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�Introduction

Brain tumors are the second leading cause of can-
cer-related deaths in children and adults younger 
than 39 years old, and they affect adults of all ages. 
The total number of newly diagnosed primary 
malignant or nonmalignant brain tumors was esti-
mated to be 64,530 in 2004–2007, with 24,070 
being malignant and 40,470 being nonmalignant, 
according to the Central Brain Tumor Registry of 
the United States (CBTRUS) [1]. Although the 
long-term survival of patients with brain tumors 
has been considerably improved over the last two 
or three decades, death still occurs in a significant 
proportion of the patients. In particular, glioblas-
toma, the most malignant primary brain tumor, 
presents a major challenge with a median survival 
time of only 12.2–18.2 months [2].

Brain tumor malignancy or grade is generally 
assessed according to World Health Organization 
(WHO) criteria, taking into account the cellularity, 
mitotic activity, endothelial proliferation, and 
necrosis [3]. Brain tumors consist of a variety of 
subtypes with a wide range of histopathology, 
molecular and genetic profile, clinical spectrum, 
and treatment options and outcome. The most 
common primary brain tumors in adults are glio-
blastomas and meningiomas. Brain metastases 
outnumber primary brain tumors in adults owing 
to high incidence of systemic cancer. Accurate 
diagnosis and grading of brain tumors are often 
crucial as the management and prognosis of differ-
ent types of tumors are substantially different [4–
6]. Pathological analysis of biopsy samples is the 
current gold standard for tumor grading. However, 
biopsy has limitations attributable to sampling 
error (e.g., missing the most malignant part) and is 
not always feasible (e.g., tumor in the brain stem).

Conventional MRI can display the anatomical 
appearance of brain tumor, but fails to provide 
physiologic and functional information that is 
crucial for tumor grading, predicting clinical out-
come and response to therapy. Over the past few 
years, diffusion tensor imaging (DTI) has been 
increasingly used to study pathologic changes in 
brain tumors [7–10]. Various DTI metrics can be 
derived from the imaging data to provide infor-
mation about the orientation and architecture of 
tissue microstructure at the voxel level. In this 
chapter, we briefly explain the DTI technique, 
followed by application of various DTI metrics in 
brain tumor characterization.
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�Basic Principles of Diffusion Tensor 
Imaging

Water molecules, the principle components of the 
brain, are in constant motion caused by random 
thermal fluctuation. By applying a pair of dephas-
ing and rephrasing magnetic field gradients, MR 
imaging may be sensitized to the motion (diffu-
sion) in the direction of the field gradient. This 
gradient pulse configuration is often known as 
diffusion weighting [11]. The degree of diffusion 
weighting is described by the b value, a parame-
ter that is determined by the amplitude and tim-
ing of diffusion gradients. The measurement of 
signal loss or attenuation is a function of the dif-
fusivity in a chosen direction as shown below:

	 S S bD= −
0e 	 (2.1)

where S is the diffusion-weighted signal, S0 is the 
signal without diffusion weighting, and D is the 
estimated diffusivity or apparent diffusion coeffi-
cient (ADC). Acquiring diffusion-weighted images 
with at least two different b values allows the deter-
mination of the diffusivity for each image voxel.

In white matter, diffusion is anisotropic, as 
axonal membranes and myelin sheaths restrict 
and/or hinder this molecular motion in a particu-
lar direction. Apparent diffusivity of water is 
generally higher in directions parallel to fiber 
tracts than in the perpendicular direction [12]. 
Three-dimensional probability distribution of 
diffusivity can be described by a diffusion tensor 
ellipsoid with three eigenvectors and the corre-
sponding eigenvalues (λ1, λ2, and λ3). The eigen-
vector associated with the largest eigenvalue 
denotes the predominant orientation of fibers in a 
given imaging voxel. If a particular voxel has a 
high degree of anisotropy, one of the eigenvalues 
will be much higher than the other two.

Most commonly used indices for diffusion 
tensor are mean diffusivity (MD) and fractional 
anisotropy (FA) [13], which can be calculated 
according to (2.2) and (2.3), respectively:
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where l  denotes mean of the three eigenvalues. 
MD is a measure of the directionally averaged 
magnitude of diffusion and is related to cell 
density, size, and parenchyma permeability. 
FA represents the degree of diffusion anisotropy, 
and reflects the degree of alignment of cellular 
structure [13].

Although FA is a good indicator of diffusion 
anisotropy, it does not provide information on 
the shape of the diffusion ellipsoid. For example, 
it cannot distinguish a flat ellipsoid from an 
oblong one. Westin et al. [14] have modeled dif-
fusion anisotropy using a set of three basic met-
rics that depend on the shape of the diffusion 
tensor: linear anisotropy coefficient (CL) where 
diffusion is mainly along the direction corre-
sponding to the largest eigenvalue; planar anisot-
ropy coefficient (CP) where diffusion is mainly 
restricted to the plane spanned by the two eigen-
vectors with the two largest eigenvalues; and 
spherical anisotropy coefficient (CS), which 
indicates isotropic diffusion. The CL, CP, and CS 
values can be calculated using the following 
equations:

	
CL = −( ) + +( )l l l l l1 2 1 2 3/

	
(2.4)

	
CP = −( ) + +( )2 2 3 1 2 3l l l l l/

	
(2.5)

	
CS = + +( )3 3 1 2 3l l l l/

	
(2.6)

The CL, CP, and CS values lie in the range 
from 0 to 1 and the sum of these three metrics is 
equal to 1 (Fig. 2.1).

Each anisotropy measure shows unique fea-
tures in different regions of white matter. These 
differences arise from the relative contribution of 
the linear, planar, and spherical shape compo-
nents of the diffusion tensor. Linear ellipsoid is 
typically found in regions with parallel arrange-
ment, such as corpus callosum and pyramidal 
tract. Planar ellipsoid corresponds to regions of 
fibers with different orientations, or bundles of 
fibers that are randomly oriented in a plane, such 
as centrum semiovale and subcortical white mat-
ter regions. The gray matter appears isotropic 
with high CS [15]. These studies suggest that ten-
sor shape measurements allow one to explore the 
tissue microstructural difference.

S. Wang et al.
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�Application to Brain Tumor 
Characterization

Water diffusion is affected by tissue constitutes, 
such as macromolecules, membranes, and organ-
elles, as well as by tissue microstructure and 
organization. From the metrics derived from DTI, 
one can infer information about the brain tissue 
that cannot be obtained using conventional MRI. 
In brain tumors, microstructural tissue character-
istics vary significantly between tumor types, 
including the cellularity, presence of tumor necro-
sis, fibrous tissue within tumors, tumor infiltra-
tion, and so forth. DTI is a promising tool for 
detecting such microscopic difference in tumors.

Most of DTI studies in brain tumors focused 
on the analysis of different parts within the tumor 
using various DTI metrics. But it is often helpful 
to measure reactive and infiltrative changes in the 
tissue surrounding the tumor. The neoplastic 
mass can be generally subdivided into two 
regions: the solid part of the tumor and central 
necrotic or cystic part of the tumor. Similarly, the 
peritumoral edematous region can be separated 
into two regions: proximal region surrounding 

the enhancing part of the tumor potentially 
including infiltrative tumor cells, and more distal 
region mainly comprising vasogenic edema. 
These four subregions of a neoplasm can be sub-
stantially different from each other in terms of 
their DTI metrics. A variety of methods to ana-
lyze diffusion information have been proposed 
and range from simple mean/median value to his-
togram analysis over the selected regions of 
interest (ROIs). Systematic analysis of various 
DTI metrics including tensor shape measures 
from these different areas may provide a robust 
way for characterization of brain neoplasms.

�Mean Diffusivity and Tumor 
Cellularity

Of all the histologic features used in tumor clas-
sification, cellularity has been the main target of 
assessment with DTI. MD measures the magni-
tude of diffusion within cerebral tissues. The 
higher the tumor cellularity, the lower the MD 
value due to decrease in the extracellular space 
(i.e., increased hindrance to extracellular water 
diffusion, assuming that the intracellular water 

Fig. 2.1  Three shapes  
of diffusion ellipsoid

2  Diffusion Tensor Imaging: Introduction and Applications to Brain Tumor Characterization



30

diffusion is restricted) [12, 16]. This inverse cor-
relation between MD and cellularity has been 
reported in both glial [9] and nonglial tumors [17].

MD values have been used in differentiating 
tumor grades [7, 8, 18, 19] and types [8, 20–22], 
however, with mixed results. Some reports have 
suggested that mean MD [20, 23, 24], minimum 
MD [7] [25], or MD ratio [18, 19] is helpful for 
grading and tumor differentiation, while others 
indicated the limited use of MD in the differentia-
tion of neoplasms [8, 26–28]. Those studies in 
which MD was found useful have generally 
observed lower diffusivities in high-grade or more 
cellular tumors. It has been accepted that primary 
cerebral lymphomas and medulloblastomas have 
lower MD values because of densely packed cells 
in these tumors [8, 17]. Also atypical or malignant 
meningiomas were found to have lower MD val-
ues compared with typical meningiomas [18, 19, 
29]. However, MD itself is very limited in ++ 
tumor classification with low sensitivity and spec-
ificity [21, 22]. Besides cellularity, other factors 
such as extracellular matrix, viscosity, and mucins 
may also affect the measurement of MD [30, 31].

MD has also been used to monitor tumor treat-
ment response. In most malignant tumors, suc-
cessful treatment is reflected by increases in MD 
values. This may be due to the cellular death and 
vascular changes in response to treatment. Results 
from animal models [32] and clinical studies [33] 
provide supportive evidence for the use of MD as 
a responsive biomarker. A novel method called 
functional diffusion mapping (fDM) has been 
introduced to map voxel-by-voxel changes of 
apparent diffusivity over time [2, 34].

�Diffusion Anisotropy of Tumor

FA is the most commonly used anisotropy index. 
FA reflects the degree of alignment of tissue 
microstructure, and as such its use may not be lim-
ited to the white matter tracts alone [12]. Regions 
of relatively high anisotropy have been reported in 
brain abscesses [35], glioblastomas [36, 37], and 
areas of hemorrhage [38], indicating that the tis-
sues other than the white matter can also have 
preferentially oriented structures.

In contrast to MD, the relationship between 
FA and tumor cellularity is unclear, as both posi-
tive [36, 37, 39] and negative [9, 40] correlation 
has been reported. While Inoue et al. [41] stated 
that FA values of low-grade gliomas were 
significantly lower than those of high-grade glio-
mas, Stadlbauer et al. [9] reported lower FA val-
ues in high-grade gliomas. A recent study 
reported that mean and maximal FA from the 
solid part of the tumor are useful in grading non-
enhancing gliomas [26]. For tumor type differen-
tiation, Wang W et al. [42] and Reiche et al. [43] 
reported lower FA from the enhancing regions of 
glioblastomas compared with brain metastases, 
whereas Wang S et al. [22] observed higher FA in 
the enhancing regions of glioblastomas than in 
those of metastases. One likely reason for these 
contradictory results is the lack of standardized 
methods, both for acquisition as well as postpro-
cessing and selection of ROI. It has also been 
demonstrated by Wang et al. [21] that FA in glio-
blastomas is higher than that in both brain metas-
tases and primary cerebral lymphomas (Figs. 2.2, 
2.3, 2.4, and 2.5). Among these three tumor types, 
lymphomas have the highest cellularity, followed 
by glioblastomas and brain metastases [44–46]. 
These findings indicate that diffusion anisotropy 
may not directly correlate with tumor cellularity. 
It has been reported that FA of tumor can be 
affected by several factors including extracellular-
to-intracellular space ratio, extracellular matrix, 
tortuosity, and vascularity [30, 31]. Further study 
is warranted to help understand the underlying 
tumor microstructure contributing to FA.

�Shape-Based Diffusion Tensor Metrics

Information on the geometric nature of diffusion 
tensor provides further differentiation of tumor 
types based on tensor shape in addition to FA [14, 
15, 47]. Both CL and CP values contribute to FA 
observed in tissue and their relative values indi-
cate the shape of diffusion ellipsoid [15]. 
Anisotropy changes within and surrounding 
the tumor have been demonstrated in animal stud-
ies, indicating that tensor shape is related to the 
macroscopic organization of tumor cells [48–50]. 
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The types of the tumor, the degree of invasive-
ness, and growth rate can affect the diffusion 
properties [49, 50]. Tensor shape measurements 
have also been used to characterize pathologic 
changes in the human brain. Zhang et  al. [47] 
reported lower CL in brain metastases than in 
contralateral normal brain. Elevated FA and CP 
along with decreased CS were observed in fibro-
blastic meningiomas compared with other sub-
types of meningiomas [29, 51, 52]. Kumar et al. 
[53] reported high CP and low CL in the abscess 
cavity compared with normal white matter, thus 
distinguishing true from pseudo white matter 
tracts. It has also been reported that epidermoid 
cysts have high CP [54] and tuberculomas showed 

lower CL, CP, and higher CS [55] compared with 
normal white matter. Wang et al. [21] also demon-
strated higher FA, CL, and CP from the enhancing 
part of glioblastomas in comparison to both brain 
metastases and primary cerebral lymphomas 
(Figs. 2.2, 2.3, 2.4, and 2.5). These results suggest 
that tensor shape measurements provide addi-
tional information about tissue characteristics, 
which may further aid in tumor classification.

A ring with high CP has been reported in glio-
blastomas, brain metastases, and meningiomas. 
While the potential reason for the observation of 
this ring remains speculative, its presence may 
reflect compression of surrounding tissue by the 
tumor [47, 52].

Fig. 2.2  A 71-year-old male with a glioblastoma in the 
left thalamus. Axial contrast-enhanced T1-weighted image 
(a) shows solid enhancement. MD map (b) shows restricted 
diffusion of the enhancing part (0.75 × 10−3/mm2/s). FA (c), 
CL (d), and CP (e) from the enhancing part (0.18, 0.15, and 

0.15, respectively) are higher than those for brain metasta-
sis (Fig.  2.3) and primary cerebral lymphoma (PCL, 
Fig. 2.4). CS (f) from the enhancing portion (0.68) is lower 
compared with brain metastasis and PCL. Reprinted and 
modified with permission from Wang et al. [21]
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�DTI and Tumor Infiltration

Peritumoral region is usually defined as the area 
of abnormality surrounding the enhancing part of 
the tumor. In metastatic brain tumors or noninfil-
trative primary tumors such as meningiomas, 
peritumoral edema is widely regarded as vaso-
genic edema. In this region, increased extracel-
lular water is present due to leakage of plasma 
from altered tumor capillaries. Also this region 
does not include any tumor cells. In gliomas, 
however, the peritumoral region includes both 
vasogenic edema and infiltrating tumor cells.

Investigators have tried to use DTI to differen-
tiate tumor-infiltrated edema from pure vasogenic 
edema [20, 22, 24], which may be beneficial for 

accurate preoperative diagnosis of glioblastomas 
and metastases. Lu et al. [20] reported a signifi-
cant difference between tumor-infiltrated edema 
and pure vasogenic edema using a parameter 
called “tumor infiltration index,” which measures 
departure from a linear relationship between 
MD and FA. These authors also reported higher 
MD in metastasis compared to glioblastomas. 
However, other studies demonstrated lower MD 
and minimum MD or MD ratio in the peritumoral 
region of metastases compared to that of glioblas-
tomas [24, 56]. In contrast, van Westen et al. [57] 
reported no difference in MD and FA values in 
the peritumoral region of glioblastomas, metasta-
ses, and meningiomas. Recently, Kinoshita et al. 
[58] claimed that “tumor infiltration index” could 

Fig. 2.3  A 53-year-old male with metastatic lung adeno-
carcinoma in the left frontal lobe. Axial contrast-enhanced 
T1-weighted (a) shows a solid enhancing lesion. MD map 
(b) shows restricted diffusion of the enhancing part 
(0.95 × 10−3/mm2/s). Lower FA (c), CL (d), and CP (e) are 

noticed from the enhancing part (0.10, 0.08, and 0.09, 
respectively) relative to normal-appearing white matter 
compared with the glioblastoma. CS (f) appearance 
looks similar to glioblastoma (Fig. 2.2f), but has a higher 
value (0.82)

S. Wang et al.
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not differentiate vasogenic edema from tumor-
infiltrated edema. The difference in defining the 
ROIs for the peritumoral region in these studies 
may in part be responsible for the discrepancy. A 
number of studies have focused on the area close 
to the enhancing region (peritumoral region) 
either by manually placing a number of small 
ROIs around the tumor [23, 24] or by using a 
band of arbitrarily chosen thickness around the 
tumor [28, 59]. In the study reported by Wang 
et al. [22], the peritumoral areas were further sub-
divided into immediate peritumoral region and 
distant peritumoral region with the hypothesis 
that the immediate peritumoral region may have a 
higher degree of tumor infiltration in glioblasto-
mas. There was a significant difference in FA, 

CL, and CP between glioblastomas and metasta-
ses in the immediate peritumoral region. In the 
distant peritumoral region, only FA and CP mea-
surements reached significant difference between 
the two tumor types [22]. While statistical signifi-
cance was observed, the overall sensitivity, speci-
ficity, and accuracy for all the DTI metrics in the 
peritumoral areas were lower than in the enhanc-
ing part of the tumor. Since the edematous region 
contains areas of increased extracellular water, 
tumor infiltration, and varying fractional compo-
sition of normal white/gray matter, it is difficult 
to determine which factor dominates the DTI 
metrics. These confounding factors may further 
explain the conflicting reports of DTI characteris-
tics in the peritumoral regions.

Fig. 2.4  A 58-year-old female with primary cerebral dif-
fuse large B cell lymphoma in the right peritrigonal area. 
Axial contrast-enhanced T1-weighted (a) shows a solid 
enhancing lesion with extensive edema. MD map (b) 
shows restricted diffusion of the enhancing part (0.80 × 10−3/

mm2/s). Lower FA (c), CL (d), and CP (e) are noticed from 
the enhancing part (0.08, 0.08, and 0.06, respectively) rela-
tive to normal-appearing white matter compared with the 
glioblastoma. CS (f) from the enhancing part appears 
higher (0.85) compared with glioblastoma
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�Histogram Analysis of DTI

Many of the challenges in use of DTI for charac-
terizing brain tumors stem from the heterogeneity 
within or across tumor types. Standard ROI sum-
mary statistics of mean or median, however, do 
not address tumor spatial heterogeneity. The 
degree of tumor heterogeneity typically corre-
lates with the tumor grade. The higher the hetero-
geneity, the more malignant the tumor is. Use of 
histogram for studying distributions of different 
parameters provides a better assessment of tissue 
heterogeneity, and is thus more objective and 
may result in higher reproducibility.

Histogram analysis of perfusion parameters 
has been successfully used in brain tumor classi-
fication [60–62]. Histogram-derived parameters 

varied in different studies, including mean, vari-
ance, peak height position, peak width, skewness, 
and kurtosis. But histogram analysis in DTI has 
not been well documented. Tozer et  al. [63] 
reported that low-grade oligodendrogliomas are 
more homogeneous and showed lower MD com-
pared with low-grade astrocytomas. Jakab et al. 
[61] recently reported that using histogram bins 
from FA, axial diffusivity, DWI, and B0 maps 
can differentiate low-grade from high-grade glio-
mas. MD histogram analysis has also been used 
to predict response to treatment in patients with 
recurrent GBM [64]. Minimum MD values have 
been found to be prognostic of outcomes in glio-
mas [65]. Recently, Wang et al. [66] have utilized 
histogram to quantify the diffusion data in 
meningiomas. Four histogram parameters, mean, 

Fig. 2.5  Box plots of diffusion characteristics in brain 
metastases (gray), glioblastomas (white), and primary 
cerebral lymphomas (PCLs, dotted). The solid line inside 
the box represents the median value, while the edges rep-
resent the 25th and 75th percentiles. Straight line (bars) 
on each box indicates the range of data distribution. 
Circles represent outliers (values more than 1.5 box length 
from the 75th/25th percentile). *Above gray or dotted box 

indicates significant difference (p < 0.05) for glioblasto-
mas vs. metastases or glioblastomas vs. PCLs, respec-
tively. *Above a horizontal line between gray and dotted 
boxes indicates significant difference (p < 0.05) between 
metastases and PCLs. ER: enhancing region. IPR:  
immediate peritumoral region. DPR: distant peritumoral 
region. Reprinted and modified with permission from 
Wang et al. [21]

S. Wang et al.
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variance, skewness, and kurtosis, were extracted 
from the enhancing part of the tumor. Their result 
indicated that histogram analysis of eigenvalue 
skewness can help differentiate atypical from 
typical meningiomas. Among typical meningio-
mas, histogram analysis of tensor shape measure-
ments can distinguish fibroblastic from other 
subtype meningiomas [66].

�Combined DTI Metrics  
for Classification

DTI provides a number of parameters about the 
shape, magnitude, and degree of diffusion anisot-
ropy, which may be used to differentiate different 
tumor types. However, these parameters, by them-
selves individually, have a limited role in tumor 
classification. Wang et al. have previously reported 
that the single best predictor for differentiation 
between glioblastomas and brain metastases is FA, 
with a sensitivity of 89 %, specificity of 80 %, and 
AUC of 0.90 [22]. Accurate characterization of 
complicated tissue, such as a tumor, may require 

two or more imaging parameters. To date, only a 
limited number of studies have investigated the 
role of DTI parameters in combination for tumor 
classification. One study suggested that a combi-
nation of minimum MDs and difference of MD 
facilitates more accurate grading of astrocytomas 
than either parameter measured individually [7], 
whereas another study indicated that a combina-
tion of mean FA and maximum FA improves the 
diagnostic accuracy of nonenhencing gliomas 
[26]. Wang et al. have previously reported that a 
multivariate logistic regression analysis can deter-
mine an optimal combination of DTI parameters 
to differentiate glioblastomas from brain metasta-
ses and primary cerebral lymphomas [21, 22]. 
Their results indicated that the best model to dis-
tinguish glioblastomas from non-glioblastomas 
consisted of MD, CS (or FA) from the enhancing 
region, and rCBV from the immediate peritumoral 
region, resulting in an AUC of 0.938. The best pre-
dictor to differentiate primary cerebral lympho-
mas from brain metastases comprised MD from 
the enhancing region and CP from the immediate 
peritumoral region with AUC of 0.909 (Fig. 2.6).

Fig. 2.6  Receiver operating characteristic (ROC) curves 
of the imaging parameters with high predictive power 
from the enhancing part as well as the logistic regression 
model (LRM) for differentiation between glioblastomas 
and non-glioblatomas (a), brain metastases, and primary 
cerebral lymphomas (PCLs, b). LRM of MD, CS from 
ER, and rCBV from the IPR was the best predictor for 

differentiation of glioblastomas from non-glioblastomas 
with area under the curve (AUC) of 0.938 (a), whereas 
combination of MD from the ER and CP from the IPR 
was the best model for distinguishing lymphomas from 
metastases with AUC of 0.909 (b). Reprinted and modi-
fied with permission from Wang et al. [21]
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�Conclusion

As reviewed in this chapter, a number of studies 
have demonstrated the high potential of DTI as a 
promising tool to study microstructural differ-
ences among different tumor types and grades. 
DTI metrics, such as MD, FA, CL, CP, and CS, 
can be used individually or in combination for 
brain tumor characterization. Further investiga-
tions on a larger patient population and histologi-
cal validation will be necessary to determine the 
underlying tissue properties associated with DTI 
measures and to improve the robustness of these 
parameters in differentiating tumor types. With 
the recent development of new techniques, such 
as diffusion kurtosis imaging (DKI) and diffusion 
spectrum imaging (DSI), the clinical significance 
of diffusion imaging in brain tumor will be fur-
ther established and acknowledged.
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