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Abstract
Purpose The goal of glioma surgery is maximal tumor resection associated with minimal post-operative morbidity. Diffu-
sion tensor imaging-tractography/fiber tracking (DTI-FT) is a valuable white-matter (WM) visualization tool for diagnosis 
and surgical planning. Still, it assumes a descriptive role since the main DTI metrics and parameters showed several limita-
tions in clinical use. New applications and quantitative measurements were recently applied to describe WM architecture that 
surround the tumor area. The brain adjacent tumor area (BAT) is defined as the region adjacent to the gross tumor volume, 
which contains signal abnormalities on T2-weighted or FLAIR sequences. The DTI-FT analysis of the BAT can be adopted 
as predictive values and a guide for safe tumor resection.
Methods This is an observational prospective study on an extensive series of glioma patients who performed magnetic 
resonance imaging (MRI) with pre-operative DTI-FT analyzed on the BAT by two different software. We examined DTI 
parameters of Fractional anisotropy (FA mean, min-max), Mean diffusivity (MD), and the shape-metric “tract irregularity” 
(TI) grade, comparing it with the surgical series’ clinical, radiological, and outcome data.
Results The population consisted of 118 patients, with a mean age of 60.6 years. 82 patients suffering from high-grade 
gliomas (69.5%), and 36 from low-grade gliomas (30.5%). A significant inverse relationship exists between the FA mean 
value and grading (p = 0.001). The relationship appears directly proportional regarding MD values (p = 0.003) and TI values 
(p = 0.005). FA mean and MD values are susceptible to significant variations with tumor and edema volume (p = 0.05). TI 
showed an independent relationship with grading regardless of tumor radiological features and dimensions, with a direct 
relationship with grading, ki67% (p = 0,05), PFS (p < 0.001), and EOR (p < 0.01).
Conclusion FA, MD, and TI are useful predictive measures of the clinical behavior of glioma, and TI could be helpful for 
tumor grading identification and surgical planning.

Keywords Glioma · Neurosurgery · Tractography · DTI

Received: 26 March 2024 / Accepted: 27 September 2024 / Published online: 15 October 2024
© The Author(s) 2024

DTI fiber-tracking parameters adjacent to gliomas: the role of tract 
irregularity value in operative planning, resection, and outcome

Daniele Armocida1,2 · Andrea Bianconi1 · Giuseppa Zancana3 · Tingting Jiang3 · Alessandro Pesce4 · Fulvio Tartara5 · 
Diego Garbossa1 · Maurizio Salvati4 · Antonio Santoro3 · Carlo Serra6 · Alessandro Frati2

Abbreviations
CNS  Central nervous system
BAT  Brain adjacent Tumor area
WM  White matter

WHO  World Health Organization
GB  Glioblastoma
IDH  Isocitrate dehydrogenase
LGG  Low grade glioma
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HGG  High grade gliomas
ATRX  Histone chaperoneαthalassemia mental retar-

dation X-linked
OS  Overall survival
EOR  Extent of resection
5-ALA  5-aminolaevulinic acid
WM  White matter
MRI  Magnetic resonance imaging
FLAIR  Fluid attenuated inversion recovery
DWI  Diffusion weighted imaging
DTI  Diffusion tensor imaging
DTI-FT  DTI Fiber tracking
CST  Cortico spinal tract
GQI  Generalized q-sampling imaging
ROI  Region of interest
KPS  Karnofsky performance scale
GTR  Gross total resection
fMRI  Functional MRI
FA  Fractional anisotropy
MD  Mean diffusivity
TI  Tract irregularity
PFS  Progression free survival
MPRAGE  Magnetization prepared rapid acquisition 

gradient echo

Introduction

Gliomas are the most common primary neoplasms of the 
central nervous system (CNS) in adults [1, 2], and their 
prognosis is influenced by the molecular profile [3], extent 
of surgical resection (EOR) [4] age [5], and performance 
status [6]. Realizing the true benefit of neurosurgical resec-
tion requires a balance between surgical cytoreduction and 
preservation of neurological function in the concept of 
“neuro-oncological balance” [1].

Magnetic resonance imaging (MRI) with diffusion ten-
sor imaging-fiber tracking (DTI-FT) is becoming a standard 
imaging method to achieve the best surgical planning [7]. 
DTI-FT is used to visualize specific fiber bundles in the 
surroundings of brain tumors [8]. Gliomas may alter sur-
rounding white matter (WM) tracts depending on the grad-
ing, surgical site, tumor, and edema volume [7–9]. For these 
reasons, DTI-FT assumes a descriptive role by lacking vali-
dated quantitative data and values useful for diagnosis and 
preoperative planning [10].

Recent studies [11, 12] diverted their attention to DTI-FT 
analysis to the periphery of the glioma, claiming that the 
brain adjacent tumor (BAT) area contained a considerable 
amount of altered fiber tracts with less infiltration and dis-
ruption. The BAT is currently defined as the region adjacent 

to the gross tumor volume, which contains signal abnormal-
ities on T2-weighted or FLAIR sequences [12].

In the BAT the main DTI metrics (fractional anisotropy, 
FA, and mean diffusivity, MD) are determined by a balance 
between factors that increase the degree of directionality of 
water diffusion (the “anisotropy”), such as high cellularity 
[13] and/or vascularization [14], and factors that decrease 
the degree of directionality, such as fiber destruction or infil-
tration [11]. Further, new quantitative measurements defined 
as “shape descriptors” were applied to investigate the shape 
characteristics of the human association pathways. Yeh FC 
[15] introduced a valuable quantification of the shape met-
rics and, specifically, the descriptor called “tract irregular-
ity” (TI), defined as a numerical ratio between the surface 
area, diameter, and length of specific fibers (Fig. 1) that 
could offer a new option for WM analysis [15]. The diffu-
sion metrics measured in the BAT promise to make DTI-FT 
a grading-predictive tool and a more precise aid in guiding 
glioma resection.

The objective of the present study is to test the validity 
of the main quantitative parameters of DTI-FT to establish 
the grading and behavior of a series of glioma patients. We 
compare glioma patients’ clinical, morphological, molecu-
lar, and outcome parameters to establish the predictive val-
ues of FA and MD with the combined use of the TI shape 
descriptor, measured in the BAT.

Methods

This prospective observational study was performed on a 
surgical series of glioma patients treated in three neurosurgi-
cal units. Consensus about diagnosis, treatment, and related 
information was obtained under written informed consent 
approved by our Institution’s Principal Institutional Review 
Board (IRB: 6961, prot. 0296/2023).

This study adhérés to PROBE 2023 guidelines for report-
ing observational studies.

Data availability

The original dataset is available from the corresponding 
author upon reasonable request.

Population study

All subjects with radiological diagnosis suggestive of glioma 
and candidates for surgery were enrolled from March 2018 
to December 2022, with the following inclusion criteria:
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 ● Adult patients with unilateral surgical suspected glioma 
with no history of inflammatory or degenerative brain 
disease candidate for surgery;

 ● Patients with histological diagnosis of glioma, follow-
ing the World Health Organization (WHO) 2021 [16] 
classification of brain tumors with a minimum of 12 
months of follow-up;

 ● Performance status measured using Karnofsky perfor-
mance scale (KPS) > 70;

 ● Patients who performed MRI with DTI-FT study within 
7 days before surgery;

 ● All the patients included in the study were newly diag-
nosed with glioma at their first surgery.

We excluded patients who did not agree to or could not 
undergo the functional MRI examination with DTI-FT or for 
whom the radiological examination could not be performed 
with the volumetric standards required for the analysis.

Patient selection

We recorded clinical data such as age, gender, and clinical 
onset. Radiological information such as tumor site (iden-
tifying major lobe involvement, deep-seated or superficial 
location), tumor and peritumoral brain edema (PBE) vol-
ume, edema-tumor ratio, radiological and surgical morphol-
ogy (distinguished between solid, cystic, or necrotic lesion) 
are reported.

Tumor grading are recorded distinguishing between high-
grade (grade 4, isocitrate dehydrogenase (IDH) wild-type, 
HGG) and low-grade (grade less than 4 and IDH-mutated, 
LGG) tumors. Immunohistochemistry was performed, 
reporting ki-67%, EGFR expression status, MGMT, p53, 
ATRX and IDH. Surgical methods and the use of 5-ALA 
for eloquently and non-eloquently located tumors were pre-
viously and extensively reported elsewhere [3]. The extent 

of resection (EOR) was assessed by an experienced neu-
roradiologist in postoperative MRI within 48 h of surgery. 
Progression-free survival (PFS) and Overall survival (OS) 
were recorded in months.

Performance status was expressed using the KPS scale: 
such parameter was considered, as previously observed [3], 
as associated with OS. Specifically, it was recorded in four 
different moments: (1) Before surgery, (2) At 30 days after 
surgery (3) At the end of the adjuvant treatment, (4) At the 
last follow-up evaluation.

Image acquisition

All the patients underwent a brain MRI scan, including a 
high field 3 Tesla volumetric study within 7 days before sur-
gery with the following volumetric sequences: T2w, FLAIR, 
isotropic volumetric T1-weighted magnetization-prepared 
rapid acquisition gradient echo (MPRAGE) before and after 
intravenous administration of paramagnetic contrast agent 
and DTI with 3D tractography fiber tracking.

Volume of the contrast-enhancing lesion was calcu-
lated by drawing a region of interest (ROI) in a Volumetric 
enhancing post-contrast study weighted in T1 (a multi-voxel 
study), conforming to the margins of the contrast-enhancing 
lesion, using the free-hand assisted tool with software Horos 
(LGPL license athttps://horosproject.org v3.3.6, Annapolis, 
MD USA) [17, 18]. PBE volume was calculated by draw-
ing a ROI conforming to the hyperintense signal borders on 
the T2-weighted and Fluid Attenuated Inversion Recovery 
(FLAIR) 3D sequences and subtracting the previously cal-
culated tumor volume. All volumes were measured in cm3 
before anti-edematous therapy.

The relationship between tumor and brain edema was 
reported as the numerical ratio between the two values 
according to the formula:

Fig. 1 Shape analysis of a bundle described by Yeh FC [11]: (a) The 
length metrics include length, span, diameter, and radius of the inner-
vation region. The length measures the length of the bundle trajectory, 
whereas the span measures the absolute distance between two ends of 
the bundle. The diameter estimates the average bundle diameter. The 

radius uses a circular model to estimate the coverage of the innervation 
regions. (b) The area metrics include total track surface area and area 
of the two end surfaces. (c) The volume metrics include total volume 
and trunk volume
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variables were made with the Chi-squared test. Compari-
sons between nominal and quantitative variables were made 
with t-students. The EOR means were compared with One-
way and Multivariate ANOVA analysis, Contrast analysis, 
and Post-Hoc Tests. Continuous variable correlations have 
been investigated with Pearson’s Bivariate correlation. The 
threshold of statistical significance was considered p < 0.05.

Results

Population study

196 patients underwent surgery for radiologically suspected 
intracranial gliomas. Applying inclusion and exclusion 
criteria, the final collection includes 118 patients (Fig. 2). 
The population consisted of 78 males (66.1%) and 40 
females (33.9%), with a mean age of 60.6 years (min = 18, 
max = 80). 82 patients were found to have HGGs (WHO 4, 
69.5%), and 36 patients had LGGs (WHO 1,2,3, 30.5%). All 
details on patient demographics, clinics and group analysis 
are summarized in Table 1.

Radiological and clinical outcome

The mean tumor volume was 29.1 cm3 with no signifi-
cant differences regarding grading (26.9 cm3 in HGGs, 
SD = 11.45 and 34.1 cm3 in LGGs, SD = 21.61, respectively, 
p = 0.22). The mean volume of PBE was 26.05 cm3, with a 
significant difference between HGG and LGG groups (28.8 
cm3 SD = 2.42 versus 14.9 cm3 SD = 14.39, respectively, 
p = 0.05). There were no significant differences in tumor-
edema ratio (310 versus 180, p = 0.25). The mean percent-
age of ki67 is 27%, with a significant difference between 
grading (35% in HGGs and 7.5% in LGGs, p < 0.001, 
respectively). EGFR is expressed in 18% of the population, 
and p53 was over-expressed in 25 patients (21.2%), both in 
the HGGs group. From the clinical outcome point of view, 
patients had a mean preoperative KPS of 85 with no sig-
nificant difference in grading (85 for HGGs versus 90 for 
LGGs, p = 0.12). The mean KPS had significant differences 
between the two groups at postoperative, post-adjuvant 
therapy and at the last follow-up (65 versus 90), with HGGs 
presenting consistently lower values.

Analysis of DTI metrics

We examined the values of FAmean, FA max, FA min, MD, 
and TI grade in the BAT, comparing it with the surgical 
series’ clinical, radiological, and outcome parameters.

Tumor V olume (cm3) + Edema V olume (cm3))

Tumor V olume(cm3

= Edema/tumor ratio

DTI was acquired using a single-shot echo-planar imag-
ing diffusion tensor sequences with equal settings (TR/
TE = 7010/102 ms; FOV = 222 × 222 mm2; matrix 
112 × 112; 50 slices without gap; slice thickness 2.7 mm; 
32 non-collinear directions, b- value = 1000 s/mm2) using 
a dedicated head coil. Reconstruction with FT required for 
each image set at least one acquisition with 9 scalar volumes.

Tractography

For DTI-FT the open-source validated [19] software DSI 
studio (https://dsi-studio.labsolver.org/) and BrainLab iPlan 
software (BrainLAB Inc., Feldkirchen, Germany) have 
been used. For the definition and evaluation of ROI feasibil-
ity metric analysis, we used these two tractography appli-
cations of different complexity to ensure cross-software 
validity.

MRI objects consisted of three volumes, manually con-
toured (slice by slice) with a ROI positioned manually. Two 
authors (D.A. and A.B.) who were blinded to any clinical 
or demographic patient information except the images mea-
sured the ROI volumes.

The seed ROI was placed outlining with the tool “free-
hand drawing” region to be drawn freehand” the edges of 
the contrast-enhancing signal around the tumor. We defined 
the ROIs margin based upon the tracts’ obligatory pathways, 
derived from literature [20], own experiences in peritumoral 
tractography and following the limits of the BAT area.

Following the current clinical practice [11], the BAT was 
defined as the region adjacent to the gross tumor volume, 
which contains signal abnormalities on T2-weighted and 
FLAIR sequences. The minimum streamline length was set 
to 30 mm, and the maximum was set to 250 mm. The FT 
was filtered by the ROI at the evaluation. Unharmed and 
dislocated tracts were categorized as “unaffected”. Then, 
the FA mean, FA max, FA min, MD, and TI values within 
the volumes were extracted. The cutoff value for the FA to 
avoids false-positive and false-negative was placed specifi-
cally for the BAT at 0.05. The deviation for each value was 
less than 0.006, drawn by two authors on the two different 
software to ensure cross-validity.

Statistical analysis

Statistics were performed using SPSS Statistics 25 (IBM, 
Armonk, NY, USA). Normality distribution was tested 
after D’Agostino-Pearson. Comparisons between nominal 
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Specific analysis for TI parameter

TI showed an independent relationship with the degree of 
aggressiveness of the tumor regardless of tumor radiologi-
cal features and dimensions, with a direct relationship with 
grading, ki67% (p = 0,05), and PFS (p < 0.001, Fig. 3D).

In LGGs, there is a significant relationship between TI 
value and EOR, with a higher percentage of GTR for higher 
TI values (Mean 11.2 SD = 1.93 for GTR versus Mean 8.9 
SD = 2.13 for NTR, p < 0.01). This is probably because high 
TI values correspond to areas of altered WM texture and 
density capable of guiding the surgeon into marginal resec-
tion. WM enveloping the tumor and distorting surrounding 
bundles in terms of evident high TI values also has a signifi-
cant clinical impact on tumor onset with seizures (patients 
with clinical onset of seizure have TI mean 14.46 compared 
to focal onset or incidental diagnosis with TI mean = 7.98).

We identified an optimal cutoff value for TI of 10, sug-
gesting a higher risk of reduced PFS and KPS in patients 
with a score values > 9.

To evaluate whether the TI value ≥10 is an independent 
prognosis-related factor, we conducted an independent 
prognostic analysis for the performance status and PFS 
for the two groups (group TI < 10 and group TI≥10). The 

We identified that there is a significant inverse relation-
ship between the FAmean value and grading (FA mean 0.313, 
SD = 0.11 for LGGs versus FA mean 0.218, SD = 0.007 for 
HGGs, p = 0.001), showing that a low-grade lesion is likely 
to result in more significant distortion/anisotropy of WM 
fibers than the aggressive HGGs (Fig. 3A).

In contrast, the relationship appears to be directly pro-
portional regarding MD values (0.875 in LGGs, SD = 0.14 
versus 1.767 in HGGs, SD = 0.71, p = 0.003, Fig. 3B) and 
TI values (8.44 in LGGs SD = 2.5 versus 11.14 in HGGs, 
SD = 2.2, p = 0.005, Fig. 3C).

In a multivariate analysis, FA mean, MD, and TI values 
are not influenced by the surgical site and tumor characteris-
tics such as hemorrhage, necrosis, and cystic aspect (p = 1).

FA mean and MD values are susceptible to significant 
variations concerning tumor size and volume. Tumor vol-
ume correlate linearly with the value of FA (Pearson cor-
relation= -0.360, p = 0.01). Edema volume correlate with 
the FAmean value (Pearson correlation = -0.351, p = 0.05) 
and MD value (Pearson correlation = 0.063, p = 0.05). In 
this evaluation, FA mean and MD values correlate with each 
other in a significant proportional manner (Pearson correla-
tion=-0.516, p = 0.02).

Fig. 2 Flow-chart of the applica-
tion of inclusion and exclusion 
criteria
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AUC for KPS after RT (or at 6 months clinical evaluation 
for LGG without post-operative RT (95% CI, 0.4– 0.78), 
0.583 (p = 0.03, DeLong’s test) for KPS at the last evalua-
tion (95% CI, 0.44– 0.76), 0.541 (p < 0.001, DeLong’s test) 
and PFS (95% CI, 0.37– 0.709 p < 0.01, Fig. 4C).

Furthermore, performing a binomial analysis for the 
achievement of GTR between the two groups, we observed 
that in cases where total tumor resection was achieved, the 
TI value measured in the BAT more frequently showed a 
TI value ≥10. This difference was significant (Pearson chi-
square p = 0.048) and could be dependent on greater tumor 
aggressiveness (with a high correlation with the presence of 
intratumoral necrosis, (Fig. 4D).

prognostic analysis used univariate and multivariate Cox 
regressions.

The univariate prognostic analysis showed that the value 
of TI with threshold 10 was an independent factor affecting 
the prognosis (p < 0.001). The multivariate prognostic anal-
ysis showed that the TI≥10 (p = 0.02), EOR (p < 0.001) and 
tumor grading (p = 0.04) were independent factors affecting 
the prognosis. In the TI≥10 group of patients, both univari-
ate and multivariate prognostic analysis showed that the risk 
score was an independent factor affecting the PFS and KPS 
after surgery (Fig. 4A and B, p < 0.05). In the model values 
we obtained a cross-validated area under curve (AUC) of 
0.31, CI 95% (p = 0.03, DeLong’s test) and single-validation 

Table 1 Population study of the main clinical, surgical and radiological parameters evaluated for the study and analysis between patients diagnosed 
with high-grade glioma (HGG) and low-grade gliomas (LGG)

Total patients (118) High-grade (82) Low-grade (36) P-value
Gender M 78 66.1% 58 18

F 40 33.9% 24 16
Age Mean 60.6 63.5 54 1

Min-Max 18–80
Lobe involvement Frontal 68 57.6% 46 20 1

Temporal 38 32.2% 30 8
Parietal 30 25.4% 20 8
Occipital 0 0% 0 0

Location Deep/periventricular 50 42.4% 38 12 0.9
Superficial/convexity 68 57.6% 44 24 0.77

Morphology Solid 67 56.7% 40 30 0.06
Cystic 35 29.6% 28 6 1
Necrotic 16 13.6% 14 0

Hemorragic 8 6.8%
Clinical debut Focal deficit 37 31.4% 26 8

Seizure 37 31.4% 28 17
Cognitive deficit 35 29.7% 8 28
Incidental 9 7.6% 28 8

Tumor volume Mean (mm3) 29.1 26.9 34.1 0.22
Edema volume Mean (mm3) 26.05 28.8 14.9 0.05
Tumor-edema ratio Mean 1459 310 180 0.25
Extent of resection GTR 53 44.9% 42 16 0.02
IDH-mutated 37 31.4%
ki67% Mean 27 35 7.5 < 0.01
EGFR expression 18 15.3%
P53 expression 25 21.2%
KPS (Mean) Pre-operative 85 85 90 0.12

Post-operative 80 80 90 0.03
Post-RT 80 80 90 0.02
Follow-up 65 65 90 < 0.01

PFS (Mean) 20 8 26 < 0.01
OS (Mean) 27 15 48 < 0.01
FA Mean 0.248 0.218 0.313 0.01

Min 0.1 0.1 0.12 0.6
Max 0.53 0.51 0.53 0.6

MD 1.52 1.12 0.87 0.05
TI 10.41 11.14 8.44 0.05
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Fig. 4 Q4

 

Fig. 3 Q3
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is linked to a greater heterogeneity of solid parts within the 
former (Fig. 5). Considering that a FA value of 0 represents 
completely unrestricted fiber diffusion, and a value of 1 sig-
nifies entirely directed diffusion in a single direction, the 
inverse relationship between the FA mean value and grad-
ing indicates that LGGs will likely lead to higher WM fiber 
anisotropy than HGGs [25] also in the BAT. In HGG, though 
there was the destruction of WM fibers causing the decrease 
of FA compared with normal-appearing WM, its value did 
not decrease to extremely low because the increase in cell 
density and vascularity gave directionality to the water dif-
fusion in extracellular space, resulting in compensation of 
decreased FA (thus eliminating the possibility of obtaining 
a false negative response); on the contrary in LGGs, cells 
were loosely and randomly arranged in a fibrillary matrix, 
where water diffused almost freely in all direction thus lead-
ing to the significant increase of FA. Besides, increased MD 
would be correspondingly observed due to the increased 
extracellular spaces and decreased cellularity [26].

The main reliability problem of the DTI metric statistical 
descriptors [26] is that the extent of fiber density, direction-
ality, and anisotropy is greatly affected by several variables, 
including tumor volume, PBE, and the tumor site location 
[27]. We show that glioma size and PBE could influence 
FA and MD values, and we confirm, in part, the results of 
the study by Kinoshita et al. [28] that reported an appar-
ent diffusion coefficient in regions of tumor infiltration 
primarily affected these variables. Research on the combi-
nation of DTI and MR spectroscopy suggested that FA was 

Discussion

This study represents the first prospective clinical trial to 
track the treatment progress of glioma patients and assess 
the predictive significance of DTI measurements taken 
around the tumor. Our findings indicate that the mean FA 
value in the BAT of HGGs tends to decrease, while the MD 
value tends to rise. Additionally, we observed an inverse 
association between the mean FA value and grading. Further 
the new metric TI demonstrated an indipendent relationship 
with grading, ki67%, EOR, and PFS.

Histologically, it is known that tumor cell density 
decreases up to several centimeters from the macroscopic 
tumor volume [20, 21], and previous analyses [22] have 
shown that high fiber density values are inversely correlated 
with tumor cell number and tumor infiltration [23].

BAT stands for the area within the brain that is occu-
pied by WM structures, and it is near the location of brain 
tumors. Typically, the fibers that cross this region are not 
part of the well-known and eloquent bundles that are fre-
quently displaced or damaged by tumors. As a result, the 
values of anisotropy and diffusivity in BAT can have high 
variability, and it may be challenging to interpret its graphi-
cal representation [23, 24].

We identified that the FA mean value tends to decrease in 
the BAT of HGGs (without ever reaching value = 0) while 
the value of MD tends to increase. These results confirm 
hypotheses [11, 24] that the FA mean tends to be signifi-
cantly higher in the LGG than in the HGG, supposing this 

Fig. 5 The illustration presents 
a schematic representation 
of the various ways in which 
glioma grading can distort the 
white matter (WM) of the brain 
adjacent tumor area (BAT), and 
how fractional anisotropy (FA), 
mean diffusivity (MD), and 
tumor intensity (TI) values can 
provide a quantitative definition. 
Our hypothesis suggests that the 
growth of a low-grade glioma 
(LGG) causes more significant 
distortion of WM fibers than the 
growth of a high-grade glioma 
(HGG). This can be demon-
strated by an inverse relationship 
between the mean FA value and 
the grading. Additionally, an 
increase in MD can be attrib-
uted to an increase in extracel-
lular spaces and the release of 
cellularity
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a threshold of 10), more patients in our series achieved a 
GTR. This suggests that areas around the lesion with high 
WM irregularity are more likely to be appreciated as mac-
roscopically altered by the surgeon, who is more likely to 
proceed with resection. A high TI value corresponds to areas 
of altered WM consistency that favor the surgeon to pro-
vide a more extensive excision, thus obtaining GTR results 
more frequently. Furthermore, TI values correlate inversely 
with PFS, suggesting that it could be an indirect measure 
of microscopic tumor infiltration [31–33] (Fig. 6). In addi-
tion, the TI values exhibit an inverse relationship with PFS, 
which indicates that they may serve as an indirect measure 
of microscopic tumor infiltration. Although this is currently 
a preliminary assessment, the TI parameter may potentially 
be utilized as an intra-operative adjuvant marker in the 
future.

DTI-based functional neuronavigation could help plan-
ning aggressive resections of DTI-FT-defined abnormalities 
[34] and offering precise intraoperative imaging guidance to 

uncorrelated and even contradictorily higher in LGGs [8]. 
At the same time, ADC value correlated significantly with 
histologic grading [28], and lower ADC indicated HGGs, 
concluding that DTI may not be helpful for preoperative 
differentiation precisely because of the presence of variable 
PBE volume [24, 29, 30].

This has led some researchers to detect other metrics that 
improve the study of tumor boundaries and infiltration [31]. 
With the shape metrics, Yeh FC [15] introduced an inter-
esting quantification of WM tracts around a ROI to better 
investigate the shape characteristics of the human associa-
tion pathways, allowing a deeper understanding of the fibers 
distortion in relation to tumor and edema volumes [7].

Specifically, the TI value could be helpful for tumor grad-
ing and surgical planning [15]. TI demonstrated an indepen-
dent relationship with the degree of aggressiveness of the 
tumor regardless of radiological features and dimensions, 
also showing a relationship with grading, ki67%, EOR, 
and PFS. It is remarkable that at higher TI values (with 

Fig. 6 We present an illustrative 
case of a 57-year-old patient 
treated surgically with total 
excision of a right frontal glio-
blastoma (A) who experienced 
disease recurrence seven months 
after diagnosis (B). In a retro-
spective analysis of pre-operative 
DTI, we note low mean values of 
FA (mean 0.04), high mean val-
ues of MD (mean 0.45), and TI 
(mean 7.022) around the tumor 
(C). If we mark the areas of high-
est expression of TI (green areas), 
we observe that they are located 
right at the highest growth of 
recurrence and where the WM-
fibers are most irregular (D)

 

1 3

249



Journal of Neuro-Oncology (2025) 171:241–252

declaration and its later amendments or comparable ethical standards. 
Consensus about diagnosis, treatment, and related information was ob-
tained under written informed consent approved by our Institution’s 
Principal Institutional Review Board (IRB: 6961, prot. 0296/2023). 
This article does not contain any studies with animals performed by 
any of the authors.

Informed consent Informed consent was obtained from all individual 
participants included in the study. The patient has consented to the 
submission of this review article to the journal. The participants and 
any identifiable individuals consented to publication of his/her image.

Competing interests The authors declare no competing interests.

Conflict of interest We wish to confirm that there are no known con-
flicts of interest associated with this publication and there has been no 
significant financial support for this work that could have influenced its 
outcome.We wish to draw the attention of the Editor to the following 
facts which may be considered as potential conflicts of interest and to 
significant financial contributions to this work.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Bello L, Gambini A, Castellano A, Carrabba G, Acerbi F, Fava E, 
Giussani C, Cadioli M, Blasi V, Casarotti A, Papagno C, Gupta 
AK, Gaini S, Scotti G, Falini A (2008) Motor and language DTI 
Fiber tracking combined with intraoperative subcortical mapping 
for surgical removal of gliomas. NeuroImage 39(1):369–382. 
https://doi.org/10.1016/j.neuroimage.2007.08.031Epub 2007 
Aug 29

2. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolin-
sky Y, Stroup NE, Kruchko C, Barnholtz-Sloan JS (2013) 
CBTRUS statistical report: Primary brain and central nervous 
system tumors diagnosed in the United States in 2006–2010. 
Neuro Oncol 15(Suppl 2):ii1-56. https://doi.org/10.1093/neuonc/
not151. Erratum in: Neuro Oncol 2014;16(5):760

3. Armocida D, Pesce A, Di Giammarco F, Frati A, Santoro A, 
Salvati M (2019) Long term survival in patients suffering from 
Glio-Blastoma Multiforme: a single-Center Observational Cohort 
Study. Diagnostics (Basel) 9(4):209. https://doi.org/10.3390/
diagnostics9040209

4. van den Bent MJ, Geurts M, French PJ, Smits M, Capper D, 
Bromberg JEC, Chang SM (2023) Primary brain tumours in 
adults. Lancet S0140-6736(23):01054-1. https://doi.org/10.1016/
S0140-6736(23)01054-1

5. Brown TJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rak-
szawski KL et al (2016) Association of the extent of resection 
with survival in glioblastoma: a systematic review and meta- 
analysis. JAMA Oncol 2:1460–1469

achieve a greater chance of improving progression-free and 
overall survival [35, 36].

Further studies and limitations

The main limitation of this study is that it is a nonrandom-
ized observational study with a limited number of patients. 
Although highly valued for its clinical applications, the 
validity of quantitative measurement of various DTI metrics 
is impaired by several factors: the different acquisition times 
performed during the MRI, the use of non-validated soft-
ware, and the echo-planar imaging sequence used for DWI 
acquisition subjected to many artifacts. The best approach 
to determine the optimal cutoff value for FA in the context 
of BAT remains unknown. If an FA cutoff of 0.15 appears 
to be a reasonable choice for neurosurgical patients, poten-
tially streamlining the process of tractography, it is essential 
to maintain control over infiltrating fiber bundles, which 
may necessitate lower cutoff settings [37].

Further, the tracking of an ROI in all imaging analysis 
software is done with a semi-automatic system of the free-
hand drawing tool, which although it has good sensitivity in 
identifying the edge of a signal hyperintensity from contrast 
uptake remains a non-standardized method subject to a risk 
of bias.

Conclusion

DTI-FT quantitative parameters measured in the BAT prom-
ise a quantitative value in preoperatively predicting patient 
outcomes and could be a valuable tool in surgical planning. 
In particular, TI, as a new parameter, appears to be an inde-
pendent marker of tumor aggressiveness and expression of 
strong alteration of white matter bundles in the brain adja-
cent tumor area potentially allowing, once studied, to guide 
supramarginal surgical resection of glioma.

Author contributions D.A and A.B performed image analysis, D.A. 
wrote the main manuscript, D.G. M.S. A.S.: supervising, D.A. and 
A.P: statystical analysis, G.Z. and A.B.: data collection TJ: prepared 
figures D.A, C.S. and A.F. conceptualization.

Funding This study was not funded by any association.
Open access funding provided by Università degli Studi di Torino 
within the CRUI-CARE Agreement.

Data availability No datasets were generated or analysed during the 
current study.

Declarations

Ethics approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 

1 3

250

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuroimage.2007.08.031
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.3390/diagnostics9040209
https://doi.org/10.3390/diagnostics9040209
https://doi.org/10.1016/S0140-6736(23)01054-1
https://doi.org/10.1016/S0140-6736(23)01054-1


Journal of Neuro-Oncology (2025) 171:241–252

22. Dorward NL, Alberti O, Velani B, Gerritsen FA, Harkness WF, 
Kitchen ND et al (1998) Postimaging brain distortion: magni-
tude, correlates, and impact on neuronavigation. J Neurosurg 
88:656–662

23. Armocida D, D’Angelo L, Berra LV, Pesce A, di Palma V, Galati 
G, Frati A, Santoro A (2022) Awake surgery for arteriovenous 
malformations in eloquent areas does not increase intraoperative 
risks and allows for shorter-term recovery and Improved Status. 
World Neurosurg 164:e1015–e1023. https://doi.org/10.1016/j.
wneu.2022.05.085Epub 2022 May 25

24. Schilling KG, Nath V, Hansen C, Parvathaneni P, Blaber J, Gao Y 
et al (2019) Limits to anatomical accuracy of diffusion tractogra-
phy using modern approaches. NeuroImage 185:1–11

25. Zhang F, Daducci A, He Y, Schiavi S, Seguin C, Smith RE, Yeh 
CH, Zhao T, O’Donnell LJ (2022) Quantitative mapping of the 
brain’s structural connectivity using diffusion MRI tractography: 
a review. NeuroImage 249:118870. https://doi.org/10.1016/j.
neuroimage.2021.118870

26. Di Cristofori A, Basso G, de Laurentis C, Mauri I, Sirtori MA, 
Ferrarese C, Isella V, Giussani C (2021) Perspectives on (A)
symmetry of Arcuate Fasciculus. A short review about anatomy, 
tractography and TMS for Arcuate Fasciculus Reconstruction in 
planning surgery for Gliomas in Language Areas. Front Neurol 
12:639822. https://doi.org/10.3389/fneur.2021.639822

27. Habets EJJ, Kloet A, Walchenbach R, Vecht CJ, Klein M, 
Taphoorn MJB (2014) Tumour and surgery effects on cogni-
tive functioning in high-grade glioma patients. Acta Neurochir 
156:1451–1459. https://doi.org/10.1007/s00701-014-2115-8

28. Kinoshita M, Nakada M, Okita H, Hamada J-I, Hayashi Y (2014) 
Predictive value of fractional anisotropy of the arcuate fasciculus 
for the functional recovery of language after brain tumor resec-
tion: a preliminary study. Clin Neurol Neurosurg 117:45–50. 
https://doi.org/10.1016/j.clineuro.2013.12.002

29. Henry RG, Berman JI, Nagarajan SS, Mukherjee P, Berger MS 
(2004) Subcortical pathways serving cortical language sites: 
initial experience with diffusion tensor imaging fiber tracking 
combined with intraoperative language mapping. Neuroim- age 
21:616–622

30. Stadlbauer A, Ganslandt O, Buslei R, Hammen T, Gruber S, 
Moser E, Buchfelder M, Salomonowitz E, Nimsky C (2006) 
Gliomas: histopathologic evaluation of changes in directionality 
and magnitude of water diffusion at diffusion-tensor MR imaging. 
Radiology 240:803–810

31. White ML, Zhang Y, Yu F, Jaffar Kazmi SA (2011) Diffusion ten-
sor MR imaging of cerebral gliomas: evaluating fractional anisot-
ropy characteristics. AJNR Am J Neuroradiol 32(2):374–381. 
https://doi.org/10.3174/ajnr.A2267Epub 2010 Oct 14

32. Berberat J, McNamara J, Remonda L, Bodis S, Rogers S (2014) 
Diffusion tensor imaging for target volume definition in glioblas-
toma multiforme. Strahlenther Onkol 190(10):939–943. https://
doi.org/10.1007/s00066-014-0676-3Epub 2014 May 14

33. Wende T, Hoffmann A, Fehrenbach MK, Sander C, Kasper J, 
Meyer HJ, Arlt F, Scherlach C, Meixensberger J, Hoffmann KT, 
Prasse G (2022) White Matter Integrity of the Corticospinal Tract 
for Estimation of Individual Patient Risk for Postoperative Neu-
rological Deterioration after glioma surgery. J Integr Neurosci 
21(6):149. https://doi.org/10.31083/j.jin2106149

34. Plaha P, Camp S, Cook J, McCulloch P, Voets N, Ma R, Taphoorn 
MJB, Dirven L, Grech-Sollars M, Watts C, Bulbeck H, Jenkin-
son MD, Williams M, Lim A, Dixon L, Price SJ, Ashkan K, 
Apostolopoulos V, Barber VS, Taylor A (2022) FUTURE-GB 
collaborators; Nandi D. FUTURE-GB: functional and ultra-
sound-guided resection of glioblastoma - a two-stage randomised 
control trial. BMJ Open 12(11):e064823. https://doi.org/10.1136/
bmjopen-2022-064823

6. Sanai N, Berger MS (2011) Extent of resection influences out-
comes for patients with gliomas. Rev Neurol 167:648–654. 
https://doi.org/10.1016/j.neurol.201107.004

7. Won YI, Chung CK, Kim CH, Park CK, Koo BB, Lee JM, Jung 
HW (2016) White Matter Change revealed by Diffusion Tensor 
Imaging in Gliomas. Brain Tumor Res Treat 4(2):100–106 Epub 
2016 Oct 31

8. Li Y, Zhang W (2020) Quantitative evaluation of diffusion ten-
sor imaging for clinical management of glioma. Neurosurg Rev 
43(3):881–891. https://doi.org/10.1007/s10143-018-1050-1Epub 
2018 Nov 12

9. Henderson F, Abdullah KG, Verma R, Brem S (2020) Tractogra-
phy and the connectome in neurosurgical treatment of gliomas: 
the premise, the progress, and the potential. Neurosurg Focus 
48(2):E6. https://doi.org/10.3171/2019.11.FOCUS19785

10. Jeremy D, Schmahmann, Deepak N, Pandya R, Wang G, Dai, 
Helen E, D’Arceuil AJ, de Crespigny VJ, Wedeen Association 
fibre pathways of the brain: parallel observations from diffusion 
spectrum imaging and autoradiography. Brain 130(3):630–653. 
https://doi.org/10.1093/brain/awl359

11. El Ouadih Y, Pereira B, Biau J, Claise B, Chaix R, Verrelle P, 
Khalil T, Durando X, Lemaire JJ (2022) DTI abnormalities 
related to Glioblastoma: a prospective comparative study with 
metastasis and healthy subjects. Curr Oncol 29(4):2823–2834. 
https://doi.org/10.3390/curroncol29040230

12. Goebell E, Fiehler J, Ding XQ, Paustenbach S, Nietz S, Heese O, 
Kucinski T, Hagel C, Westphal M, Zeumer H (2006) Disarrange-
ment of fiber tracts and decline of neuronal density correlate in 
glioma patients–a combined diffusion tensor imaging and 1H-MR 
spectroscopy study. AJNR Am J Neuroradiol 27(7):1426–1431

13. Jellison BJ, Field AS, Medow J, Lazar M, Salamat MS (2004) 
Alex- Ander AL: Diffusion Tensor imaging of cerebral white mat-
ter: a pictorial review of physics, fiber tract anatomy, and tumor 
im- aging patterns. AJNR Am J Neuroradiol 25:356–369

14. Abdullah KG, Lubelski D, Nucifora PG, Brem S (2013) Use of 
diffusion tensor imaging in glioma resection. Neurosurg Focus 
34(4):E1. https://doi.org/10.3171/2013.1.FOCUS12412

15. Yeh FC (2020) Shape analysis of the human association path-
ways. NeuroImage 223:117329. https://doi.org/10.1016/j.
neuroimage.2020.117329Epub 2020 Sep 1

16. Louis DN et al (2021) The 2021 WHO classification of tumors 
of the central nervous system: a summary. Neuro Oncol 
23:1231–1251

17. Jaimovich SG, Guevara M, Pampin S, Jaimovich R, Gardella JL 
(2014) Neurosurgical planning using osirix software. Surg Neurol 
Int 5(Suppl 5):S267–S271

18. Paglia F, Caporlingua A, Armocida D, Rizzo F, Santoro A, 
D’angelo L (2022) Sep-Oct;33(5):219–226 Preoperative 3D vol-
ume reconstruction of the posterior wall of the sphenoid sinus 
with Horos: A free, simple and reliable tool in endoscopic endo-
nasal trans-sphenoidal surgery. Neurocirugia (Astur: Engl Ed). 
https://doi.org/10.1016/j.neucie.2021.04.008. PMID: 36084958

19. Maier-Hein KH, Neher PF, Houde JC et al (2017) The chal-
lenge of mapping the human connectome based on diffusion 
tractography. Nat Commun 8:1349. https://doi.org/10.1038/
s41467-017-01285-x

20. Negwer C, Sollmann N, Ille S, Hauck T, Maurer S, Kirschke JS, 
Ringel F, Meyer B, Krieg SM (2017) Language pathway tracking: 
comparing nTMS-based DTI fiber tracking with a cubic ROIs-
based protocol. J Neurosurg 126(3):1006–1014 Epub 2016 May 
27. PMID: 27231977

21. Suero Molina E, Schipmann S, Stummer W (2019) Maximizing 
safe resections: the roles of 5-aminolevulinic acid and intraop-
erative MR imaging in glioma surgery-review of the literature. 
Neurosurg Rev 42(2):197–208. https://doi.org/10.1007/s10143-
017-0907-zEpub 2017 Sep 18

1 3

251

https://doi.org/10.1016/j.wneu.2022.05.085
https://doi.org/10.1016/j.wneu.2022.05.085
https://doi.org/10.1016/j.neuroimage.2021.118870
https://doi.org/10.1016/j.neuroimage.2021.118870
https://doi.org/10.3389/fneur.2021.639822
https://doi.org/10.1007/s00701-014-2115-8
https://doi.org/10.1016/j.clineuro.2013.12.002
https://doi.org/10.3174/ajnr.A2267
https://doi.org/10.1007/s00066-014-0676-3
https://doi.org/10.1007/s00066-014-0676-3
https://doi.org/10.31083/j.jin2106149
https://doi.org/10.1136/bmjopen-2022-064823
https://doi.org/10.1136/bmjopen-2022-064823
https://doi.org/10.1016/j.neurol.2011
https://doi.org/10.1007/s10143-018-1050-1
https://doi.org/10.3171/2019.11.FOCUS19785
https://doi.org/10.1093/brain/awl359
https://doi.org/10.3390/curroncol29040230
https://doi.org/10.3171/2013.1.FOCUS12412
https://doi.org/10.1016/j.neuroimage.2020.117329
https://doi.org/10.1016/j.neuroimage.2020.117329
https://doi.org/10.1016/j.neucie.2021.04.008
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.1007/s10143-017-0907-z
https://doi.org/10.1007/s10143-017-0907-z


Journal of Neuro-Oncology (2025) 171:241–252

37. Wende T, Kasper J, Wilhelmy F, Dietel E, Hamerla G, Scherlach 
C, Meixensberger J, Fehrenbach MK (2021) Assessment of a 
Reliable Fractional Anisotropy Cutoff in Tractography of the Cor-
ticospinal Tract for Neurosurgical patients. Brain Sci 11(5):650. 
https://doi.org/10.3390/brainsci11050650

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

35. Burnet NG, Thomas SJ, Burton KE, Jefferies SJ (2004) Defining 
the tumour and target volumes for radiotherapy. Cancer Imaging 
4(2):153–161. https://doi.org/10.1102/1470-7330.2004.0054

36. Yan J, van der Hoorn A, Larkin timothy J, Boonzaier NR, Matys 
T, Price stephen J (2017) Extent of resection of peritumoral diffu-
sion tensor imaging– detected abnormality as a predictor of sur-
vival in adult glioblastoma patients. J Neurosurg 126:234–241. 
https://doi.org/10.3171/2016.1.JNS152153

1 3

252

https://doi.org/10.3390/brainsci11050650
https://doi.org/10.1102/1470-7330.2004.0054
https://doi.org/10.3171/2016.1.JNS152153

	DTI fiber-tracking parameters adjacent to gliomas: the role of tract irregularity value in operative planning, resection, and outcome
	Abstract
	Introduction
	Methods
	Data availability
	Population study
	Patient selection
	Image acquisition
	Tractography
	Statistical analysis

	Results


