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BACKGROUND AND PURPOSE: Differentiating between primary cerebral lymphoma and glioblastoma
multiforme (GBM) based on conventional MR imaging sequences may be impossible. Our hypothesis
was that there are significant differences in fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) between lymphoma and GBM, which will allow for differentiation between them.

MATERIALS AND METHODS: Preoperative diffusion tensor imaging (DTI) was performed in 10 patients
with lymphoma and 10 patients with GBM. Regions of interest were placed in only solid-enhancing
tumor areas and the contralateral normal-appearing white matter (NAWM) to measure the FA and ADC
values. The differences in FA and ADC between lymphoma and GBM, as well as between solid-
enhancing areas of each tumor type and contralateral NAWM, were analyzed statistically. Cutoff values
of FA, FA ratio, ADC, and ADC ratio for distinguishing lymphomas from GBMs were determined by
receiver operating characteristic curve analysis.

RESULTS: FA and ADC values of lymphoma were significantly decreased compared with NAWM.
Mean FA, FA ratio, ADC (�10�3 mm2/s), and ADC ratios were 0.140 � 0.024, 0.25 � 0.04, 0.630 �
0.155, and 0.83 � 0.14 for lymphoma, respectively, and 0.229 � 0.069, 0.40 � 0.12, 0.963 � 0.119,
and 1.26 � 0.13 for GBM, respectively. All of the values were significantly different between
lymphomas and GBM. Cutoff values to differentiate lymphomas from GBM were 0.192 for FA, 0.33 for
FA ratio, 0.818 for ADC, and 1.06 for ADC ratio.

CONCLUSIONS: The FA and ADC of primary cerebral lymphoma were significantly lower than those of
GBM. DTI is able to differentiate lymphomas from GBM.

Primary cerebral lymphoma represents 4%–7% of primary
brain tumors, and its incidence has increased in the last 3

decades.1 Despite some characteristic conventional MR imag-
ing findings, it may be difficult or even impossible to distin-
guish cerebral lymphomas from glioblastoma multiforme
(GBM).2 Accurate preoperative differentiation between these
2 tumors is important for the determination of appropriate
treatment strategies.

Lymphomas are relatively hyperintense to gray matter on
trace diffusion-weighted images (DWIs) and isointense to hy-
pointense on apparent diffusion coefficient (ADC) maps,
findings consistent with restricted water diffusion.3-5 In con-
trast, high-grade gliomas are relatively hyperintense to gray
matter on both trace DWIs and ADC maps, findings consis-
tent with elevated diffusivity.3,6,7 Prior studies have shown sta-
tistically significant differences in ADC between the cerebral
lymphoma and GBM.4,5 However, the GBM with restricted
water diffusion, that is, hyperintense on trace images and hy-
pointense on ADC maps, has also been reported.8-12 There-
fore, discrimination of lymphoma from some GBMs may be
difficult.

Diffusion tensor imaging (DTI) provides a sensitive means
to detect alterations in the integrity of white matter struc-
tures.13,14 Fractional anisotropy (FA) is a quantitative index
for diffusion anisotropy that correlates with microstructural
integrity of myelinated fiber tracts.15,16 FA decreases in a wide
variety of intracranial pathologies including brain tu-
mors.17-20 Previous studies found significant FA differences in
tumors with different histologic grades or cellularity.20-23 FA
was also reported to have a strong correlation with cellulari-
ty.20 Because the cellularity of lymphoma is higher than that of
GBM, we hypothesized that the diffusion characteristics of
lymphoma and GBM are different on DTI and will allow us to
differentiate between the two.

Materials and Methods

Patients
Approval for this study was obtained from the institutional board of

research associates. Signed informed consent was obtained from all of

the patients. Patient identifiers were removed from image data before

analysis. MR examinations were performed in 10 patients (4 men and

6 women; mean age, 53.3 years; age range, 22–75 years) with biopsy-

proven primary cerebral lymphomas and 10 patients (5 men and 5

women; mean age, 51.9 years; age range, 23– 80 years) with biopsy-

proven GBMs (WHO grade IV). None of the patients had begun

corticosteroid treatment, radiation therapy, or chemotherapy or had

had a previous brain biopsy at the time of MR imaging.

MR Imaging
All of the patients underwent MR imaging, including axial T2-

weighted (turbo spin-echo), DWI, DTI, and axial spin-echo T1-
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weighted imaging (T1WI) performed before and after intravenous

administration of 0.1 mmol/kg of body weight of gadopentetate

dimeglumine (Magnevist; Schering, Berlin, Germany). All of the MR

imaging studies were performed as a single MR imaging investigation

on a 3T MR imaging unit (Magnetom Triotim; Siemens, Erlangen,

Germany). DTI was performed in the axial plane using single-shot

echo-planar imaging with the following parameters: TR, ms/TE ms,

8600/91; diffusion gradient encoding in 12 directions; b � 0; 1000

s/mm2; FOV, 192 � 192 mm; matrix size, 128 � 128; section thick-

ness, 3 mm; and number of signal intensity acquired, 5. A total of

35– 40 sections covered the cerebral hemispheres, upper brain stem,

and cerebellum without gaps. To minimize artifacts such as signal

intensity dropout and gross geometric distortions associated with the

echo-planar imaging, parallel imaging technique (generalized auto-

calibrating partially parallel acquisitions24; reduction factor � 2) was

used during DTI acquisitions. Immobilization of the patient’s head to

minimize artifacts due to patient motion was achieved by fixation of

the head in a headrest.

Image Postprocessing
The diffusion-tensor data were transferred to an independent work-

station and processed using the software nordicICE (Nordic Image

Control and Evaluation Version 2.16; Nordic Imaging Lab, Bergen,

Norway). Voxel by voxel, the FA and directionally averaged ADC

(also known as mean diffusivity) were calculated by using the follow-

ing standard algorithms:

1) ADC � �� �
�1 � �2 � �3

3

and

2) FA � �3

2
� ���1 � �� )2 � (�2 � �� )2 � (�3 � �� )2

�1
2 � �2

2 � �3
2 ,

where �n is the eigenvalue describing a diffusion tensor.

Visual Inspection
Two experienced neuroradiologists performed qualitative visual in-

spection of FA maps of lymphomas and GBMs with consensus read-

ing. Each lesion was evaluated as being predominantly hyperintense,

isointense, or hypointense relative to white matter, and the findings

were recorded.

FA and ADC Measurement
Using the coregistration module integrated in the software

nordicICE, the FA and ADC maps were automatically coregistered to

postcontrast T1WI based on Digital Imaging and Communications in

Medicine geometry parameters. The adequacy of registration was as-

sessed with visual inspection by the 2 observers. Manual adjustment

of image registration was performed if necessary. Circular regions of

interest (ROIs) with diameter ranges from 0.7 to 1.2 cm were ran-

domly placed centrally within the largest solid-enhancing area of all

lymphomas (Fig 1) and GBMs (Fig 2) to avoid volume averaging with

cystic or necrotic regions that might influence FA and ADC values.

Because it is often possible to differentiate between lymphomas and

GBMs on conventional imaging, neuroradiologists placing the ROIs

were not blinded to the diagnosis. The ROIs were then automatically

transferred to the coregistered ADC and FA maps. Approximate

same-size ROIs were also drawn in matching structures in the con-

tralateral hemisphere in each patient to obtain FA and ADC values of

normal-appearing white matter (NAWM) for the purpose of normal-

ization. The matching white matter structure represented the same

structure in the contralateral hemisphere.

Statistical Analysis
Mean FA and ADC values were evaluated for each ROI. The FA and

ADC ratios were calculated by dividing the FA and ADC values in

the solid-enhancing areas of lymphomas and GBMs by the FA and

ADC values of NAWM in the contralateral hemisphere in the same

patient. Comparisons between solid-enhancing areas of lym-

phoma or GBM and the corresponding contralateral NAWM were

performed by using paired t tests. The mean FA and FA ratios,

ADC, and ADC ratios of the solid-enhancing areas for the 2 tumor

groups were compared with a 2-sample t test. Cutoff values of FA,

FA ratio, ADC, and ADC ratio for distinguishing lymphomas from

GBMs were determined by receiver operating characteristic

(ROC) curve analysis. The ROC curve was further used to calculate

the area under the curve (AUC) value, which is an index of overall

discriminative ability of a given method. A commercially available

statistical software package (SPSS 15; SPSS Chicago, Ill) was used

for analysis, and P values � .05 were considered to indicate a

statistically significant difference.

Fig 1. ADC and FA measurements in a 22-year-old man with pathologically confirmed lymphoma in the right temporo-occipital region. A, Axial contrast-enhanced T1-weighted MR image
(781/8.1) shows an enhancing mass in the right temporo-occipital region. There are enhancing nodules along the right frontal ependymal surface. There is a rim-enhancing nodule
posteromedial to the main mass; cystic change or necrosis of the tumor is considered. One ROI is in the enhancing tumor area for measurement of ADC and FA values, and another ROI
is at a corresponding site in the contralateral NAWM. On FA (B ) and ADC (C ) maps, the ROIs in A are superimposed.
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Results

Visual Inspection
All of the lymphomas and GBM appeared predominantly hy-
pointense relative to white matter on FA maps.

Mean FA Values and FA Ratios
The mean FA values of lymphoma and contralateral NAWM
were 0.140 � 0.024 (range, 0.092– 0.170) and 0.565 � 0.028
(range, 0.523– 0.599), respectively (P � .001). The mean FA
values of GBM and contralateral NAWM were 0.229 � 0.069
(range, 0.179 – 0.285) and 0.584 � 0.034 (range, 0.525– 0.632),
respectively (P � .001). The mean FA values of lymphomas
were significantly lower than those in GBM (P � .001; Table
1). The mean FA values of contralateral NAWM of lympho-
mas were not significantly different from those of GBM (P �
.198). The mean FA ratios were 0.25 � 0.04 (range, 0.17– 0.29)
for those with lymphomas and 0.40 � 0.12 (range, 0.15– 0.59)
for those with GBM (P � .002; Table 1). The changes in FA in
solid-enhancing areas of lymphoma and GBM and NAWM
were plotted against ADC (Fig 3).

Mean ADC Values and ADC Ratios
The mean ADC values (�10�3 mm2/s) of lymphoma and con-
tralateral NAWM were 0.630 � 0.155 (range, 0.371– 0.806)
and 0.752 � 0.086 (range, 0.621– 0.846), respectively (P �
.003). The mean ADC values (�10�3 mm2/s) of GBM and
contralateral NAWM were 0.963 � 0.119 (range,
0.768 –1.135) and 0.764 � 0.063 (range, 0.653– 0.855), respec-
tively (P � .001). The mean ADC values of lymphomas were
significantly lower than those in GBM (P � .001). The mean
ADC values of contralateral NAWM of lymphomas were not
significantly different from those of GBM (P � .712). The

mean ADC ratios were 0.83 � 0.14 (range, 0.55– 0.97) for
those with lymphomas and 1.26 � 0.13 (range, 1.09 –1.46) for
those with GBM (P � .001; Table 1).

ROC Curve Analysis
The optimal cutoff values for differentiating lymphomas from
GBM were 0.192 (sensitivity, 100%; specificity, 80%; accuracy,
90%) for FA, 0.33 (sensitivity, 100%; specificity, 80%; accu-
racy, 90%) for FA ratio, 0.818 � 10�3 mm2/s (sensitivity,
100%; specificity, 90%; accuracy, 95%) for ADC, and 1.06
(sensitivity, 100%; specificity, 100%; accuracy, 100%) for

Fig 2. ADC and FA measurements in a 45-year-old woman with pathologically confirmed GBM in the left frontal region. A, Axial contrast-enhanced T1-weighted MR image (350/2.5) shows
an enhancing mass in the left frontal region. One ROI is in the enhancing tumor area for measurement of ADC and FA values, and another ROI is at a corresponding site in the contralateral
NAWM. On FA (B) and ADC (C) maps, the ROIs in A are superimposed.

Table 1: ADC, ADC ratios, FA, and FA ratios of lymphoma and GBM

Variable Lymphoma GBM P 95% CI
FA 0.140 � 0.024 0.229 � 0.069 .001 �0.137 to �0.040
FA ratios 0.25 � 0.04 0.40 � 0.12 .002 �0.234 to �0.064
ADC (�10�3 mm2/s) 0.630 � 0.155 0.963 � 0.119 �.001 �0.463 to �0.203
ADC ratios 0.83 � 0.14 1.26 � 0.13 �.001 �0.558 to �0.304

Note:—Data are the mean � SD. FA indicates fractional anisotropy; ADC, apparent diffusion coefficient; GBM, glioblastoma multiforme; CI, confidence interval. ADC and FA ratios were
calculated by dividing the mean ADC or FA values of the affected hemisphere by those of the normal-appearing white matter of the contralateral hemisphere.

Fig 3. Scatterplot of FA versus ADC measured in solid enhancing tumors and contralateral
NAWM. Measurements from lymphomas tend to cluster in the area corresponding with FA
and ADC decreases, whereas measurements from GBMs tend to cluster in area corre-
sponding with FA decreases and ADC increases.
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ADC ratio. ADC, in absolute values and ratios, was more spe-
cific and accurate than FA in discriminating lymphomas from
GBMs. The sensitivity of FA and ADC, on the other hand, was
not different in differentiating the 2 tumors (Table 2). The
discriminative ability of these diffusion tensor metrics to dif-
ferentiate 2 tumor types, in decreasing order of AUC value,
were ADC ratio (AUC, 1), ADC value (AUC, 0.97), FA value
(AUC, 0.87), and FA ratio (AUC, 0.84).

Discussion
Our study showed that all of the lymphomas were predomi-
nantly hypointense on FA maps of DTI and showed significant
FA decreases in solid-enhancing areas compared with con-
tralateral NAWM. The FA and ADC of lymphomas were sig-
nificantly lower than those in the GBM.

In our study, FA and ADC values obtained in NAWM and
solid-enhancing areas of GBM correlated well with those re-
ported for GBM.17-19 Our quantitative measurements of ADC
and FA in solid-enhancing areas of GBM showed increased
ADC values (mean percentage of 126% of contralateral
NAWM) and decreased FA values (40% of normal value),
which were similar to previous studies.4,5,17-19 ADC values ob-
tained in NAWM and solid-enhancing areas of
lymphoma3-5,19 also correlated well with those reported in the
literature. However, no qualitative or quantitative FA changes
for lymphoma are available from published studies for
comparison.

In our study, the mean ADC values of lymphomas were
significantly lower than those of NAWM and GBM, findings
that were consistent with the higher cellularity in the lym-
phoma. This inverse relationship between the ADC values and
cellularity has been reported previously in gliomas and lym-
phomas.4 In contrast, there is still controversy regarding the
relationship between FA and tumor cellularity. Beppu and col-
leagues21-23 reported a positive correlation of FA value with
glial tumor cellularity, that is, higher FA was associated with
higher tumor cellularity. In a more recent study, a negative
relationship was found when FA changes were correlated with
cellularity as determined histologically.20 Our results show
that FAs of lymphomas, which have higher cellularity, were
lower than those of GBM, and suggest that FA is inversely
related to cellularity.

The actual mechanism for FA decrease in brain tumors is
still unclear. Some researchers17,25,26 have suggested that the
FA decrease is related to an increase in extracellular space sec-
ondary to neuronal and fiber tract destruction. Other investi-
gators20 proposed that low FA is related to a decrease in extra-
cellular space secondary to tumor infiltration when they
observed a negative relationship between FA and tumor cellu-
larity. We think that the FA decrease in lymphoma is related to

decreased extracellular space secondary to attenuated tumor
growth.

In our study, ADC and FA have similar sensitivity in differ-
entiating lymphomas from GBMs. The specificity and accu-
racy of ADC, however, were higher than those of FA in differ-
entiating the two. In a previous study, ADC was 90% accurate
and 100% specific in differentiating between lymphomas and
GBMs.27 Our results agree with those of the previous report.
The high specificity and accuracy of ADC in differentiating
lymphoma from GBM are probably due to the differences in
tumor cellularity, which has been considered the primary de-
terminant of ADC.7 In contrast to ADC that measures the
magnitude of molecular motion of water and does not depend
directly on the integrity of myelinated fiber tracts, FA depends
on the restriction of water proton movement along myelin-
ated fiber tracts.28 The assessment of diffusion anisotropy in
tumor tissue is a complicated issue, which is affected by the
ratio of extracellular to intracellular space, vascularity, edema,
microcysts, and extracellular matrix.25,29-32 We speculate that
the complexity of diffusion anisotropy determination renders
FA to be a less specific and less accurate tensor metric than
ADC in distinguishing lymphomas from GBMs.

Although FA is slightly less specific and less accurate than
ADC in differentiating lymphoma from GBM, its overall dis-
criminating ability in both absolute value and ratio is good
with AUC � 0.85, sensitivity 100%, specificity 80%, and accu-
racy 90%, respectively. A previous study showed that there is
no correlation between FA and ADC measurements in struc-
tural abnormalities and, thus, ADC and FA may be indepen-
dent.26 Therefore, FA may serve as an independent diagnostic
criterion or, when combined with the results of ADC, further
improve the diagnostic accuracy in the differentiation of lym-
phoma and GBM. Further studies are needed to support our
speculations.

There are limitations to our study. First, we did not com-
pare the cellularity or other histologic changes in lymphoma
and GBM, and, therefore, we cannot definitively state that the
FA decreases and differences between lymphoma and GBM
were due to differences in cellularity and the size of extracel-
lular space. Second, the DTI findings of brain tumors and the
relationship between FA and tumor cellularity reported previ-
ously were primarily observed in glial tumors, and, thus, con-
clusions from previous studies regarding FA changes in glio-
mas may not be applicable to lymphoma. Third, the small
number of patients in our study is recognized as another lim-
itation, particularly in performing ROC curve analysis. There-
fore, the sensitivity, specificity, and accuracy of each tensor
metric may be different as the number of patients increases.
Despite these limitations, the FA decreases in lymphoma, as

Table 2: Measures of sensitivity, specificity, and accuracy in discrimination of lymphomas from GBMs with receiver operating characteristic
curve analysis

Variable CV
Sensitivity,

%
Specificity,

%
Accuracy,

%
AUC,

% P
FA 0.192 100 80 90 0.87 .005
FA ratios 0.330 100 80 90 0.84 .010
ADC 0.818 100 90 95 0.97 �.001
ADC ratios 1.060 100 100 100 1.00 �.001

Note:—FA indicates fractional anisotropy; ADC, apparent diffusion coefficient; GBM, glioblastoma multiforme; CV, cutoff value; AUC, area under the curve.
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well as differences between lymphoma and GBM on DTI, were
unequivocally demonstrated in our study.

Conclusion
Primary cerebral lymphoma shows the FA decrease compared
with NAWM. The FA and ADC of primary cerebral lym-
phoma were significantly lower than those of GBM. DTI is
able to differentiate lymphomas from GBM.
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