Article published online: 2025-11-12
THIEME

@ @ @ @ Research Article

Role of Diffusion Tensor Imaging in Grading of
Brain Tumors and Assessment of White Matter
Tract Invasion

Resham Singh'®  Shibani Mehra! Bheru Dan Charan?

TDepartment of Radiodiagnosis, Atal Bihari Vajpayee Institute of Address for correspondence Resham Singh, DM, Department of
Medical Sciences and Dr. Ram Manohar Lohia Hospital, New Delhi, Radiodiagnosis, Atal Bihari Vajpayee Institute of Medical Sciences and
India Dr. Ram Manohar Lohia Hospital, New Delhi 110001, India

2pepartment of Diagnostic and Interventional Radiology, All India (e-mail: doctorresham@gmail.com).
Institute of Medical Sciences, Rishikesh, Rishikesh, Uttarakhand,

India

Asian ] Neurosurg

Abstract

Keywords
= brain
= glioma
= invasion
tract
tumor

\

\/

Background Diffusion tensor imaging (DTI) is a novel advancement of nuclear
magnetic resonance that provides an accurate, noninvasive evaluation of brain tumors
and their orientation to the adjacent white matter tract. We sought to analyze DTI’s
role in grading brain tumors and determining white matter tract involvement.
Materials and Methods DTI with the “ep2d_diff_mddw_20_(DTI)” sequence was
done in 48 individuals with brain tumors (22 low-grade and 26 high-grade). The DTI
measurements, including fractional anisotropy (FA) and apparent diffusion coefficient
(ADC), were checked in the tumor itself, the tumor margin, and the area around the
tumor. After comparing the results between the two groups, the cutoff was deter-
mined using the receiver operating characteristic curve. Tensor maps were obtained by
tractography to observe white matter tract involvement.

Results Mean FA values in the intratumoral region and tumor margins were substan-
tially lower in high-grade than low-grade tumors (p-value < 0.05). FA values greater
than 0.12 intratumorally (sensitivity = 69.23% and specificity = 63.64%) and 0.26 at the
tumor margin (sensitivity =65.38% and specificity=68.18%) can distinguish low-
grade from high-grade brain tumors. The two groups’ FA values for peritumoral edema
and ADC values in different places did not significantly differ. Displacement of tracts
was significantly associated with low-grade tumors, while high-grade tumors showed
significantly more degrees of disruption, tract infiltration, and tract edema
(p-value < 0.001).

Conclusion DTl is a modern and effective method for predicting tumor aggres-
siveness and tract involvement in the tumor’s surroundings before surgery.
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Introduction

Brain tumors constitute less than 2% of all malignancies, yet
their association with significant morbidity and death makes
them the most feared. Meningioma is the most frequent
histologically documented brain tumor, contributing to
nearly a third of all central nervous system tumors (36%);
after gliomas, it accounts for 28% of all primary cerebral
tumors, with 80% of them being malignant.! Secondary brain
tumors, also known as metastases, develop from either
extracranial or intracranial primary neoplasms and are
approximately 10 times more prevalent than primary brain
tumors.” The World Health Organization (WHO) systemizes
brain malignancies into I to IV classes depending on their
aggressiveness, with grade IV tumors being the most aggres-
sive and grade | tumors being generally nonaggressive.' The
imaging data are useful in determining tumor grade in
patients with brain tumors noninvasively and evaluating
the patient’s prognosis.3

Conventional magnetic resonance imaging (MRI) is a
valuable modality in the primary assessment of brain
tumors due to its multiplanar imaging capabilities, good
anatomical delineation, and tumor characterization.> Diffu-
sion tensor imaging (DTI) is a cutting-edge imaging tech-
nology that can show the specific location of a brain tumor
and the orientation of its subcortical white matter tract
(WMT) in vivo, as well as assess the tumor-tract relation-
ship.* DTI detects water mobility in at least six noncollinear
vectors, providing information about the pace and direction
of H,0 molecules in tissues.” The quantitative evaluation of
water molecule diffusion is performed by measuring ap-
parent diffusion coefficient (ADC) values. Anisotropy is the
uneven spreading of molecules of water because H,O
molecules can only move in certain directions.® Brain
tumors result in severe disorganization in the WMT, result-
ing in different fractional anisotropy (FA) values. This idea
applies to FA maps in brain tumors.? DTI quantifies the
extent (diffusivity) and orientation (anisotropy) of H,0
diffusion in WMT.’

DTI also allows for the identification of WMT involvement
patterns surrounding the tumor. Tracts can be displaced,
infiltrated, or disrupted, depending on the tumor’s aggres-
siveness.® Because of the tumor’s space-occupying impact,
the WMT may become swollen and edematous even without
infiltration.” DTI aids in the identification of functional areas
in the tumor’s superior, inferior, medial, and lateral aspects,
allowing them to be preserved after surgery.10 We sought to
determine DTI's role in classifying brain tumors and assess-
ing WMT involvement.

Materials and Methods

This observational study was conducted in the Department
of Radiodiagnosis, Atal Bihari Vajpayee Institute of Medical
Sciences and Dr. Ram Manohar Lohia Hospital, New Delhi,
India, following obtaining ethical clearance from the ethics
review board of the institute. Forty-eight patients with brain
tumors for preprocedural MR were enrolled after obtaining

informed consent, and individuals with general contraindi-
cations to MRI and postoperative cases of brain tumors were
excluded.

MRI Protocol

All patients underwent MRI with a 3T MR scanner (Siemens
Magnetom Skyra). “ep2d_diff_mddw_20_(DTI)” was the
main sequence that was utilized to obtain DTI; it applied
numerous diffusion gradients in 20 various angles, b=0;
b= 1000 seconds/mm?2. The parameters used to perform the
DTI were: voxel dimension=1.7 x 1.7 x 4mm; slice thick-
ness =4 mm (distance factor =30); echo time (TE) =92 ms;
repetition time (TR)=3700ms. Both supratentorial and
infratentorial regions were covered with 25 slices with no
gaps. This sequence was acquired in 4minutes and
39seconds.

Images Analysis

Neuro 3D software was used to postprocess the DTI data. The
DTI metrics (FA and ADC) were calculated manually by
selecting regions of interest (ROIs) in three places inside
and around the tumor: the intratumoral, the tumor margin,
and the peritumoral region. It was important to avoid any
areas with blood vessels, calcification, hemorrhage, cystic
changes, or necrotic areas (=Fig. 1A). Statistical analysis was
conducted on the most representative FA and ADC data.
Similarly, ROIs were manually made in an ipsilateral WMT
and contralateral corresponding WMT. DTI data was post-
processed to produce color-coded WMT and identify their
orientation to the lesion as well as the influence it had on
these tracts.

The WMT was termed displaced when a mass effect with a
changed orientation of the affected tract was observed next
to the tumor, with normal tract FA values compared with FA
values in the comparable contralateral tract.® Disruption of
the WMT was indicated when FA values were observed to be
significantly low and the fiber bundles that comprised
the tracts seemed discontinuous or disrupted.® WMT
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Fig. 1 Comparison of area under the curve of FA values at different
sites in the brain tumor patients group showed no statistical differ-
ence (p-Value:0.49). FA, fractional anisotropy; AUC, area under the
curve; ROC curve: receiver operating characteristic curve.
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was termed infiltrated if their FA values were lower than
contralateral normal appearing white matter (NAWM), but
the fiber bundles that formed these tracts remained intact.
The changing hue of tracts on the color maps in locations
with lower FA values suggests infiltration.® The WMT close
to the tumor was termed edematous if it showed a hyper-
intensity on T2-weighted images, while FA values were
found to be in the normal range in undamaged fibers.’
The histopathological correlation was used in all patients
to make the final tumor-type diagnosis. Data was put into
an MS Excel spreadsheet, and statistical evaluation was
performed with SPSS version 21.0 software. DTI-derived
metrics were compared with the Mann-Whitney U test for
two tumor groups. The receiver operating characteristic
(ROC) curve was derived to assess the diagnostic effective-
ness of the DTI metrics in distinguishing two tumor groups.
Additionally, sensitivity and specificity values were
obtained using ROC curves.

Results

Forty-eight individuals got a preoperative MRI assessment,
with the maximum number of patients encountered in the
40 to 50 age group (mean age ~38.6 years). Demographics
and clinical properties of the research population are cited
in =Table 1. Brain tumors in our study population were
classified using the 2016 WHO classification based on histo-
logical results. The low-grade tumor group included WHO
grade I/II brain tumors, while the high-grade tumor group
comprised grade III/IIV tumors. Twenty-two individuals had
WHO grade III/IV (high-grade) tumors, while 26 had histo-
logical diagnoses indicating WHO grade I or II (low-grade)
tumors (=Table 1).

FA and ADC Values

In our study, high-grade tumors had mean FA values of
0.11+0.08 in the intratumoral region, 0.24 +0.10 near the
tumor edge, and 0.23+0.14 in peritumoral edema
(=Table 2). Low-grade tumors showed mean FA values of
0.17 +0.08 in the intratumoral region, 0.32 +0.12 near the
tumor edge, and 0.31+0.21 in peritumoral edema. Our
findings revealed that high-grade tumors had considerably
lower FA values in the intratumoral region and tumoral
margin than low-grade tumors (p<0.05) (=Fig. 1 and
~Table 2).

On ROC analysis, FA values greater than 0.12 in the intra-
tumoral region and 0.26 at the tumor margin exhibited 69.23
and 65.38% sensitivity and 63.64 and 68.18% specificity in
classifying tumors as low grade, respectively (=Table 3).

In 22 patients of WHO grade Il or IV tumors, the mean FA
value in ipsilateral WMT adjacent to the tumor was 0.33
(=Table 4). The average FA value in the contralateral compa-
rable WMT was 0.57. The Mann-Whitney U test found a
statistically significant correlation (p-value <0.001) be-
tween low FA levels and WHO grade IIl and IV tumors
(=Table 4).

On ROC analysis, FA values less than 0.40 exhibited 73.08%
sensitivity and 68.18% specificity in identifying brain tumors
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Table 1 Background demographics and clinical properties of
the research population

Variable | N (%) or Mean +SD
Sex
Male 20 (41.6)
Female 28 (58.4)
Mean age 38.6y
Clinical presentation
Headache 36 (75)
Seizure 20 (41.6)
Vomiting 21 (43.7)
Altered sensorium 11 (22.9)
Impairment of motor skill 19 (22.9)
Impairment of speech 4 (8.3)
Impairment of vision 5(10.4)
Impairment of hearing 3(6.2)
Imaging and histopathological tumor type
Glioblastoma multiforme 11 (22.9)
Anaplastic astrocytoma 5(10.4)
Diffuse astrocytoma 5(10.4)
Pleomorphic 1(2)
xanthoastrocytoma
Pilocytic astrocytoma 3(6.2)
Meningioma 6 (12.5)
Schwannoma 5(10.4)
Medulloblastoma 2 (4.1)
Lymphoma 2(4.7)
Metastasis 1(2)
Dysembryoplastic 1(2)
neuroepithelial tumors
Hemangioblastoma 1(2)
Diffuse pontine glioma 1(2)
Ependymoma 1(2)
Choroid plexus tumor 2(4.7)
Oligodendroglioma 1(2)
WHO grading
Low grade 22 (45.8)
High grade 26 (54.2)

Abbreviations: SD, standard deviation; WHO, World Health
Organization.

as high grade (~Table 3). The area under the curves of FA
values in the intratumoral region, at the tumor margin, and
ipsilateral WMT were similar in differentiating the two
tumor groups (p-value: 0.49; =Fig. 1).

Low-grade tumors had mean ADC values of 1.48 +0.56
in the intratumoral region, 1.11 £ 0.32 near the tumor edge,
and 1.10 + 0.36 in peritumoral edema. High-grade tumors had
mean ADC values of 1.3240.63 in the intratumoral region,
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Table 2 Statistical analysis of mean FA and ADC values

WHO grading p-Value
High Low (p<0.05)
Mean + SD Mean + SD
Intratumoral region FA 0.11+0.08 0.17+£0.08 0.029
ADC 1.32+£0.63 1.48 +£0.56 0.338
Tumor margin FA 0.24+0.10 0.32£0.12 0.018
ADC 1.11+0.30 1.11+0.32 0.948
Peritumoral edema FA 0.23+0.14 0.31+0.21 0.155
ADC 1.26 £0.33 1.10+0.36 0.109

Abbreviations: ADC, apparent diffusion coefficient; FA, fractional anisotropy; SD, standard deviation; WHO, World Health Organization.

Note: p-Value <0.05 was considered statistically significant.

Fig. 2 Axial T2 weighted (A) and tensor maps (B,C) of a diffuse glioma in the right parietotemporal region. (A) depicts an axial T2 weighted picture of a
biopsy-proven diffuse glioma in the right parietotemporal region, with regions of interest (ROI) drawn intratumorally (thick black arrow), at the tumor edge
(thick orange arrow), peritumoral region (thick blue arrow), ipsilateral white matter tract (WMT) ( white asterisk), and contralateral WMT (red asterisk).

Tractography images in (B,C) demonstrate displacement of the ipsilateral WMT (A) and the contralateral normal WMT (+).

Table 3 The cutoff FA values at different sites in brain tumor patients with area under the curve (AUC), sensitivity, and specificity

Parameters Cutoff AUC Sensitivity Specificity
Intratumoral FA values 0.12 0.71 69.23% 63.64%
FA values at the tumor border 0.26 0.70 65.38% 68.18%
FA value in ipsilateral normal appearing white matter 0.40 0.80 73.08% 68.18%

Abbreviations: AUC, area under the curve; FA, fractional anisotropy.

Table 4 Statistical analysis of mean FA values in ipsilateral white matter tract (WMT) adjacent to tumor and contralateral WMT

FA values WHO grading p-Value
High Low
Mean + SD Mean £+ SD
Contralateral normal white matter tract 0.57+0.13 0.59+0.14 0.523
Ipsilateral normal appearing white matter tract 0.33+£0.17 0.53+0.18 < 0.001

Abbreviations: FA, fractional anisotropy; SD, standard deviation; WHO, World Health Organization.
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Fig.3 Diffusion tensorimaging (DTI) tensor parametric maps (A, B) and tractography maps (C, D) of a patient with anaplastic astrocytoma. In a 56-year-
old female with anaplastic astrocytoma in the right occipital lobe, DTI parameter maps (A, B) show low fractional anisotropy (FA) and high apparent
diffusion coefficient (ADC) values in intratumoral (ID 1-3) and tumor margin (ID 4,5), which were 0.093 +0.01 and 1.3 +0.027 and 0.20+0.1 and
0.94 £ 0.185, respectively (B). Peritumoral FA and ADC values (ID 9) were 0.143 +0.029 and 1.66 + 0.206. FA and ADC values were 0.35 +0.055 and
0.873 +0.024 in ipsilateral white matter tract (WMT) (ID 7,8), and 0.265 + 0.11 and 0.675 =+ 0.046 in contralateral WMT (ID 6), respectively. Tractography
maps (C, D) illustrate the displacement and disruption (asterisk) of nearby WMT, as well as the usual orientation of contralateral WMT (+).

1.114+0.30 near the tumor edge, and 1.26 +0.33 in peritu-
moral edema. The ADC readings were not substantially altered
between the two tumor groups (=Table 2).

Tractography in Brain Tumor

The patterns of WMT involvement in tractography differed in
our study population. FA values were substantially low in
ipsilateral WMT, close to grade I1I/IV brain tumors, indicating
tract infiltration or disruption. Tract displacement in the
white matter occurred in 35 individuals. Tract displacement
adjacent to the tumor was observed in all 26 patients with

histological diagnosis of WHO grade I/II tumors, as well as in
9 of the 22 patients (40.9%) with WHO grade III/IV brain
tumors (~Fig. 2).

Tract disruption was seen in 21 individuals in our study
population. Nineteen out of 22 WHO grade III and IV brain
tumors showed disruption of tracts traversing adjacent to
the tumor (=Figs. 3-5). Two out of 26 patients in WHO
grades I and II also demonstrated WMT disruption.

Twenty patients had WMT infiltration adjacent to the
tumor. Infiltration into the tract was observed in 18 of the
22 high-grade brain tumors. In addition to displacement,

Fig. 4 Tractography maps of a patient with anaplastic astrocytoma in the left frontal lobe. The color-coded tensor map (A-C) depicts
anaplastic astrocytoma in the left frontal lobe, with disrupted white matter tract (WMT) (*), displaced WMT (A), adjacent to the tumor, and
contralateral corresponding WMT (+).
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Fig. 5 Tractography maps (A) and tensor parametric maps (B, C) of a patient with brain metastasis in the right frontoparietal lobe. The tensor
map (A) depicts lung cancer metastasis in the right frontoparietal lobe, with disrupted corticospinal tracts (white asterisks) and infiltrated
association fibers (white thick arrow) adjacent to the tumor and the corresponding normal tract. Diffusion tensorimaging (DTI) parametric maps
(B, C) demonstrate low fractional anisotropy (FA) and high apparent diffusion coefficient (ADC) values in intratumoral (ID1-3) and tumor margin
(ID 4), which were 0.042+0.016, 2.7 +0.046, 0.092 +0.030, and 1.78 +0.261, respectively. Peritumoral (ID 5-7) FA and ADC values were
0.261+0.058 and 1.198 +0.278. The FA and ADC values were 0.538 +0.043 and 0.764 + 0.040 in ipsilateral white matter tract (WMT) (ID 9)
and 0.660+0.028 and 0.719+£0.013 in contralateral WMT (ID 10), respectively. The FA values in the WMT (ID 6-9) next to the tumor were
0.26 +0.05 and the contralateral corresponding WMT (ID 10) were 0.66 +0.028, respectively.

infiltration was seen in 2 of the 26 patients with WHO grade
I/Il tumors (~Fig. 5).

WMT edema was found in 18 of the 48 patients. On
histology, 15 of these 18 individuals were classified as low-
grade tumors, while 3 were grouped as high-grade tumors.
The displacement of WMT was significantly associated
with low-grade tumors. The association was statistically
significant (p-value < 0.001). Disruption, WMT infiltration,
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Fig. 6 Tract involvement in high-grade and low-grade brain tumors.

and edema were substantially linked with high-grade tumors
(p-value < 0.001) (~Fig. 6).

Discussion
Recent studies have revealed that DTI can provide precise

preoperative delineation and a three-dimensional relation-
ship between brain tumors and tracts. DTI improves the
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traditional diffusion MRI technique, which gives valuable
information on tumor cellularity and microstructural tissue
organization."" The ADC values in brain tumors reflect the
diffusivity of water. They are influenced by tumor cellularity
as well as the amount of extracellular and intracellular water.
It is a nonspecific marker for differentiating between two
tumor groups because it is altered in several diseases, such as
acute infarction, abscess, and high-grade brain tumor.

Conversely, the FA values measure diffusion anisotropy
and show how white matter is oriented, not just inside the
WMTs. The altered FA value in brain tumors is due to tumor
invasion into neurons and the direction of diffusion changing
in brain tumors.'? In the intratumoral region and at the
tumor margins, the FA values were substantially lower in
high-grade tumors (p-value < 0.05). In high-grade tumors, the
FA values (0.11 +0.08) were very close to the mean FA values
(0.173) found in 15 patients with high-grade gliomas, as
reported by De Belder et al."> The drop in FA values is because
there is more heterogeneity in high-grade tumors, which
means that microscopic tracts lose their organization and
integrity.'*'> Similarly, the FA values in the intratumoral
region (0.11+0.08) and at tumor margins (0.2440.10) in
our study were similar to those shown by Goebell et al'® on
12 patients with high-grade tumors. Their FA values were
0.16 4 0.03 for the intratumoral region and 0.168 4+ 0.066 for
the tumor margin. Low FA values at the tumor margin in high-
grade tumors are attributed to white matter infiltration.'>'®

The intratumorally mean FA values (0.17 +0.08) and the
tumor margin mean FA values (0.32 + 0.12) were in agreement
with the findings of Goebell et al,'® who discovered that the
low-grade tumor group’s median FA values were 0.14 +0.04
intratumorally and 0.25+0.09 at the margin. Low-grade
tumors had higher FA values due to a lower degree of micro-
structural disorganization and infiltration in the surrounding
white matter. The low prediction accuracy (sensitivity and
specificity ~60-70%) of FA values intratumorally and at tumor
margin in discriminating two groups is related to the complex
pattern of white matter involvement and heterogeneous brain
tumor population. There was no substantial variation in the
ADC measurement intratumorally, at the tumor margin, in the
peritumoral region, or the ipsilateral normal-appearing white
matter in discriminating high-grade from low-grade brain
tumors, likely due to our heterogeneous brain tumor study
population.”"”

Tractography revealed a differential pattern of WMT in-
volvement with low-grade tumors, demonstrating significantly
higher instances of displacement of adjacent WMT (p-value
<0.001). In contrast, high-grade tumors have a higher inci-
dence of disruption, infiltration, and edema (p-value < 0.001).
Low FA values in WMTs near tumors suggest tract infiltration
or disruption.'®'? Previous investigations have found a consid-
erable frequency of tract displacement in low-grade and
disruption in high-grade malignancies (p-value < 0.05).32°

Despite this, there were certain limitations to the study.
First, there was no unambiguous gold standard technique for
validating tractography results and ensuring their depend-
ability. Second, the brain tumor population, while broadly
split into two tumor groups, was diverse, limiting the
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overgeneralization of DTI tensor metric data and tractogra-
phy results to two tumor groups.

Conclusion

Our study found substantial variations in FA values in the
intratumoral region, tumor margin, and tractography find-
ings between two tumor groups. This adds to the growing
evidence that DTI-derived tensor metric (FA) and tractogra-
phy can be used to predict brain tumor grade and assess tract
invasion. DTI metrics represent the histopathological aspects
of brain tumors caused by differential cellularity and histol-
ogy. They can be used before surgery to confirm the WMT’s
microstructural integrity and orientation, as well as to find
out the aggressiveness of the brain tumor. This helps with
preoperative triage to ensure minimal functional loss and
neurological deficits after surgery.
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