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ABSTRACT

BACKGROUND AND PURPOSE: MR imaging tractography is increasingly used to perform noninvasive presurgical planning for brain
gliomas. Recently, constrained spherical deconvolution tractography was shown to overcome several limitations of commonly used DTI
tractography. The purpose of our study was to evaluate WM tract alterations of both the corticospinal tract and arcuate fasciculus in
patients with high-grade gliomas, through qualitative and quantitative analysis of probabilistic constrained spherical deconvolution
tractography, to perform reliable presurgical planning.

MATERIALS AND METHODS: Twenty patients with frontoparietal high-grade gliomas were recruited and evaluated by using a 3T MR
imaging scanner with both morphologic and diffusion sequences (60 diffusion directions). We performed probabilistic constrained
spherical deconvolution tractography and tract quantification following diffusion tensor parameters: fractional anisotropy; mean diffu-
sivity; linear, planar, and spherical coefficients.

RESULTS: In all patients, we obtained tractographic reconstructions of the medial and lateral portions of the corticospinal tract and
arcuate fasciculus, both on the glioma-affected and nonaffected sides of the brain. The affected lateral corticospinal tract and the arcuate
fasciculus showed decreased fractional anisotropy (z � 2.51, n � 20, P � .006; z � 2.52, n � 20, P � .006) and linear coefficient (z � 2.51,
n � 20, P � .006; z � 2.52, n � 20, P � .006) along with increased spherical coefficient (z � �2.51, n � 20, P � .006; z � �2.52, n � 20, P �

.006). Mean diffusivity values were increased only in the lateral corticospinal tract (z � �2.53, n � 20, P � .006).

CONCLUSIONS: In this study, we demonstrated that probabilistic constrained spherical deconvolution can provide essential qualitative
and quantitative information in presurgical planning, which was not otherwise achievable with DTI. These findings can have important
implications for the surgical approach and postoperative outcome in patients with glioma.

ABBREVIATIONS: AF � arcuate fasciculus; Cl � linear coefficient; Cp � planar coefficient; Cs � spherical coefficient; CSD � constrained spherical deconvolution;
CST � corticospinal tract; FA � fractional anisotropy; HGG � high-grade glioma; MD � mean diffusivity

Gliomas are the most common type of WM-involved invasive

cerebral primary neoplasm in adults. These brain tumors

represent approximately 80% of primary malignant brain tumors

and almost 3% of all types of cancer, and patient prognosis is

poor.

In recent years, the use of noninvasive study techniques, such

as cortical mapping and fMRI, has improved presurgical planning

for brain neoplasms. However, these methods alone are consid-

ered inadequate to achieve the primary neurosurgical aim, ob-

taining the most radical tumor resection with the minimum of

postoperative deficits, because they do not provide good ana-

tomic representation of the spatial location of WM tracts affected

by the tumor.1 Tractography is the most common neuroimaging

technique used to reveal WM structure by analysis of DWI signals

dependent on anisotropic water diffusion.2 From DWI gradient

directions, it is possible to generate an anisotropic map showing

WM bundles and their orientations; this information is adapted

by tractographic algorithms to yield a 3D representation of WM

tracts. DTI-based tractography is widely used for presurgical

planning and is a powerful tool in the evaluation of major WM

fiber bundles; it has also a positive impact on neurosurgical resec-

tion, disease prognosis, and preservation of brain function.3 Al-

though widely used and histologically validated,4 DTI approaches

have several limitations, such as partial volume effects or lack of
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tensor estimation in voxels characterized by low fractional anisot-

ropy (FA) values.5 Recent tractographic algorithms, such as prob-

abilistic constrained spherical deconvolution (CSD), have over-

come these limitations.6

The corticospinal tract (CST) and arcuate fasciculus (AF) are 2

of the WM pathways most commonly investigated by tractogra-

phy because of their important roles in voluntary movement con-

trol and language, respectively.7 Probabilistic CSD improves trac-

tographic reconstruction of the lateral portion of the CST,
corresponding to the somatotopic representation of hand, face,
tongue, and voluntary swallow muscles, which is not detectable by
DTI-based approaches.8 In addition, this technique allows better
evaluation of all AF components, including projections to the
Geschwind area and other cortical regions, compared with other
tractographic methods.9 The main aim of this study was to eval-
uate WM tract alterations of both the CST and AF in patients with
frontoparietal high-grade gliomas (HGGs), through a qualitative
and quantitative analysis by using probabilistic CSD tractogra-
phy, to obtain reliable presurgical planning.

MATERIALS AND METHODS
Participants
In our study, we recruited 20 patients (9 women and 11 men;

mean age, 47.4 � 14.2 years; age range, 20 – 67 years), all affected

by HGG, which involved mainly the lateral part of the frontopa-

rietal lobes. After MR imaging evaluation, all patients underwent

surgery, and all diagnoses were confirmed histologically.

The study was approved by our institution review board, and

written informed consent was obtained from all subjects.

Data Acquisition and Preprocessing
The study was performed with an Achieva 3T MR imaging scan-

ner (Philips Healthcare, Best, the Netherlands) by using a 32-

channel coil. We performed the following sequences:

● A T1-weighted fast-field echo 3D high-resolution sequence

with TR, 8.1 ms; TE, 3.7 ms; flip angle, 8°; reconstruction ma-

trix, 240 � 240; voxel size, 1 mm3 without an intersection gap;

● A FLAIR volume isotropic turbo spin-echo acquisition sensi-

tivity encoding 3D sequence with TR, 8000 ms; TE, 360 ms; TI,

2400 ms; reconstruction matrix, 240 � 240; voxel size, 1 mm3

without an intersection gap;

● Diffusion-weighted MR imaging acquired with a dual-phase

encoded pulsed gradient spin-echo sequence with TR, 15,120

ms; TE, 54 ms; scan matrix, 160 � 160; section thickness, 2 mm

without an intersection gap; 60 gradient directions; b-value,

1000 s/mm2. We corrected the diffusion-weighted dataset for

eddy current distortions and motion artifacts and adjusted the

diffusion gradients with proper rotation of the b-matrix.10

Data Processing and Fiber Tracking
To avoid possible coregistration errors between morphologic and

diffusion images caused by HGGs,8 we did not normalize patient

data to a common template space as usual. Seed ROIs were also

selected directly in the native space of each subject. Fiber tracking

was obtained with a probabilistic CSD algorithm (MRtrix soft-

ware package; http://software.incf.org/software/mrtrix/mrtrix-

package)9 with manually selected ROIs. Fiber tracking was

stopped when 10,000 tracts reached the selected ROI or when

100,000 total tracts were generated. The 3D segmentation of each

HGG and the 3D visualization of tracts were performed by using

3D Slicer software (www.slicer.org)11 with T1-weighted images

set as an overlay.

Qualitative Analysis
Qualitative analysis was performed by a radiologist with 20 years

of experience who evaluated reconstructed tracts on superim-

posed 3D T1-weighted images. We verified the anatomic course

of each fiber bundle section by section, in axial, coronal, and sag-

ittal planes, comparing the neoplasm-affected side with the

healthy one. During this step, the reader could detect any macro-

scopic WM tract dislocation or disruption in the affected side.

Moreover, neoplasm 3D segmentation was used to depict the spa-

tial relationship between tracts and gliomas.

Quantitative and Statistical Analysis
Quantitative analysis of reconstructed tracts, both in healthy and

affected hemispheres, was performed by using the output data of

MRtrix. Diffusion tensors were sampled along fiber tracts, and

the mean values of FA, mean diffusivity (MD), linear coeffi-

cient (Cl), planar coefficient (Cp), and spherical coefficient

(Cs) were considered for each bundle. All parameters were

calculated with in-house scripts built with the Matlab software

package (MathWorks, Natick, Massachusetts), based on the

eigenvalues obtained from MRtrix output data.

As previously described,12-14 we used a combined approach of

diffusion tensor parameters and probabilistic CSD tractography

to overcome the well-known limitations of DTI in voxels contain-

ing crossing fibers and to increase the sensitivity of diffusion ten-

sor metric changes in these regions.

Statistical analysis was performed by the nonparametric Wil-

coxon signed rank test for paired measures of bundles in the

healthy-versus-affected sides. Furthermore, Šidák correction was

performed to account for multiple comparisons. The significance

threshold was set to an � value of .05, resulting in an effective

threshold of .0102 after correction.

RESULTS
All recruited patients were symptomatic with different degrees of

motor and/or speech impairment, from mild to severe. All pa-

tients had both CST and AF involved by HGGs, which were lo-

cated in the lateral frontoparietal lobes. There was a prevalence of

left-sided involvement (11 left side, 9 right side). After surgery, the

histologic analysis of resected neoplasms confirmed each lesion as

III or IV World Health Organization grade: grade III (n � 15) and

grade IV (n � 5). We were able to obtain tractographic recon-

structions of the medial portion of the CST and the lateral portion

of the CST and AF, both in the healthy and neoplasm-affected

sides in all 20 patients.

Qualitative Analysis
Qualitative analysis revealed the anatomic course of each recon-

structed fiber bundle, morphologic alterations of WM tracts on

affected sides, and the spatial relationship between those tracts

and the HGG.
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Probabilistic CSD tractography of the CST yielded streamlines

of both the medial and lateral portions of the CST on each side of

the brain. Qualitative analysis for the healthy side showed a reli-

able representation of all components of the Pensfield homuncu-

lus (Fig 1A). In the neoplasm-affected side, all evaluated tracts

showed a strict spatial relationship with HGGs. In 6/20 patients,

the lateral portion of the CST was disrupted by the neoplasm, with

consequent poor representation of streamlines (Fig 1B–D). In the

other 14 patients, the lateral portion of the CST passed through

the neoplasm and was, therefore, less compromised than expected

on the basis of morphologic MR imag-

ing evaluation of the neoplasms (Fig

1E). In all patients, the medial portion of

the CST was not affected by the neo-

plasm (Fig 1F).

Probabilistic CSD tractographic re-

constructions also allowed reliable rec-

ognition of the anatomic course for all

AF segments, such as Broca, Wernicke,

and Geschwind projections (Fig 2) on

both sides. Qualitative analysis showed

that the AF was involved by the neo-

plasm on the affected side of all subjects

(Fig 2D–F), with different degrees of

morphologic impairment.

Quantitative Analysis
Quantitative analysis showed that FA

was significantly decreased in the lateral

portion of the CST (z � 2.51, n � 20,

P � .006) and in the AF (z � 2.52, n �

20, P � .006) of the side affected by the

neoplasm; furthermore, no significant

difference was found for FA (P � .0102)

in the medial portion of the CST. Al-

though MD was increased in all affected

tracts, only the lateral portion of the CST

reached significance (z � �2.53, n � 20,

P � .006). Cl was significantly decreased

in the affected bundles for the lateral

portion of the CST (z � 2.51, n � 20,

P � .006) and the AF (z � 2.52, n � 20,

P � .006). Cs was significantly increased

for the affected lateral CST (z � �2.51,

n � 20, P � .006) and for the AF (z �

�2.52, n � 20, P � .006). No differences

were observed when measuring Cp.

Quantitative results are summarized in

Fig 3.

DISCUSSION
In this study we evaluated 20 patients

with HGGs centered in the lateral

frontoparietal lobes. Each patient un-

derwent glioma surgical resection after

presurgical evaluation of the main

WM fiber bundles involved by MR im-

aging tractography. Because the main

goal of the surgical approach was to remove neoplasms while

preserving brain function, accurate presurgical planning was

essential to granting the best possible quality of life after

surgery.

Presurgical tractographic analysis, performed by a probabilis-

tic CSD-based tractographic approach, revealed involvement of

the CST and AF in each patient. These 2 WM fiber bundles have

clinically relevant roles in voluntary motion control and speech

and language, respectively. Common DTI approaches cannot de-

pict the entire motor tract, allowing only reconstruction of the

FIG 1. Tractographic reconstruction of corticospinal tracts in patients with high-grade gliomas.
Coronal T1-weighted MR image (A) shows the corticospinal tract (arrow) on the healthy side with
overlay of the Pensfield motor homunculus (arrowheads indicate neoplasm margins) and the
neoplasm volume segmentation (B) (blue volume). Coronal (C) and sagittal (D) rotated images
show tractographic reconstruction of CSTs on both healthy (arrow) and neoplasm-affected sides
(empty arrow) of the brain. In this patient, the lateral portion of the CST on the affected side is
poorly represented due to neoplasm disruption. E, Coronal T1-weighted MR image shows CSTs,
both on healthy (arrow) and neoplasm-affected sides (empty arrow) of another patient (neo-
plasm segmentation is depicted by red volume). In this case, on the affected side, the lateral
portion of the CST passes through the neoplasm and is poorly involved. F, Coronal T1-weighted
MR image shows the medial portion of CSTs on the healthy side (arrow) and the absence of their
involvement in the neoplasm-affected one (empty arrow). N indicates neoplasm.
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medial portion of the CST, corresponding to a somatotopic de-

piction of the lower limbs, trunk, and upper limbs without the

hand. Conversely, these techniques could not represent the lateral

portion of the CST, which corresponds to a somatotopic depic-

tion of the hand, face, tongue, and voluntary swallow muscles,15

due to the inherent limitations of DTI approaches to resolve com-

plex fiber configurations,6 which were estimated to represent ap-

proximately 90% of WM voxels of the entire brain.16 By overcom-

ing these limitations, probabilistic CSD-based tractography

allowed a reconstruction of the entire CST (medial and lateral

parts),8 with a marked match between tracts and all somatotopic

parts of the Penfield motor homunculus. It also demonstrated

that brain neoplasms can involve different WM modifications,

resulting in DTI parameter changes and alterations of the average

WM fiber bundle morphology represented with tractography. In

particular, Witwer et al17 described deviated, infiltrated, edema-

tous, and disrupted WM patterns, de-

pending on tumor type and location.
Different DTI-based studies re-

ported that high-grade gliomas mainly
cause complete tract disruption,18

whereas low-grade gliomas infiltrate
tracts along myelinated fibers.19 All
these patterns of tumors cause DTI pa-
rameter changes, in particular FA de-
crease, in involved regions.20 Further-
more, the presence of voxels with FA
values lower than the DTI threshold
(commonly set to 0.2) causes an inter-
ruption of reconstructed WM tracts,21

and the use of an FA threshold lower
than 0.2 results in poor accuracy of ma-
jor eigenvector-direction estimation.1

These limitations can produce 3 nega-
tive effects on tractographic presurgical
planning, particularly in CST evalua-
tion. First, the reconstructed CST tract
could show a false interruption, for ex-
ample, in the lateral portion of the
CST.20 Second, DTI findings could sug-
gest a false safe resection margin around
the lesion.8 Last, the lack of reconstruc-
tion of the lateral portion of the CST
fails to provide any qualitative or quan-
titative information about this part of
the tract and its relationship to neo-
plasms. These combined effects make
presurgical planning inaccurate and
may contribute to unexpected postop-
erative functional deficits.

Use of the CSD technique allowed re-
construction of fibers in voxels with low
anisotropy and characterization of vox-
els in tumoral and peritumoral areas1

and voxels with complex axonal spatial
configurations. In addition, it was dem-
onstrated that edema-affected and infil-

trated tracts could reduce their anisot-

ropy, while preserving sufficient directional information for

tractographic depiction.1

In our study, we could reconstruct the medial and lateral por-

tions of the CST of 20 patients in both the healthy and neoplasm-

affected sides of the brain by using probabilistic CSD tractogra-

phy. This approach allowed reliable reconstruction of these

pathways with an accurate representation of the entire Penfield

motor homunculus on the healthy side, avoiding well-known re-

construction problems from crossing fibers. Moreover, on the

involved side, we detected differing degrees of involvement for the

lateral portion of the CST, from deviation to disruption, with no

alterations of the medial portion.

AF depiction in presurgical planning is clinically relevant to

avoid aphasic syndromes induced by surgical lesions or

stroke.21,22 This WM bundle connects to Broca, Wernicke, and

Geschwind areas and other brain regions involved in language

FIG 2. Tractographic reconstruction of arcuate fasciculi in a patient with a high-grade glioma.
Coronal (A) and sagittal (B) T1-weighted MR images show a frontoparietal high-grade glioma on
the left side (arrow). C, Sagittal T1-weighted MR image shows tractographic reconstruction of the
right arcuate fasciculus on the healthy side with the depiction of Broca (arrow), Wernicke (empty
arrow), and Geschwind projections (empty arrowheads). D, The left AF on the affected side
passes through the neoplasm (neoplasm segmentation is depicted by a red volume). Coronal (E)
and axial (F) tilted T1-weighted MR images show the AFs on both affected and healthy sides
(neoplasm segmentation is depicted by a red volume). A indicates anterior; P, posterior; R, right;
L, left.
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and speech.23 Because brain stimulation techniques are less effec-
tive for WM tracts than for GM, evaluating the morphologic lo-
calization of the AF is essential for appropriate presurgical plan-
ning.24-27 DTI-based tractographic studies revealed incomplete
AF reconstructions, in particular of the anterior portion.24 The
evaluation of this AF segment is considered an important predic-
tor of postoperative outcome because a lesion in the anterior por-
tion of AF could cause negative effects on speech fluency.28 DTI
approaches have tractographic reconstruction limitations in the
centrum semiovale, due to the presence of crossing fibers.24 In
addition, DTI tractography of AFs in patients with brain neo-
plasms resulted in incomplete correspondence with intracortical
stimulation, suggesting that this technique is not optimal for
mapping language areas.29 Finally, the same negative effects of
DTI techniques discussed above for CST are also relevant to AFs
involved by gliomas during presurgical planning. Thus, the use of
probabilistic CSD, which includes voxels not considered by DTI
tractography, could provide advantages in the evaluation of DTI
metrics in aphasic syndromes as well.

In this cohort of patients, we found that probabilistic CSD-
based tractography allowed reliable representation of AFs both in
glioma-involved and noninvolved sides of the brain, even in ar-
duous regions for conventional DTI tractography. Qualitative
analysis showed that all affected AFs were dislocated, infiltrated,
or disrupted by the neoplasm.

From probabilistic CSD tractography, we extrapolated a quan-
titative analysis based on the main DTI parameters (FA, MD, Cp,
Cl, and Cs). FA and MD are well-known values measuring axonal

integrity and anisotropic water diffusivity, respectively. Cl mea-

sures the intravoxel uniformity of tract direction and fiber tract

organization, Cs estimates the intravoxel diffusivity,30 and Cp es-

timates voxels in which there are crossing or kissing fibers.12 No

statistically significant changes were found for the medial CST

both in healthy and affected sides of the brain, suggesting that in

our group of patients, these bundles are not involved with HGGs.

In all patients, we found statistically significant differences in both

the lateral CST and AF between the involved and noninvolved

sides. In particular, we detected decreased FA and Cl and in-

creased Cs in the involved side. MD was increased in all affected

tracts, reaching significance only in the lateral portion of CST,

probably due to the low number of subjects. The significant FA

decrease could reflect a remarkable change in WM microstruc-

ture, induced by tract deviation, infiltration, or disruption or in-

fluenced by edema.30 MD increase could be associated with loss of

WM integrity with a consequent increase in free tissue water.31 Cl

and Cs are 2 known shape-oriented anisotropy measures, indexes

of anisotropic and isotropic diffusion changes, respectively.30 In

our study, neoplasms changed the intravoxel uniformity and dif-

fusivity of affected tracts, causing Cl decrease and Cs increase.

These parameters, combined with the use of FA and MD, could

provide a powerful quantitative estimation of WM tracts involved

by HGGs. Finally, we evaluated Cp for all tracts, which is another

shape-oriented parameter reflecting the intravoxel presence of

crossing fibers.30 In our study, the Cp value was not significantly

different between the healthy and affected side. This result could

FIG 3. Diffusion tensor parameter distributions of the medial and lateral corticospinal portions and arcuate fasciculi. Blue and red boxplots
represent DTI parameter distributions in the healthy and neoplasm-affected sides, respectively. Asterisks indicate statistical significance (P � .05
corrected for multiple comparisons).
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be due to a lack of sensitivity in cases of �2 crossing fibers inside
the same voxel.12

The major limitation of this study is the relatively small patient
cohort, which might influence the statistical power of our find-
ings. In addition, it was not possible to perform follow-up MR
imaging tractography after surgical neoplasm resections. This
lack of MR imaging follow-up prohibited us from providing an
evaluation of the postoperative outcome after CSD-based presur-
gery planning.

CONCLUSIONS
The results presented here demonstrated that probabilistic CSD

tractography provides useful qualitative and quantitative analysis

in presurgical planning for HGGs. Our qualitative analysis

showed that probabilistic CSD allowed reliable reconstruction of

tracts not detected with other DTI techniques, such as those in-

volved by neoplasms or with complex fiber configurations. We

also demonstrated that quantitative analysis based on CSD trac-

tography can characterize the involvement of the tracts by the

neoplasms, overcoming the well-known quantitative underesti-

mation related to DTI reconstruction. Furthermore, because

postoperative quantitative measurements are also important for

the prediction of brain-function recovery,32 further studies per-

formed with probabilistic CSD could provide noteworthy results

on surgical-outcome evaluation.
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