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ARTICLE INFO ABSTRACT

Keywords: Objective: Corpus callosum (CC) involvement is a poor prognostic factor in patients with glioblastoma (GBM).
Glioblastoma The purpose of this study was to determine whether diffusion tensor imaging (DTI) can quantify occult tumor
Diffusion tensor imaging infiltration in the CC and predict the overall survival in GBM patients.

Corpus callosum Methods: Forty-eight patients with pathologically proven GBM and 17 normal subjects were included in this

1;:;53:115 retrospective study. Patients were divided into four groups based on CC invasion and overall survival: long

survivors without CC invasion; short survivors without CC invasion; long survivors with CC invasion; short
survivors with CC invasion. All patients underwent DTI at 3T MRI scanner. Fractional anisotropy (FA) and mean
diffusivity (MD) values were measured from genu, mid-body, and splenium of the CC. The mean values of these
parameters were compared between different groups and Kaplan Meier curves were used for prediction of
overall survival.
Results: Patients with short survival and CC invasion had the lowest FA values (0.64 + 0.05) from the CC
compared with other groups (p < 0.05). Receiver operator characteristic curve (ROC) analysis indicated that a
FA cutoff value of 0.70 was the best predictor for overall survival with an area under the curve (AUC) of 0.77,
sensitivity 1, specificity 0.59. Kaplan-Meier survival curves demonstrated that the mean survival time was
significantly longer for patients with high FA (> 0.70) compared with those with low FA (< 0.70) (p < 0.001).
Conclusions: FA values from the CC can quantify occult tumor infiltration and serve as a sensitive prognostic
marker for prediction of overall survival in GBM patients.

1. Introduction the absence of discrete boundaries on imaging as well as on histology.

Histopathological studies have reported malignant cells in normal ap-

Glioblastoma (GBM) is the most malignant brain tumor and ac- pearing white matter not only remote from the primary neoplasm but
counts for 70% of all primary brain tumors in adults. Despite intensive also in the contralateral cerebral hemisphere [3-5]. The occult spread
multimodal treatment including maximal surgical resection and chemo- of malignant GBM cells into normal brain is one of the major de-

radiation, the prognosis of newly diagnosed GBM is poor and median terminants for the poor prognosis of this aggressive neoplasm [3,6,7].

overall survival (OS) is less than 15 months with a 2-year survival rate Corpus callosum (CC), the largest commissural tract in the brain, may

of 26-33% [1,2]. GBM is an extremely invasive tumor, characterized by provide an avenue for neoplastic cells to infiltrate into the contralateral

Abbreviations: GBM, glioblastoma; CC, corpus callosum; OS, overall survival; DTI, diffusion tensor imaging; MD, mean diffusivity; FA, fractional anisotropy; ROI,
region of interest; HIPAA, Health Insurance Portability and Accountability Act; GRAPPA, generalized autocalibrating partially parallel acquisition; AUC, area under
the curve; ROC, receiver operating characteristic
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Fig. 2. MR images of 70-year-old female glioblastoma patients with corpus callosum invasion (top panel) (A, B, C) and 53-year-old male glioblastoma patients
without corpus callosum invasion (bottom panel) (D, E, F). Axial contrast-enhanced T1 weighted images (A, D) demonstrate extension of enhancing tumor into the
splenium of CC in (A) (arrowhead), with normal appearing CC in (D). Axial FLAIR images (B, E) demonstrate corresponding expansile infiltrative FLAIR signal
abnormality in the splenium of corpus callosum (arrow) in (B), whereas the CC seems uninvolved in E (arrow). Lower FA from the splenium of corpus callosum is
noticed in FA map (C, arrow) for the patient with short survival than the one with longer overall survival (F, arrow).
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Fig. 3. Box plot of FA from the corpus callosum (CC) in GBM patients with short
and long survival. The solid line inside the box represents the median value,
while the edges represent the 25th and 75th percentiles. Straight line (bars) on
each box indicates the range of data distribution. Circle represent outliers
(values more than 1.5 box length from the 75th/25th percentile).

0. Control group.

1. Long survivors without CC invasion.

2. Short survivors without CC invasion.

3. Long survivors with CC invasion.

4. Short survivors with CC invasion.

Comparison between group 1 and 2 (p = 0.14), group 2 and 3 (p = 0.95) didn’t
reach significant difference. There were significant differences between all
other groups (p < 0.05) (Table 1)

hemisphere [4]. The extent of CC infiltration could probably be used as
a surrogate of aggressiveness and invasiveness of the tumor, potentially
providing useful prognostic information [3,8,9].

While conventional MR imaging can demonstrate the size, shape,
and location of the tumor, it is limited in delineating the extent of
microscopic tumor infiltration. Diffusion tensor imaging (DTI) can
identify disruption of the white matter microstructure and can thus be
utilized as a tool for detection of occult neoplastic invasion in normal
appearing areas of brain on conventional MR imaging [7,10]. Changes
in diffusion properties can be assessed by the measurement of mean
diffusivity (MD) and fractional anisotropy (FA). Previously published
studies have reported reduced FA in the normal appearing CC, in-
dicating that DTI can potentially detect tumor infiltration in GBM pa-
tients [10,11]. Studies involving animal models of brain tumors have
also confirmed that DTI can detect glioma cell migration/invasion that
precedes formation of tumor mass [12].

In this retrospective study, we applied regions of interest (ROI)
analysis and measured FA and MD from the genu, splenium and body of
CC. We hypothesized that these DTI metrics can quantify tumor in-
filtration in the CC and predict OS in GBM patients.

2. Materials and Methods
2.1. Patients

The study was approved by the institutional review board and was
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Table 1
P values of pairwise comparison between different groups using Mann-Whitney
U test.

Group 0 1 2 3 4

0 0.004 0.000° 0.000 0.000°
1 0.004 0.140 0.020 0.000
2 0.000 0.140 0.950 0.006
3 0.0000 0.020 0.950 0.000
4 0.000° 0.000 0.006° 0.000

0. Control group.
1. Long survivors without CC invasion.
2. Short survivors without CC invasion.
3. Long survivors with CC invasion.
4. Short survivors with CC invasion.
* Indicates significant difference after bonferroni correction (p < 0.01).
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Fig. 4. Receiver operative characteristic (ROC) curve demonstrates that FA
value from the corpus callosum is the best predictor for overall survival with the
area under the curve (AUC) of 0.77, sensitivity 1, specificity 0.59 using a cutoff
value of 0.70.

compliant with the Health Insurance Portability and Accountability Act
(HIPAA). Forty-eight patients (30 men and 18 women; mean age
62.40 = 12.5 years; age range, 22-89 years) with pathologically
proven GBM were retrospectively identified from our institution data-
base from June 2006 to December 2013. The primary inclusion criteria
for the enrollment of patients in the present study were: (a) gross total
resection of their neoplasms so that extent of resection (fraction of re-
sidual tumor) may not be a confounding factor in the survival analysis
(b) all neoplastic lesions demonstrated contrast enhancement on post-
contrast T1 weighted images (c) availability of good quality DTI data.
All of these patients underwent gross total resection of the tumor fol-
lowed by standard radiation therapy and temozolomide chemotherapy
and 8 patients received bevacizumab therapies. Karnofsky performance
status (KPS) after the surgery ranged from 20 to 80%. In addition, 17
healthy subjects were included as normal controls (4 men, 13 women,
mean age 60.35 + 13.5 years, age range 25-72 years).

The survival time of all the patients was recorded from the date of
initial diagnosis to the date of death. The median OS time from our
cohort of 48 patients was 14.0 months (range 1-58 months), which was
used as a cut-off to separate the patients into two groups. Patients de-
monstrating OS duration of greater than 14 months were defined as
long-term survivors while patients who died in less than14 months were
defined as short-term survivors
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Fig. 5. Kaplan-Meier curves for patients with glioblastoma with low FA
(< 0.70, dotted line) and high FA (> 0.70, solid line). Patients with high FA
(> 0.70) had a mean survival time of 20.41 *= 14.31 months whereas patients
with low FA (< 0.70) had a mean overall survival time of 6.79 + 5.19 months.
There was a significant difference in patients with high FA and low FA
(p < 0.001).

2.2. Data acquisition

MR imaging studies were performed on a Tim Trio 3T whole-body
scanner (Siemens, Erlangen, Germany) by using a 12-channel phased
array head coil. Routine diagnostic imaging sequences included axial
T1 weighted 3D MPRAGE (TR/TE/TI 1760/3.1/950ms, 192 X 256
matrix size, 1 mm section thickness) and axial FLAIR (TR/TE/ TI 9420/
141/2500 ms, 3 mm section thickness). DTI data were acquired using a
single-shot spin-echo EPI sequence with parallel imaging by using
generalized autocalibrating partially parallel acquisition (GRAPPA) and
an acceleration factor of 2. Diffusion weighting was applied in 30 iso-
tropically distributed directions by using a b-value of 1000 s/mm?, with
a total acquisition time of 8 min. Other sequence parameters were as
follows: TR/TE 5000/86ms, NEX =3, FOV =22 x 22 cm?, slice
thickness = 3 mm, number of sections = 40. Post-contrast T1-weighted
3D MPRAGE images were acquired after injection of a bolus of gado-
benate dimeglumine (MultiHance; Bracco Diagnostics, Princeton, New
Jersey) at standard dose of 0.1 mmol/kg.

2.3. Image processing

The diffusion tensor datasets were co-registered to the b = 0 s/mm?
images by using a 3D affine transformation estimated by maximizing
the mutual information between the images. The corrected raw images
were combined to estimate the DTI parametric maps by using in-house
software (IDL; ITT Visual Information Solutions, Boulder, Colorado)
[13]. ROIs were placed manually at three slice levels of genu, mid-body,
and splenium of CC based on visual inspection by two board certified
radiologists (GC and FK) (Fig. 1) [10]. FA and MD values were mea-
sured three times with different ROIs at the genu, body and splenium
levels and the average values were computed. Finally FA and MD values
from the genu, body and splenium were averaged and correlated with
survival data.

CC invasion on conventional imaging was evaluated by a senior
board-certified neuroradiologist (SM), with over 15 years of experience
interpreting MRI scans of brain tumor patients. Patients were con-
sidered as having CC invasion if there were contrast-enhancing lesions
on T1 weighted images or signal abnormality on T2 weighted and
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FLAIR images involving the CC (genu, body, or splenium) [3,14]. Pa-
tients were then divided into the following 4 groups based on CC in-
vasion and survival time: Patients with CC invasion and short survival;
Patients with CC invasion and long survival; Patients without CC in-
vasion and short survival; Patients without CC invasion and long sur-
vival.

2.4. Statistical analysis

A non-parametric Kruskal-Wallis test was used to compare 5 groups
in terms of mean MD and FA values. If there were significant difference
between these groups, Mann-Whitney U test was used for pairwise
comparison. A p-value 0.05 was considered significant. Bonferroni
correction was used to adjust for multiple comparisons. Pearson cor-
relation was performed to evaluate the relationship between FA and OS.
A univariate logistic regression analysis was used to evaluate the pre-
dictive power of FA and MD for OS. Area under the curve (AUC) of
receiver operating characteristic (ROC) was computed for parameters
with high predictive power (p < 0.10, Wald test). A cutoff value for
each parameter was determined by maximizing the sum of sensitivity
and specificity. Kaplan-Meier survival curves were used to compare the
groups with high-versus-low values in terms of OS using log-rank test.
In addition, a multivariate analysis was performed including con-
founding variables that also affect survival such as age, gender, treat-
ment (with or without bevacizumab therapies), KPS and tumor loca-
tions using a Cox proportional hazard ratio model. All statistical
analyses were conducted by using PASW Statistics, Version 18 (IBM,
New York, New York).

3. Results

The location of the tumor varied among patients including 11
frontal lobe, 12 temporal lobe, 10 parietal lobe and 3 in the occipital
lobe. Additionally, 13 patients had two lobe involvements. 22 patients
demonstrated CC invasion on conventional MR imaging whereas 26
patients had no CC invasion. Representative MR image from patients in
these groups are shown in Fig. 2. Kruskal-Wallis test showed significant
difference among the 5 groups in FA measurement (p < 0.01). How-
ever, there were no significant differences in MD values between these
groups. Box plot of mean FA values from CC are shown in Fig. 3. The
control subjects had the highest FA values (n = 17, 0.87 = 0.03) fol-
lowed by groups of long survivors without CC invasion (n = 14,
0.83 + 0.05), long survivors with CC invasion (n = 12, 0.78 + 0.05);
short survivors without CC invasion (n = 12, 0.77 + 0.09), and short
survivors with CC invasion (n = 10, 0.64 = 0.05). Patients with short
survival and CC invasion had the lowest FA compared with other
groups. P values of pairwise comparison of FA values between different
groups using Mann-Whitney U test were shown in Table 1. Comparison
between short survivors without CC invasion and long survivors with
CC invasion, between long survivors with and without CC invasion
didn’t reach significant difference. There were significant differences
between all other groups (p < 0.05). Comparison between normal
subjects and other groups, between long survivors without CC invasion
and short survivors with CC invasion, between short survivors with and
without CC invasion still showed significant difference after Bonferroni
correction (p < 0.01). Pearson correlation showed a moderate but
significant correlation between FA and OS with r value of 0.46
(p < 0.05)

Univariate analysis revealed that FA had a high predictive power
(p < 0.1, Wald test). ROC analysis indicated that a FA cutoff value of
0.70 was the best predictor for OS with an AUC of 0.77, sensitivity 1
and specificity 0.60 (Fig. 4). Kaplan-Meier survival curves demon-
strated that GBM patients with high FA values (> 0.70) had a mean
survival time of 20.41 *= 14.31 months whereas patients with low FA
values (< 0.70) had a mean survival time of 6.79 = 5.19 months.
There was a significant difference in patients with high FA values and
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low FA values (p < 0.001) (Fig. 5). Multivariate Cox analysis showed
that KPS was related to survival (p = 0.002). After adjusting for age,
gender, treatment, location and KPS, FA was still identified as a sig-
nificant risk factor for survival (hazard ratio 0.57 for 0.1 unit increase
of FA; 95% CI 0.37-0.86; p = 0.008).

4. Discussion

In this study, we have demonstrated that patients with CC infiltra-
tion and short survival have the lowest FA values from the CC. Also
patients with low FA values from CC demonstrated shorter survival
compared with those with high FA values. Our results therefore es-
tablished that DTI metrics, particularly FA measurements from the CC
can quantify tumor infiltration and may be used as a prognostic marker
for OS in GBM patients.

Invasion of glioma cells into healthy brain tissue has been shown to
occur along the white matter tracts. This occurs through a complex
process of adhesion, motility, and invasion [4]. It was proposed that an
interaction of tumor cells with the extracellular matrix (ECM) is man-
datory to enable cell migration [15]. The invasiveness of the tumor
depends on destruction of ECM components as well as on the pene-
tration of these neoplastic cells in the adjacent normal brain structures.
Glioma cells initially infiltrate or spread between and around neurons
and then penetrate into the fiber tracts of white matter. Spread along
white matter involves individual cells spreading within (intrafasicular),
around (parafasicular) and between (interfibrillary) the axonal pro-
cesses within the white matter. Little damage is caused at this stage, and
the white matter remains intact. As the tumor grows and the number of
tumor cells increases, the white matter is eventually destroyed by the
tumor [16]. In these patients, conventional imaging can detect tumoral
infiltration with presence of abnormal enhancement on post contrast
T1-weighted images and associated infiltrative and expansile appearing
FLAIR signal abnormality. However, in many cases, conventional ima-
ging appears normal or there is subtle associated FLAIR signal ab-
normality where neoplastic infiltration cannot be differentiated from
edema, gliosis, micronecrosis or local inflammatory response. Unlike
conventional imaging, DTI derived FA maps can help us in not only
detecting but also quantifying this “occult” tumor infiltration in the
white matter. In our study, a significant decrease of FA in the CC could
be secondary to reduced fiber integrity from the presence of infiltrative
tumor cells, resulting in shorter survival in these patients. In contrast,
patients in which FA was not as much reduced, would indicate relative
preservation of fiber integrity in the CC and these patients would por-
tend a better prognosis and overall longer survival. Besides FA, prior
studies found increased MD values in the section of the CC corre-
sponding to the tumor location [11]. However, we did not find any
significant differences of MD values between groups. This may be due
to the different degree of vasogenic edema in GBM.

Several factors including age, performance status, location, extent of
resection, and adjuvant therapy have been reported to predict survival
in GBM patients [4,17-19]. Recently, genetic markers, such as MGMT
and IDH status have also been investigated as prognostic indices [20].
Previous studies reported poorer survival in patients with CC involve-
ment, as determined by preoperative imaging [3,9,14,21]. Liang et al
reported that synchronous invasion of tumor into the CC and the sub-
ventricular zone seemed to be independent factors for poor overall and
progression free survival [6]. Chaichana et al demonstrated that but-
terfly GBM involving both cerebral hemispheres by involving and
crossing the CC has poorer prognosis and that these patients may
benefit from aggressive treatments including maximal debulking sur-
gery, increasing percent resection, chemotherapy, and radiation
therapy [8]. In our study, we observed that patients with higher FA
values from CC survive longer compared to those with lower FA values.
Our results indicate that FA values from the CC reflect the extent of
tumor infiltration, which can be used as a potential prognostic marker
of OS.
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Our results have a potential clinical benefit and in the future may
aid in individualized treatment planning because patients with low
pretreatment FA values can be offered upfront alternative treatment
strategies, including antiangiogenic therapy, tumor treating fields, im-
munotherapy, or other experimental therapies targeted toward in-
creased survival.

Although these results are promising, this study has some limita-
tions. The sample size is relatively small and thus the results need to be
validated in a larger cohort. Also, we used hand-drawn ROIs for data
analysis, which though being easy and straightforward, tends to be
subjective. Different regions of CC could also be assessed separately,
however, we chose to use a simplistic approach of taking an averaged
ROI from the entire CC so that it can be easily performed in routine
clinical workflow without requiring sophisticated image segmentation
tools which may not readily available. In addition, the proximity of the
CC to the tumor may also impact OS. However, measurement of
proximity based on conventional imaging (FLAIR or contrast-enhanced
Tlimages) may be challenging due to the presence of edema, in-
flammatory response and lack of a clear defined boundary. In order to
avoid location and proximity to CC as potential confounding variables,
we took an averaged FA value across the entire CC callosum. Future
studies using DTI normalization, in which, the data is individually
warped into a common spatial frame allowing for tract-specific analysis
[22], may be needed to overcome user bias. CC invasion was de-
termined by conventional imaging, however, we don’t have pathologic
data to prove it. GBM patients in the terminal stages are referred to
hospice care and it is not common practice to perform an autopsy as
they already have a pathologically confirmed malignancy. Besides DTI,
size of the tumor, T1/T2 ratios as well as other advanced neuroimaging
techniques such as perfusion MRI and MRS will be incorporated in a
future multiparametric study for better prognostication and prediction
of survival in these patients

In conclusion, our results demonstrate that DTI can quantify occult
tumor infiltration in the CC and serve as a sensitive prognostic marker
for prediction of OS in GBM patients. However, these results need to be
validated using a prospective study in a larger cohort.
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