age 43 years),
whereas there were 9 patients of HGG (median age 45 years,
5 with anaplastic ODG and 4 of GBM). Patients with LGG
presented with symptoms at a median duration of 57 months
compared to those with a median of 30 months in anaplastic
ODG and 4 months in GBM [Table 1].

Following RT, the baseline scans took place at a median
duration of 3 months for all the patients, while the first follow
scan was done at a median of 7 months and the second
follow up scan at a median of 15 months. The patients with
LGG have been followed up for a median of 35 months
(range 19-61), and all are stable; those with an anaplastic
ODG had a median of 24 months (range 22-53) with 4 out
of 5 having progressive disease and those with a GBM had
a median follow-up of 11 months (range 7-18) and all have
progressive disease.

The first comparison was made for the “minimum ADC”
values, presurgery for the three tumor types, Figure 2. The
values of “minimum ADC” were highest for LGG, followed
by GBM and lowest for was the anaplastic ODG (0.812, 0.787
and 0.633 x 10 mm?*s) ANOVA P = 0.023.

The next comparison was made for the three tumor types by
measuring the “minimum ADC” values in the RT planning MRI
scans postsurgery [Figure 3]. The values of “minimum ADC”
were highest for GBM, followed by LGG and the least was
seen in the anaplastic ODG, (0.786, 0.869, 0.636 x 10 mm?/s)
ANOVA P = 0.000. The value of “minimum ADC” of
anaplastic ODG was significantly lower than that of both LGG

Fie mage Process Anaiae Pugns Window Hep
a@alol <448 A0
)

Figure 1: Placement of region of interest seen as a small rectangle in the
apparent diffusion coefficient map (right panel) in an area that corresponds
to the bright signal in the tumor seen on the fluid-attenuated inversion
recovery image in a low-grade glioma (left panel). The value is read off
from the ImagelJ software, top
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and GBM, but there was no significant difference between
LGG and GBM (t-test P = 0.102) [Figure 3]. Temporal
changes in the “minimum ADC” values following RT were
determined for LGG [Figure 4], anaplastic ODG [Figure 5]
and GBM [Figure 6].

Table 1: Demographic characteristics (n=14)

Characteristics LGG Anaplastic GBM
(n=5) ODG (n=5) (n=4)

Age (years) 43 (23-56) 45 (32-56) 42 (18-53)
Median (range)

Gender
Male 4 4 3
Female 1 1 1

Histopathology
Oligodendroglioma — gr II 1 - -
Astrocytoma gr-11 4 - -
Anaplastic ODG - 5 -
GBM - - 4
Median duration of 57 (2-120) 30 (2-72) 4 (2-5)
symptoms range (months)

KPS
80 4 4 4
90 1 1 0

LGG: Low Grade Glioma, ODG: Oligodendroglioma,
GBM: Glioblastoma multiforme

Mean of minimum ADC before surgery

-E' oez) Diagnosis Mean [ Std. Deviation
50‘00- LGG .81228 211516
pry ' Ana ODG | 63373 .182676
- o GBM 78760 064143
c

H

S 0700

i ANOVA
5§ Between Groups .023

s

=

T
166 Ana 006 oM
Diagnosis

Figure 2: Average of the minimum apparent diffusion coefficient values
of low-grade glioma, anaplastic oligodendroglioma and glioblastoma
before any surgery

Diagnosis: LGG

Time of imaging Mean [ Std. Deviation
Post Sx RT .78620 145805
planning study
PostRT baseline | .85580 098509
study
PostRT st follow | .93080 1250473
|up
ANOVA 0.023

;

Mean +-1SD LGG

5

0700

T T T
Post Sx RT plonning study Post RT baseline study  Post RT 15t folow up

Time of imaging

Figure 4: Temporal changes in apparent diffusion coefficient following
RT for low-grade glioma (n = 5)

For the 5 patients with LGG, at 3 months following RT, the
“minimum ADC” values increased significantly and continued
to increase further at first and second follow-up imaging,
done at a median time of 7 and 15 months. (0.786, 0.856,
0.931 x 102 mm?%s) ANOVA P = 0.023. All the patients were
stable, both radiologically and clinically and remain so at a
median of 35 months (range 19-61), Figure 7. A case study is
illustrated in Figure 7. For the 5 patients with anaplastic ODG, at
3 months following RT, the “minimum ADC” values increased
significantly and then decreased at first follow-up imaging,
done at a median time of 6 months (0.636,0.806,0.725 x 107
mm?s) ANOVA P = 0.000 [Figure 5]. In 3 patients, the disease
was radiologically stable, but the “minimum ADC” values had
clearly declined, suggesting a recurrence/re-growth. Eventually,
4 of the 5 patients including those 3 with decreasing “minimum
ADC” deteriorated clinically at a median of 24 months (range
22-53). A case study illustrating discrepant findings between
conventional radiology and ADC [Figure 8] and another with
concordant findings [Figure 9] are shown.

For the 4 patients with GBM, at 2 months following RT, the
“minimum ADC” values decreased significantly and then
decreased further at first follow-up imaging, done at a median
time of 7 months (0.869,0.710,0.699 x 103 mm?s) ANOVA
P = 0.000 [Figure 6]. All patients deteriorated clinically and
radiologically at a median of 11 months (range 7-18). A case
study illustrating concordant findings between conventional
radiology and ADC is illustrated [Figure 10].

Mean of minimum ADC at RT planning scan (post Sx) Diagnosis Mean St Deviation
LGG .78620 145805
Ana ODG .63620 .078815
GBM .86860 077322
0500+
2 ANOVA
§°°°°“ Between Groups .000
S
=
a
w
« 0700
4 T test Sig.
H LGG vs. Ana ODG .000
= LGGvs. GBM 1102
0500
Ana ODGvs. GBM .000
T T T
66 Ana 006 =
Diagnosis

Figure 3: Average of the minimum apparent diffusion coefficient values
of low-grade glioma, anaplastic oligodendroglioma and glioblastoma
following surgery, but before RT

Diagnosis: Anaplastic ODG

Time of imaging Mean Std. Deviation
0900 Post Sx RT planning | .63620 .078815

study

Post RT baseline 80575 114621

study.

Post RT 1st follow up | .72504 136522
g ANOVA 0.000

Mean +-1SD Ana ODG
g
i

T T T
Post Sx RT planning study Post RT baselne study  Post RT 1t folow up

Time of imaging

Figure 5: Temporal changes in apparent diffusion coefficient following
RT for anaplastic oligodendroglioma (n = 5)
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A comparative representation of the serial temporal changes
following RT in the “minimum ADC “values for LGG along
with anaplastic ODG and GBM is shown in Figure 11 and
Table 2. The serial minimum ADC values rose for LGG
following RT, rose initially and then fell in the patients with
anaplastic ODG and consistently fell in the patients with
GBM.

DiISCcUSSION

Rationale for using the 'minimum' ADC as metric.

ADC values can be represented as the minimum, the maximum,
mean, the difference between minimum and maximum, and
ratios with the contralateral white matter. The choice of
using the “minimum ADC” was based on the clinical studies
evaluating the relationship between ADC values and tumor
cellularity. In a study of 20 patients with glioma, Sugahara
et al., showed inverse correlations between ADC values and
tumor cellularity and grade, with HGG having significantly
lower ADC values than LGG. Anaplastic ODG exhibited low
ADC, but the values were found to be greater than GBM. The
“minimum ADC” values of HGG varied from 0.82 to 2.46
(mean 1.2, SD 0.5) x 10 mm?*s while that for LGG varied
from 1.94 to 3.31 (mean 2.7, SD 0.7) x 102 mm?%s and
showed inverse correlations between ADC values and tumor
cellularity and grade.!""

With increasing tumor cellularity and architectural distortion,
any increase in the tortuosity of the extracellular space will
additionally contribute to decreased ADC values. It would,
therefore, be expected that ADC values would correlate with

Diagnosis: GBM

Std. Deviation
077322

05001 Time of imaging Mean
Post Sx RT .86860
planning study
Post RT baseline .70985
study
Post RT 1st follow .69900

110797

g

098346

|up
ANOVA .000

Mean +-1SD GBM
°
g
It

T T T
Post Sx RT planning study Post RT boseine study  Post RT 15t folow up

Time of imaging

Figure 6: Temporal changes in apparent diffusion coefficient following
RT for glioblastoma (n = 4)

tumor cellularity and grade. Cell density is not, however, the
only histological factor that determines tumor grade; DWI
cannot depict other histological features such as nuclear
atypia, which can account for imperfect correlations. Another
factor that can confound the association between ADC value
and cellularity is necrosis; necrosis is an intrinsic component
of poorly differentiated tumor and increases ADC values.

In the present study, the “minimum ADC” values of LGG were
significantly higher than anaplastic ODG but similar to those
with GBM patients, when assessed both before surgery (0.812,
0.633 and 0.787 x 107 mm?%s) and following surgery at
the time of radiotherapy planning MR study (0.786, 0.636,
0.869 x 107° mm?s), respectively. While the lower value of
“minimum ADC” of anaplastic ODG compared to LGG could
be explained on the basis of higher cellularity, the apparently
aberrant finding of a higher value of “minimum ADC” in what
should be a more cellular tumor, that is, GBM merited an
explanation. One explanation could be the placement of ROIs
in the regions of necrosis and therefore explained the higher
“minimum ADC” values as it was learning exercise for us.
But care was taken to minimize this error when determining
the minimum ADC drawn on ADC map.

Studies indicate that change in ADC values occur early after
starting therapy and such increase in ADC values might not be
sustained because of the removal of apoptotic cells and the onset
of fibrosis.’® Numerous studies by Chenevert et al. and Ross
et al. in brain tumor xenografts have demonstrated that diffusion
measurements increased in response to treatment and that increase
in ADC values correlated with a decrease in cellularity.*>7

The use of ADC values requires an appreciation of how
they were derived. For example, Higano et al. measured the
minimum preoperative ADC values of 37 patients with glioma
who underwent surgery and radiotherapy. After a 2-year
follow-up period, correlations were made between minimum
ADC and clinical outcomes. Stable patients had significantly
higher preoperative ADC values than those who progressed
(P < 0.01).7 By using the minimum ADC value, the effects
of necrosis were excluded only when the effects of cellularity
were evaluated. Another way of minimizing the effects of
necrosis and cyst formation is to use ROI derived from very
high b-value (800-1000 s/mm?) images and then to derive
ADC values from selected volume elements only.

The method for measuring ADC differs among reported
studies, and inconsistent results may reflect the selection of

1000

°
1

Mean +- 1 SD Min ADC (tumor)
g

0.700+

T T T
Post SxRT PostRT PoStRT 1st
planning study  baseline study  follow up

Timing of imaging

Figure 7: Serial imaging of a low-grade glioma, clinically and radiologically stable following RT and has an increasing apparent diffusion coefficient
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Mean +- 1 SD Min ADC (tumor)
——

T T T
"

5 Tlhlng of lm'aglng

Figure 8: Serial imaging of an anaplastic oligodendroglioma clinically progressed but radiologically stable following RT and has a decreasing apparent
diffusion coefficient

Mean +- 1 SD Min ADC (tumor)

T

plarring shudy

Timing of imaging

Figure 9: Serial imaging of an anaplastic oligodendroglioma, clinically and radiologically stable following RT and has an increasing apparent diffusion coefficient

Mean +- 1 SD Min ADC (tumor)

pharr D
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Figure 10: Serial imaging of a glioblastoma, clinically and radiologically progressing (based on pattern of enhancement, but not size) following RT
and has a decreasing apparent diffusion coefficient

contrast material-enhanced versus nonenhanced ROIs and/
=—L0G or necrotic ROIs within the tumor. Necrotic areas are more
= = Ana ODG . . . . .
wenee GBM common in high-grade gliomas and contribute to high ADCs.
In a study that included eight Grade I astrocytic tumors, eight
Grade II astrocytic tumors, 12 Grade III astrocytic tumors, and
22 Grade IV astrocytic tumors a significant difference between
the ADC values was reported.l*®!

0.900 -

:

[=]
o9

8
1

Moffat et al. evaluated patients with brain tumors before
and 3 weeks into a 7-week course of radical radiotherapy.l*®
Changes in ADC values were significantly correlated with
both time to progression and median survival. The prognosis

Post!S‘xRT pOS'(RT Postl|QT1st was better in those patients who had an increase in ADC
planning  baseline  follow up values. Further increases in water diffusion are attributable to
Sy sey treatment-induced necrosis. They concluded that changes in
[anectinagig water diffusion might be seen before changes in tumor volume

Figure 11: Minimum apparent diffusion coefficient of low-grade glioma and, thus, ADC can act as an early biomarker of therapy
along with anaplastic oligodendroglioma and glioblastoma response.

Mean of minimum ADC

0.600
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Table 2: Temporal changes in minimum apparent diffusion coefficient values

Time of imaging LGG

Anaplastic ODG GBM
Minimum ADC Std. Deviation Minimum ADC Std. Deviation Minimum ADC Std. Deviation
Pre surgery 0.812 0.212 0.634 0.183 0.788 0.064
Post Sx RT planning study 0.786 0.146 0.636 0.079 0.869 0.077
Post RT baseline study (3 months) 0.856 0.099 0.806 0.115 0.710 0.110
Post RT 1* follow up (7 months) 0.931 0.250 0.725 0.137 0.699 0.098
Post RT 2" follow up (12-15 months) 0.945 0.223 0.715 0.125 0.614 0.93
ANOVA=0.023 ANOVA=0.000 ANOVA=0.000

Patients with LGG [Figure 4], anaplastic ODG [Figure 5] and
GBM [Figure 6] provided the temporal profile of “minimum
ADC” values that mirror the clinical response of the patients.
The upward trend of increasing “minimum ADC” suggested
the well-being clinically and radiologically of the LGG while
the initial increase followed by the reduction of “minimum
ADC” supported the fact that 4 out of 5 anaplastic ODG
have progressive disease; whereas the consistent decrease
in “minimum ADC” of the GBM patients suggested the
worsening of all patients with GBM in spite of RT. Figure 8
provides a case history of the patient with anaplastic ODG
who had apparently stable radiological findings but was
clinically worse, and the “minimum ADC ” of his tumor
showed increasing cellularity, that is, repopulation by possibly
malignant cells.

The biophysical mechanisms that cause reductions in ADC
values, once therapy is begun are not fully understood. Lower
ADC values (i.e., more restricted diffusion) could occur as a
result of cellular swelling, with a concomitant reduction and
increased tortuosity of the extracellular space. An additional
contributing factor is a reduction in blood flow, although
preclinical and clinical data have shown that blood flow
reduction is not a very early event after most conventional
therapies. Cellular swelling has been noted to occur in the early
phases of apoptosis in response to anti-neoplastic treatment.
Tissue compaction and fibrosis after successful therapy
can also cause reductions in ADC values, but these events
occur late in the course of therapy. Mardor et al. performed
a study in three patients with brain tumors who received
convection-enhanced taxol chemotherapy (i.e., pulsed delivery
of chemotherapy via an intratumoral catheter). Falling ADC
values were associated with subsequent treatment responses
and temporal changes in ADC in response to therapy were
observed.?” Some other studies also have discussed DW-MRI
and ADC values as cancer biomarker recently highlighting the
potential of this promising technique in cancer patients.?*+?!

After successful therapy, removal of dead and/or dying cells
is followed by tissue compaction, fibrosis, and regeneration
of native tissues. These processes can result in a decrease in
“minimum ADC” values from the higher “minimum ADC”
values which were due to decreased cellularity. In addition, the
presence of residual active disease or repopulation by resistant
cells can also decrease the “minimum ADC” values. Therefore,
other imaging techniques, such Methionine PET (MET-PET CT)
scanning or perfusion imaging may be needed to make such a
distinction. Fibrosis is associated with reduced enhancement
on perfusion imaging and low MET uptake on PET-CT scans,

whereas residual active disease causes marked enhancement on
Perfusion imaging and high MET uptake on PET-CT scans.

MET-PET CT is quite expensive method and the
differentiation between residual tumor and inflammation is
often quite difficult. Furthermore, radiation exposure is a
drawback mainly in younger patients undergoing several
follow-up studies for response assessment. MR spectroscopy
is a very promising method; however, 'it's limitations include
low spatial resolution, restricted availability and lack of
expertise of many radiologists. Perfusion imaging provides
information on changes in vascularization of the tumor during
treatment; however, image analysis is relatively complicated
and therefore not suited for daily clinical routine. Furthermore,
the risk of nephrogenic systemic fibrosis — although being
very small - has to be taken into account in patients with renal
insufficiency.

Pseudoprogression is a transient, self-resolving increase
in enhancement mediated by the chemotherapeutic agent,
temozolomide. Pseudoresponse is a regression in enhancement
mediated by the antiangiogenic chemotherapeutic agent,
bevacizumab.*! However, in our study patients, none of the
patients received temozolomide or antiangiogenic agent due to
logistic reasons, so we did not see any pseudoprogression or
pseudoresponse phenomenon.

Despite the advent of advanced imaging techniques such
as MET- PET CT, perfusion MRI, and MR spectroscopy,
most places still rely on routine, conventional imaging. As
of our understanding, the reason behind this is tough post
processing and involvement of extra cost. Our study shows
that DWI-derived minimum ADC values correlate well with
the cellularity and tumor grade. Minimum ADC values,
being relatively easy to acquire and analyze, should be used
extensively for predicting treatment response and disease
progression which in turn can result in early interventional
measures. We need a clinical trial with a large number of
patients to formalize a standard protocol for data acquisition,
analysis, and interpretation of DWI-derived ADC values.

Limitation
The limitation of our study is being an exploratory study with

small sample size and from a single center in India. This may
reduce it's generalization.

CONCLUSIONS

Due to the lack of widespread availability of advanced
imaging tools such as MET-PET CT and less usage of
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Perfusion MRI and MR spectroscopy in India and developing
part of the world, the DWI-derived ADC is an important
yet simple quantitative tool to assess treatment response and
disease progression. It should be used extensively to increase
the diagnostic confidence leading to better management of
patients with glial tumors.
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