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Abstract 
AIM: To investigate feasibility of a quantitative study 
of prostate cancer using three dimensional (3D) fiber 
tractography.

METHODS: In this institutional review board approved 
retrospective study, 24 men with biopsy proven prostate 
cancer underwent prostate magnetic resonance imaging 
(MRI) with an endorectal coil on a 1.5 T MRI scanner. 
Single shot echo-planar diffusion weighted images were 
acquired with b = 0.600 s/mm2, six gradient directions. 
Open-source available software TrackVis and its 
Diffusion Toolkit were used to generate diffusion tensor 
imaging (DTI) map and 3D fiber tracts. Multiple 3D 
spherical regions of interest were drawn over the areas 
of tumor and healthy prostatic parenchyma to measure 
tract density, apparent diffusion coefficient (ADC) and 
fractional anisotropy (FA), which were statistically 
analyzed.
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RESULTS: DTI tractography showed rich fiber tract 
anatomy with tract heterogeneity. Mean tumor region 
and normal parenchymal tract densities were 2.53 and 
3.37 respectively (P  < 0.001). In the tumor, mean ADC 
was 0.0011 × 10-3 mm2/s vs  0.0014 × 10-3 mm2/s in 
the normal parenchyma (P  < 0.001). The FA values for 
tumor and normal parenchyma were 0.2047 and 0.2259 
respectively (P  = 0.3819).

CONCLUSION: DTI tractography of the prostate is 
feasible and depicts congregate fibers within the gland. 
Tract density may offer new biomarker to distinguish 
tumor from normal tissue. 

Key words: Prostate cancer; Tract density; Diffusion 
tensor imaging; Tractography; Magnetic resonance 
imaging
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Core tip: Our study identified 24 men with biopsy proven 
prostate cancer. These patients underwent prostate 
magnetic resonance imaging with an endorectal coil on a 
1.5 T scanner. Software was used to generate a diffusion 
tensor imaging (DTI) map and three dimensional fiber 
tracts. DTI tractography demonstrated rich fiber tract 
anatomy with tract heterogeneity. Tract density may 
represent a new biomarker to distinguish tumor from 
normal tissue.
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INTRODUCTION
Despite recent advances in the magnetic resonance 
imaging (MRI), the extent and aggressiveness of 
prostate cancer remain difficult to predict by imaging[1]. 

To date there is no consensus as to what MRI sequence 
provides most reliable precise detection and char­
acterization of prostate cancer[2]. As the reliance on 
diffusion weighted imaging (DWI) grows, development 
of newer quantitative parameters can provide added 
value besides currently used one such as apparent 
diffusion coefficient (ADC) and fractional anisotropy 
(FA). Diffusion tensor imaging (DTI) describes diffusion 
properties as a function of diffusion direction. It involves 
measurements of molecular diffusion into and out from 
the faces of an idealized infinitesimal cube oriented 
along the x, y and z imaging axes. A DTI acquisition 
consists of six separate point-wise measurements that 
comprise six of the nine tensor components. From 
these components the other three can be computed 
using the symmetry of the tensor. The nine components 

of the tensor compose a 3 × 3 matrix. When diffusion 
is anisotropic, the corresponding matrix differs from an 
identity matrix by a multiplier. The direction of a fiber 
tract is indicated by the tensor’s main eigenvector. DTI is 
commonly used to map neuronal fibers in the brain[3-6]. 
Although well described in the neuroradiology literature, 
this technique has seldom been used for other visceral 
organs. A few DTI prostate studies have been recently 
reported[7,8].

Prostate gland consists of various vascular, neural, 
and other anisotropic water paths that can be treated 
as tracts and thus make the DTI potentially applicable 
to the prostate gland. Recently, a few researchers have 
used DTI of the prostate gland to assess FA in the 
central gland and peripheral zone, especially for mapping 
periprostatic fiber tracts[9-13]. Our study was based on 
the hypothesis that the high cellularity of the tumors 
that reduce ADC values implies restrictive isotropic 
intratumoral diffusion[14]. With the tumor cells altering 
the cellular matrix relative to the parenchyma, the 
diffusion through the tumor region would be isotropic 
and would show fewer numbers of tracts passing 
through the tumor region as a result of destruction of 
anisotropic water paths. With this premise, the purpose 
of this study was to apply diffusion tensor magnetic 
resonance tractography to the prostate gland and 
investigate feasibility of a quantitative study of prostate 
cancer using three dimensional (3D) fiber tracts. 
Following section elaborates on the theory of DTI in brief. 

DTI theory 
The diffusion tensor D (3 × 3 matrix) in each obtained 
voxel can be visualized as a diffusion ellipsoid. This 
ellipsoid is characterized by eigenvectors, which indicate 
the direction of the principal axes, and the eigenvalues. 
The square root of the eigenvalues defines the ellip­
soidal radii. The eigenvalues λ1, λ2, λ3 define scalar 
properties of the tensor, i.e., scalar maps: FA, RA, Trace 
(D), that characterize the size and shape of the diffusion 
tensor: 

where:

is a mean diffusivity. FA is a scalar index, independent 
on fiber orientation and gradient directions, is a 
characteristic of degree of anisotropy from 0 (isotropic) 
to 1 (anisotropic); RA is a relative anisotropy. For 
isotropic diffusion all three eigenvalues are comparable 
and for anisotropic diffusion one of the eigenvalues has 
to be much larger than the other two.

The eigenvectors define vector properties of the 
tensor. DTI tractography is based on the assumption 
that the fiber tracts are collinear with the direction of 
principal eigenvector.
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When tensors have been determined for a number 
of voxels in region of interest (ROI), 3D tractography 
is used to create fiber tracts within such ROI. To date 
several tractography algorithms are available[3,14]. 
One of the most popular algorithms is deterministic or 
streamline tractography[3,15]. Streamline tractography 
connects voxels by following the fiber tracts from 
defined seed voxels until certain termination criteria 
are met, such as critical angle of the fiber tracts or thre­
shold voxel FA value. One of the common streamline 
methods of propagating tracts is traversing between 
voxel boundaries in a single step, called FACT (fiber 
assessment by continuous tracking)[15].

The software TrackVis allows user defined hand-
drawn ROIs as well as ROIs with any of several pre­
defined shapes to create seed voxels[15]. The number 
of tracts is calculated by the software within each seed 
voxel and summed up for all voxels inside the ROI.

MATERIALS AND METHODS
Study population
In this Health Insurance Portability and Accountability 
Act compliant, institutional review board approved 
retrospective study, 24 men with biopsy proven prostate 
cancer were included. Our institutional review board 
waived the informed consent requirement. 

MRI acquisition
All patients underwent prostate MRI with an endorectal 
coil on a 1.5 T MRI scanner Signa Excite HD (GE 
Healthcare Waukesha, WI) equipped with 40 mT/m 
maximum strength and dual slew rates of 80 and 
150 mT/m per second. Diffusion weighted images 
were acquired with TE/TR = 90.5/5000 ms, 8 nex, 
bw = 1.95 kHz, 128 × 128 matrix, slice thickness 
= 5 mm, FOV = 22 cm × 22 cm, b = 0.600 s/mm2, 
and 6 gradient directions used to generate DTI maps. 
Open-source software TrackVis and its Diffusion Toolkit 
(Wang R, Wedeen VJ, Athinoula A. Martinos Center for 
Biomedical Imaging, Massachusetts General Hospital, 
Boston, MA)[15] was used for image processing. Tract 
reconstruction was performed using a FACT propagation 
algorithm, with optimal parameter found to be: Angle 
threshold 35, spline-filtered, DWI mask image, FA 
threshold 0.1.

Image analysis
Two radiologists with 5 and 15 years of experience 
in reading prostate MRI examinations reviewed the 
images on a clinical dual monitor picture archiving and 
communication system viewing workstation (Agfa, 
version 5.3, Richmond, VA) and in consensus, identified 
the location of the tumor in the peripheral zone based 
on conventional T2 weighted and DWI images. The 
readers were given the freedom to change the window 
level for optimum visualization. Multiple 3-dimensional 
spherical regions of interest (ROI) were drawn over the 
tumor and healthy tissue in the peripheral zone at the 

same slice level to generate multiple fiber tracts. We 
defined tract number by counting a number of fibers 
(that fit the reconstruction threshold) passing through 
the specific ROI volume. To measure the disruption of 
tracts, we introduced a tract density parameter, which 
is a tract number divided by the ROI volume (r3, which 
is proportional to the physical volume of a sphere), as 
a normalized measure of the number of tracts passing 
through the given ROI. The use of tract density as a 
quantitative parameter vs absolute number of tracts 
through ROIs was influenced by the large variation 
in the number of tracts across different ROI sizes. In 
addition, tract density would allow comparing ROIs with 
different volumes within a patient, although in our study 
we managed to keep all such ROIs the same. Mean 
ADC and FA values for the ROIs were also recorded 
(available for a random subset of 15 subjects). The tract 
densities in the tumor and normal parenchymal regions 
in the same patient were compared using a paired t-test 
(SOFA statistics version 1.3.2.) and P values of < 0.05 
was considered statistically significant. 

RESULTS 
The average age of the study population was 63.2 
years, with an average Gleason’s score of 7.3. The 
average tumor size was 8 mm (diameter recorded on 
T2 axial images). The average radius of 3D spherical 
ROI across the study population was 4.5 mm. The 
depiction of fiber tracts morphology and complex 
prostate gland architecture with tract heterogeneity was 
feasible using preexisting DWI data post-processed with 
TrackVis software (Figure 1). The tract density in tumors 
was lower than in normal peripheral zone tissue (Figure 
2). Mean tumor and normal parenchymal tract densities 
were 2.53 and 3.37 respectively (P = 0.0009). ADC and 
FA values were available for the same ROIs as used for 
tract densities in a (random) subset of 15 MRI exams, 
in which the tumor region mean ADC was 0.0011 mm2/s 
vs 0.0014 mm2/s in the normal region (P = 0.0001). 
The FA values for tumor and normal regions were 0.2047 
and 0.2259 respectively with a P value of 0.3819 (Figure 
3).

DISCUSSION
Tractography can be conceptually defined as the virtual 
reconstruction of the trajectory of water molecules along 
water pathways. DTI tractography is an imaging tool 
that has been previously introduced for neuroimaging. 
One of its major limitations has been quantification[16,17]. 
DTI tractography can be applied to organs with 
fibrous structures with well-ordered microstructural 
composition[18,19]. In this regard, it has been tested 
for its utility for skeletal muscle, myocardium, tongue, 
uterus and kidneys[20-26]. Experimental usage of fiber 
tractography to visualize periprostatic neurovascular 
bundles for precise surgical planning and thereby 
improved outcome has recently been proposed[10,12]. 
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The measured FA values, however, did not yield a 
significant difference between tumor and normal peri­
pheral zone. This result differs from findings previously 
published[19]. We attribute that to noise that affects FA 
secondary to the attenuation of the DWI signal that 
can be variable throughout the gland[9,28]. However, the 
trend in tract density parameter was similar to the trend 
in ADC values in this study as well as data published 
elsewhere[29,30]. 

As the differences between the tract densities are 
statistically significant, we can try designing a new 
quantitative marker for evaluation of prostate cancer. 
Quantifying the tractographic data may provide insight 

The earliest attempts to use DTI in the prostate were 
by Sinha et al[27] who studied DTI in healthy volunteers. 
They suggested that anisotropy has the potential for 
early disease detection at the microstructural level, even 
before the morphological changes become apparent[27]. 

We found heterogeneity in the tracts within the 
prostate, which we attribute to the heterogeneous orien­
tation of myocytes within the gland[9]. In our study, the 
tract density values were significantly lower in the tumor 
region implying interruption of the fiber tracts. This 
observation was correlated and found to be consistent 
with the well-known trend in scalar ADC values, which 
are lower in tumor than in normal peripheral zone. 
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Figure 1  Three dimensional fiber tracts superimposed on axial diffusion 
weighted images (A) and apparent diffusion coefficient (B) image revealing 
rich fiber tract anatomy and complex architecture of the prostate gland 
with tract heterogeneity. The visualization software allows color-coding of the 
tracts wherein the tractographic fiber display shows right/left (red - straight arrow), 
anterior/posterior (green - dotted arrow), superior/inferior (blue) tracts based on 
the eigenvector orientations. 
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Figure 2  Axial (A) and coronal apparent diffusion coefficient (B) images with 
superimposed 3D fiber tracts in the two 3D-regions of interests. The tumor 
(arrows in A, B) in the right mid peripheral zone is well demarcated in this 59-year-old 
man with a Gleason’s score of 8. Decreased number of fibers passing through the 
tumor region regions of interest in comparison with the normal region (dotted arrows 
in A, B) is subjectively apparent. The quantitative tract densities were 1.48 in the 
tumor region and 2.09 in the normal region.
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Figure 3  Bar graph comparing the tract densities, apparent diffusion coefficient and fractional anisotropy values for tumor and normal parenchyma. 
aStatistically significant P value; whiskers represent std. error of mean; all ADC values in mm2/s. ADC: Apparent diffusion coefficient; FA: Fractional anisotropy.
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into early detection of morphologically unapparent foci, 
although, that would require a more substantial study. 
Another potential problem tractography can attempt 
addressing is the clinical scenario of rising prostate 
specific antigen level with repeated negative biopsies. 
Additionally it remains to be investigated whether it can 
assess tumor aggressiveness or serve as a treatment 
response marker. 

Our study certainly has a few limitations. It is a retro­
spective, preliminary observation with prior knowledge 
of tumor (confined to peripheral zone) location based 
on T2 and DWI weighted images. The prostate DTI 
tractography may be limited to an endorectal coil due to 
higher DWI resolution and SNR than the ones obtained 
with a pelvic array, although the latter could potentially 
produce fewer artifacts. Our data is also limited by the 
magnet strength of 1.5 T and related SNR thereby 
quality of the reconstructed fiber tracts. DWI was 
performed at b = 0 and 600, however a b = 1000 or 
higher is currently being found most useful[31] and our 
future study will use an accordingly modified protocol. 
Lastly, the DWI data was acquired with minimum 
required number of diffusion gradient directions which 
implies certain limitations[32,33]. It is known from brain 
tractography studies that a large number of directions 
are required for precise depiction of neuronal fiber tracts 
as smaller number of gradient directions create false 
positive tracts[5,6,28]. In prostate DTI, a study revealed 
differences in FA numbers when larger than the 
minimum number of diffusion gradients were used[34]. 

Although the relation between the scalar index such 
as FA and 3D fiber tracts is not clearly established, 
previous studies[31-33] imply that a smaller number of 
diffusion gradient directions could erroneously depict 
higher FA values and therefore false positive 3D fiber 
tracts. 

In conclusion, tractography is a feasible; add on tool 
that has potential to improve performance of MRI in the 
characterization of prostate cancer by depicting disease 
processes at a microstructural level. 

COMMENTS
Background
Despite recent advances in magnetic resonance imaging (MRI), the extent and 
aggressiveness of prostate malignancy remains difficult to predict by imaging. 
To date there is no consensus as to which MRI sequence provides the most 
reliable, precise detection and characterization of prostate cancer. Diffusion 
tensor imaging (DTI) describes diffusion properties as a function of diffusion 
direction. It involves measurements of molecular diffusion into and out from the 
faces of an idealized infinitesimal cube oriented along that x, y and z imaging 
axes. Although well described in the neuroradiology literature, this technique 
has seldom been used for other visceral organs. Some researchers have used 
DTI of the prostate gland to assess fractional anisotropy (FA) in the central 
gland and peripheral zone, especially for mapping periprostatic fiber tracts. The 
study was based on the hypothesis that the high cellularity of the tumors that 
reduce apparent diffusion coefficient (ADC) values implies restrictive isotropic 
intratumoral diffusion. With the tumor cells altering the cellular matrix relative 
to the parenchyma, the diffusion through the tumor region would be isotropic 
and would show fewer numbers of tracts passing through the tumor region as a 
result of destruction of anisotropic water paths.

Research frontiers
The prostate gland consists of various vascular, neural and other anistropic 
water paths that can be treated as tracts and thus make the DTI potentially 
applicable to the prostate gland. DTI is commonly used to map neuronal fibers 
in the brain. A small number of DTI prostate studies have been reported.

Innovations and breakthroughs
DTI is an emerging tool in the evaluation of prostate malignancy. The 
retrospective study demonstrates that DTI has the potential to improve 
performance of MRI in the characterization of prostate cancer by depicting 
disease processes at a microstructural level.

Terminology
DTI: Is a promising method for characterizing microstructural changes or 
differences with pathology and treatment. The diffusion tensor may be used 
to characterize the magnitude, anisotropy and orientation of the diffusion 
tensor. Tractography: A three dimensional modeling technique used to visually 
represent neural tracts using data collected by DTI. It uses special techniques 
of MRI, and computer-based image analysis. 
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This is an interesting study, three parameters were compared in in tumour 
region and normal tissue, including tract density, ADC and FA values. The 
results come out that tract density may offer new biomarker to distinguish 
tumour from normal tissue.
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