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BACKGROUND: An early maximal safe surgical resection is the current treatment
paradigm for low-grade glioma (LGG). Nevertheless, there are no reliable methods to
accurately predict the axonal intratumoral eloquent areas and, consequently, to predict
the extent of resection.
OBJECTIVE: To describe the functional predictive value of eloquent white matter tracts
within the tumor by using a pre- and postoperative intratumoral diffusion tensor imaging
(DTI) tractography protocol in patients with LGG.
METHODS:Apreoperative intratumoralDTI-based tractographyprotocol, using the tumor
segmented volume as the only seed region, was used to assess the tracts within the tumor
boundaries in 22 consecutive patients with LGG. The reconstructed tracts were corre-
latedwith intraoperative electrical stimulation (IES)-based language andmotor subcortical
mapping findings and the extent of resection was assessed by tumor volumetrics.
RESULTS: Identification of intratumoral language andmotor tracts significantly predicted
eloquent areas within the tumor during the IES mapping: the positive predictive value
for the pyramidal tract, the inferior fronto-occipital fasciculus, the arcuate fasciculus and
the inferior longitudinal fasciculus positive was 100%, 100%, 33%, and 80%, respectively,
whereas negative predictive value was 100% for all of them. The reconstruction of at least
one of these tracts within the tumor was significantly associated with a lower extent of
resection (67%) as opposed to the extent of resection in the cases with a negative intratu-
moral tractography (100%) (P< .0001).
CONCLUSION: Intratumoral DTI-based tractography is a simple and reliable method,
useful in assessing glioma resectability based on the analysis of intratumoral eloquent
areas associated with motor and language tracts within the tumor.

KEY WORDS: Low-grade glioma, Tractography, Diffusion tensor imaging, Awake craniotomy, Intraoperative
electric stimulation
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T he current treatment paradigm for
low-grade gliomas (LGGs) includes
the maximal possible resection while

ABBREVIATIONS: 3D, 3-dimensional; AF, arcuate
fasciculus; DTI, diffusion tensor imaging; EoR,
extent of resection; FA, fractional anisotropy; FAT,
frontal aslant tract; fMRI, functional MRI; GTR,
gross total resection; IES, intraoperative electrical
stimulation; IFOF, inferior fronto-occipital fasciculus;
ILF, inferior longitudinal fasciculus; KPS, Karnofsky
performance scale; LGG, low-grade glioma; NPV,
negative predictive value; OS, overall survival;
PPV, positive predictive value; PT, pyramidal tract;
ROI, region of interest; SLF, superior longitudinal
fasciculus

preserving the neurological function.1,2 This
poses a surgical challenge considering their infil-
tration of white matter tracts3,4 and the presence
of functional areas within the tumor.5,6
Furthermore, a functional area within the

tumor is one of the most important factors
limiting the extent of resection (EoR).1
Nevertheless, none of the currently available
preoperative functional-imaging techniques7,8
can be reliably used to predict the intratu-
moral functional areas, mainly due to their
low predictive values and their limitation in
assessing the functional subcortical anatomy.9
Nevertheless, diffusion tensor imaging (DTI)-
tractography provides a good correlation between
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FIGURE 1. Flow diagram of participants. The inclusion criteria were: 1) age >18 yr, 2) tumor affecting an eloquent
area, 3) IES with an asleep-awake-asleep technique, 4) maximal functional-based resection, 5) histological confir-
mation of LGG WHO Grade II. Cases in which the EoR was limited by anatomical/structural boundaries were
excluded. The tumor affected both, language and motor areas, in 10 cases. All participants gave their informed consent
to participate and all procedures were approved by the Committee of Human Research, and all research was conducted
according to the Declaration of Helsinki.

the reconstructed tracts and the subcortical intraoperative
electrical stimulation (IES).10-12

In this study, we describe the functional predictive value of
intratumoral eloquent subcortical tracts, which mark the limits of
the EoR, by using a preoperative intratumoral DTI-tractography
protocol in patients with LGG. In addition, we assessed the tumor
resectability based on the presence of intratumoral functional
areas.

METHODS

Participants and Study Design
A series of 22 surgical procedures (20 patients) for resection of LGG

in eloquent areas13 with sensorimotor mapping,14 performed between
July 2009 and July 2015 in a single institution, were retrospectively
included in the analysis according to the criteria specified in Figure 1.
Demographic and clinical features were collected, and all patients
underwent a pre and postoperative neuropsychological assessment.

Neuroimaging and DTI Intratumoral Tractography
All patients underwent pre and postoperative brain magnetic

resonance imaging (MRI) including functional MRI (fMRI) and DTI
sequences as specified in Figure 2.

Tumor volumetrics and EoR were calculated by using manual tumor
segmentation on the BrainLab Cranial Navigation Station (BrainLab
AG, Munich, Germany) as described in Figure 2.15 The DTI-based
intratumoral tractography was obtained retrospectively for all patients
by using a single region of interest (ROI) approach as illustrated in
Figure 2. Initially, the fractional anisotropy (FA) threshold was set at
0.1 in all cases16 and was progressively increased until the intratu-
moral white matter tracts were identified based on previously described
anatomical landmarks.17,18 This protocol was applied to the postoper-
ative MRI in a similar manner, by using the residual tumor the only seed
region.

Surgical Procedure and Reference Standard Test
All cases were operated on with an asleep-awake-asleep technique with

sensorimotor and language cortical and subcortical electrical mapping, a
method described extensively by our and other groups.19 For the main
tracts studied the expected response is detailed in Table 1.20,21

Intraoperative functional areas identified were located in the preoper-
ative DTI-tractography images. A tract was considered to be a functional
limit restraining further tumor resection when met the following criteria:
1) the distance between the point positive for motor or language function
identified by IES and the reconstructed tract was <1 cm,10 and 2) the
same tract was reconstructed on the postoperative MRI by using the
residual tumor as ROI.
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FIGURE 2. Illustrative case showing intratumoral tractography process. Intratumoral tractography was performed as follows: A, The tumor ROI was generated on the
BrainLab Cranial Navigation Station (BrainLab AG, Munich, Germany), by using manual segmentation on the basis of 300-slices fluid-attenuated inversion-recovery
axial sequences. The EoR was determined by tumor-volume segmentation of the pre- and 3 mo postoperative MRIs scans. The EoR was calculated as: (preoperative
tumor volume - postoperative tumor volume)/preoperative tumor volume. B, A single-ROI approach was applied to initiate the fiber tracking algorithm by using
tumoral volume as the only seed region and all axonal fibers were detected in both anterograde and retrograde directions according to each voxel´s main eigenvector
within the ROI. Initially, the FA threshold was set at 0.1 in all cases. Besides, the minimum length was 40 mm and the maximal angulation was 20◦. C, The FA
threshold was progressively increased, as used in this picture where the FA threshold was 0.16. D, Final reconstruction using FA threshold 0.2. SLS-I, FAT, cingulum,
and AF can be identified. E, To complete the tracts analysis different projections of the 3-dimensional (3D) reconstruction were used and axonal anatomy were also
studied in axial, coronal, and sagittal planes. All MRI studies were performed on a 3.0-T magnetic resonance system using a 8-channel head coil (Achieva 3.0T; Philips
Healthcare, Best, The Netherlands). A DTI with 64 difusion encoding directions was obtained by using multislice single-shot spin-echo echo-planar imaging (EPI).
The spin-echo EPI acquisition parameters were as follows: diffusion sensitization = 1300 s/mm2, repetition time = 9577 milliseconds, echo time = 77 milliseconds,
voxel size = 2 mm3; and matrix = 224 · 224.

TABLE 1. Expected Response for theMain Tracts After EIS

White matter tract Response expected

PT contralateral movement
AF phonemic paraphasia
IFOF semantic paraphasia
ILF semantic paraphasia
SLF-I speech apraxia
SLF-II dysarthria
SLF-III anarthria
FAT speech arrest
UF semantic paraphasia
Subcallosal fasciculus speech arrest
Cingulum memory
Frontal-accumbens planning and deciding

UF: Uncinate fasciculus.

Statistical Analysis
Frequency distributions and summary statistics were calculated for all

variables. A Kolmogorov-Smirnov test was used to study the distribution
of each variable and P-P and Q-Q charts were used to confirm it. The
majority did not follow a normal distribution, and non-parametric tests
were used for some of the comparisons.

The independent variable of interest was the identification of each
tract within the tumor in the preoperative DTI tractography. The
endpoint of the study was the identification of motor or language areas
within the tumor during surgery. A logistic regression model and a
Fisher’s exact test were used to determine the relationship between the
outcome variables and quantitative and qualitative variables, respectively.
Besides, a multivariate analysis was performed in order to analyze for
confounders. A significance level of 5% (P < .05) was accepted in all
cases. SPSS software version 15.0 (SPSS, United Kingdom) was used for
the statistical analysis.

RESULTS

The patient and tumor features are detailed in Table 2.

Intratumoral DTI-Based Tractography and IES
Motor and language functional areas were affected by the

tumor in 16 cases each, and in 10 patients the tumor was located
in areas with combined, motor and language, function.

TABLE 2. Demographic and Clinical Features

Motor function
cohort (%)

Language
function
cohort (%)

Age 42 yr (33-61) 45 yr (35-61)
Gender (male/female) 8 (50)/8 (50) 9 (56)/7 (44)
KPS 88% (70-100) 89% (70-100)
Tumor location
Frontal

SMA 10 (R: 1, L: 9) (63) 9 (L: 9) (56)
LPMC/FO 4 (R: 2, L: 2) (25) 1 (L: 1) (6)
PCG 2 (R: 2) (12)

Temporal
Posterior temporal – 6 (L: 6) (38)

Mean tumor volume 44,3 cc
(6,8-218,6)

34,4 cc
(6,8-96,4)

Histopathology
Astrocytoma 6 (37,5) 10 (62)
Oligodendroglioma 10 (62,5) 6 (38)

R: Right; L: Left; SMA: Supplementary motor cortex; LPMC: Lateral premotor cortex; FO:
Frontal operculum; PCG: Precentral gyrus.

The following tracts were identified: pyramidal tract (PT),
arcuate fasciculus (AF), inferior fronto-occipital fasciculus
(IFOF), inferior longitudinal fasciculus (ILF), frontal aslant tract
(FAT), superior longitudinal fasciculus (SLF) part I, III and
III, subcallosal fasciculus, frontal-accumbens fasciculus, corpus
callosum, uncinate fasciculus, and cingulum. Fibers of the recon-
structed tracts were mainly located within the peripheral part
of the tumor at the T1-hypointense area. Table 3 summarizes
main tracts identified in each case preop- and postoperatively, the
FA threshold used and intraoperative identification of the tracts
by electrical subcortical stimulation, including the intensity used
(mA). The correlation between the preoperative tractography and
the IES with classic motor and language mapping for all the tracts
is summarized in Table 4 and in the illustrative cases (Figures 3-5).

Motor Function Analysis
In 10 out of 16 subjects (62%) the PT was identified within

the tumor in the preoperative DTI tractography with a positive
predictive value (PPV) of 100% and an negative predictive

4 | VOLUME 0 | NUMBER 0 | 2020 www.neurosurgery-online.com

D
ow

nloaded from
 https://academ

ic.oup.com
/neurosurgery/advance-article/doi/10.1093/neuros/nyaa463/6031391 by U

niversity of W
estern O

ntario user on 21 D
ecem

ber 2020



INTRATUMORAL TRACTOGRAPHY PREDICTS EOR IN LGG

TABLE 3. Summary of Case Data

Tumor
location (R/L)

Volume
(ml)

Function
Studied (M/L)

Preoperative
FA threshold

Preoperative
intratumoral
fascicles

Subcortical
stimulation

(mA)
Postoperative
FA threshold

Postoperative
intratumoral
fascicles

Case 1 SMA–Lft 21.7 M/L 0.2 – – NA NA
Case 2 LPMC/FO–R 106.7 M 0.2 – – NA NA
Case 3 SMA–Lft 11.1 M/L 0.18 – – NA NA
Case 4 PCG–R 38.8 M 0.2 PT + (2.5) 0.2 PT
Case 5 SMA–Lft 29.6 M/L 0.2 PT + (2) 0.2 PT
Case 6 PCG–R 218.7 M 0.18 PT + (2.5) 0.2 PT
Case 7 SMA–Lft 33.8 M/L 0.2 PT + (2.5) 0.22 PT
Case 8 LPMC/FO–Lft 59.9 M 0.18 PT + (1.5) 0.18 PT
Case 9 SMA–Lft 26.4 M/L 0.2 PT + (2) 0.22 PT
Case 10 SMA–Lft 15.9 M/L 0.2 PT +(1.5) 0.22 PT
Case 11 SMA–Lft 33.4 M/L 0.18 PT + (2) 0.2 PT
Case 12 LPMC/FO–R 15.2 M 0.22 PT + (2) 0.2 PT
Case 13 SMA–Lft 6.8 M/L 0.22 – – NA NA
Case 14 SMA–R 58.3 M 0.2 PT + (1.5) 0.2 PT
Case 15 LPMC/FO–Lft 30.1 M/L 0.18 IFOF + (2.5) 0.18 IFOF
Case 16 SMA–Lft 22 M/L 0.18 – – NA NA
Case 17 TEMP–Lft 47.7 L 0.18 ILF + (2) 0.22 ILF
Case 18 TEMP–Lft 39.3 L 0.2 IFOFILF + (3)– 0.2 IFOF
Case 19 TEMP–Lft 49.2 L 0.18 AFILF + (2.5)+ (2.5) 0.18 AFILF
Case 20 TEMP–Lft 96.4 L 0.22 IFOF + (2) 0.2 IFOF
Case 21 TEMP–Lft 19 L 0.22 IFOFAFILF + (1)–+ (1) 0.2 IFOFAFILF
Case 22 TEMP–Lft 69.1 L 0.21 IFOFAFILF + (1.5)–+ (1.5) 0.2 IFOFAFILF

R: Right; Lft: Left; SMA: Supplementary motor cortex; LPMC: Lateral premotor cortex; FO: Frontal operculum; PCG: Precentral gyrus; M: motor; L: language; NA: not applicable.

TABLE 4. Predictive Functional Values of theMost SignificantWhite Matter Tracts Reconstructed in the Intratumoral Tractography

White matter tract Sensitivity (%) Specificity (%) PPV (%) NPV (%) P value

PT 100 100 100 100 .00003
AF 100 87 33 100 .188
IFOF 100 100 100 100 .00003
ILF 100 91 80 100 .003
SLF-I 0 94 0 100 >.05
SLF-II 100 100 100 100 >.05
SLF-III 0 88 0 100 >.05
FATa UD 81 0b 100b >.05
UFa UD 94 0b 100b >.05
CCa UD 38 0b 100b >.05
Subcallosal fasciculus 100 60 17 100 >.05
Cinguluma UD 69 0b 100b >.05
Frontal-accumbens fasciculusa UD 69 0b 100b >.05

NPV: Negative predictive value; PPV: Positive predictive value; UF: Uncinate fasciculus; CC: Corpus callosum.
atracts whose functions have not been properly assessed intraoperatively, results cannot be considered meaningful; UD: undefined.
bresults expected due to the lack of proper intraoperative task.

value (NPV) of 100%. Using a multivariate logistic regression
model adjusted by sex, age, preoperative neurological deficits,
handedness, tumor recurrence, tumor side, tumor location, and
histopathology, the result was also statistically significant (p 1/4
0.002).

Language Function Analysis
The presence of IFOF, AF, and ILF in the preoperative DTI

tractography, showed significant concordance with IES (Table 4)
and significant predictive values for EoR.
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FIGURE 3. Illustrative case of GTR. A 41-yr-old right-handed female patient with a left frontal LGG who presented an episode of seizures. A, Presurgical
intratumoral tractography in which the FAT and SLS-I were identified. B and C, Axial and coronal MRI slices showing FAT and SLS-I fibers running
within the inferior pole of the tumor. D, Presurgical reconstruction of PT, IFOF, AF, and ILF using atlas-based ROI selection, where no direct relation with
the tumor is seen. E, Cortical functional map after IES depicting the tumor boundaries (T), a “speech arrest” area in the ventral premotor cortex (2,5 mA)
(Flag 1); Red 1 = right arm proximal extension in the supplementary motor area; and Blue 1 = dizziness in the posterior part of the superior frontal gyrus.
F, Intraoperative picture after GTR, with no subcortical functional limits after electrical stimulation. G, Postoperative T2-WI showing distance between the
posterior margin of tumor cavity and PT.
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FIGURE 4. Illustrative case of motor function. A 61-yr-old right-handed female patient with a right frontal LGG who presented with an episode
of seizures. A, Presurgical intratumoral tractography depicting the tumor infiltration of the most cranial portion of the PT. B and C, Axial and
coronal MRI slices showing PT fibers running within the posterior and most cranial part of the tumor. D, Intraoperative image showing the
tumor boundaries (marked with a yellow line) and anatomical landmarks before tumor. E, Intraoperative picture after tumor resection showing
the subcortical functional limits related to the PT: Red 3 = movement of left toes; Red 4 = movement of the left hand; Red 5 = left first toe flexion;
Red 6 = left hand finger flexion. F and G, Intraoperative snapshots of the image guidance system showing the location of the subcortical functional
limits related to the PT.H, Postoperative intratumoral tractography, the PT was reconstructed, as expected, by using the residual tumor as the only
ROI. I and J, Axial and coronal MRI showing PT fibers within the residual tumor after intratumoral DTI reconstruction.

The IFOF was preoperatively reconstructed within the tumor
in 31% of the cases and showed a PPV of 100% and an NPV of
100%. The AFwas preoperatively reconstructed within the tumor
in 18% of the cases and the preoperative intratumoral identifi-
cation of the AF had a PPV of 33% and an NPV of 100%. The
ILF was preoperatively reconstructed within the tumor in 38%
of the cases with a PPV of 80% and an NPV of 100% (Table 4).
These results were also statistically significant after using a multi-
variate logistic regression model (p 1/4 0.002; p 1/4 0.002 and
p 1/4 0.002 for AF, IFOF and ILF, respectively).
The identification in the preoperative DTI-tractography of

any of the other tracts studied was not predictive of the positive
findings in IES mapping (P > .05).

EoR and Oncological Outcome
The mean EoR in the complete cohort (22 cases) was 76%

(range: 24%-100%) with a mean residual tumor volume of
16.4 cm3(range 0-167.5 cm3).
In 5 cases (23%), a gross total resection (GTR) was achieved.

None of the tracts with high predictive functional values (PT, AF,
IFOF, and ILF) were identified in these cases. In the remaining
cases, a subtotal (36%) or a partial (41%) resection was achieved.
Among these cases, the PT, the IFOF, the AF, and the ILF were
reconstructed in 10 (45%), 5 (23%), 3 (14%), and 5 (23%) cases,
respectively. In all of them, these findings correlated with the IES
mapping and, therefore, limited the extend of resection.
The patients with at least one of the tracts with high predictive

functional values in the preoperative intratumoral tractography
had an EoR and a residual tumor volume of 67% (range 23%-
94%) and 21.24 cm3 (range 0.8-167 cm3), respectively. Of these
cases, we must point out the one with such a big residual tumor
(167.5 cm3), coincident with the lowest EoR (24%), where the
PT was identified almost in the middle of the lesion. As opposed
to the patients with absence of these tracts within the tumor,
who had a complete resection without any residual tumor. These
differences were statistically significant (P < .0001).

Functional and Neurological Outcomes
No significant differences were found in pre- and postoperative

Karnofsky performance scale (KPS) in patients with and without
intratumoral highly functional predictive tracts (mean postoper-
ative KPS = 86%, mean preoperative KPS = 88%; P > .05). No
patients presented language deficits when assessed 6 mo postop-

eratively and only 2 patients presented a new mild-moderate
postoperative motor deficit.

DISCUSSION

DTI-Based Intratumoral Tractography
The DTI-based tractography has become a well-established

clinical tool with applications including assessment of the
subcortical preoperative anatomy, characterization of epileptic
networks and study of the connectome in neurodegenerative
disorders.17,22-25 DTI-tractography’s limitations are also widely
described. It’s well known that its specificity and sensitivity could
be influenced by numerous factors leading to false positives and
negatives findings.26,27
Its user-dependency is one of these factors,28 and several

approaches have been proposed to minimize it: atlas-based ROI
selection,29 fMRI-based ROI selection,30-32 and automatized
tractography.33 Nevertheless, a protocol based on the tumor
segmented volume as the only ROI has never been described and
its application in the operative management of LGG is unknown.
This method takes advantage of the infiltrative nondestructive
nature of LGG to reconstruct the tracts within the tumor resulting
in high predictive values. Therefore, this new protocol drasti-
cally simplifies the arduous task of reconstructing each tract,
especially those infiltrated by the glioma, where severe anatomical
distortion and functional reorganization of the cortex can lead to
false negative results, even with the use of atlas- or fMRI-based
ROI selection and automatized tractography.
IES remains as the “gold standard” for assessing brain function

and its concordance with the neuronavigated tractography has
been used to validate the reconstructed tracts. In order to
compensate for the brain shift effect, a distance threshold of 8
to 15 mm between the neuronavigated tract and the location of
positive subcortical stimulation is commonly used.10-12

Furthermore, peritumoral edema, tumoral infiltration and
structural distortion lead to a diminished FA, below the threshold
commonly used in clinical tractography protocols for presurgical
planning, resulting in potential false negatives.34-36 Although,
reducing the threshold of the FA might help to overcome this
limitation,16,36 this could increase the risk of false positives.27
High-definition tractography has been also used to solve this
problem in high-grade gliomas.37 In our study, we avoided this
problem by progressively increasing the FA until we were able to
recognize the tracts based on subcortical anatomical landmarks.
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FIGURE 5. Illustrative case of language function. A 53-yr-old right handed female patient with a left temporal LGG who presented with an episode of
seizures. A, Presurgical intratumoral tractography 3D reconstruction in which the IFOF, the ILF, and the AF were identified. B and C, Axial MRI slices
showing intratumoral tractography in detail, were fibers of ILF, AF, and IFOF were identified running within the tumor. D, Cortical functional map after
IES depicting the tumor boundaries (T) and a “speech arrest” area in the ventral premotor cortex (Flags 1 and 2). E, Intraoperative picture after tumor
resection showing the subcortical functional limits: Flag 3 = anomia (ILF); Flag 4 = anomia (IFOF). No functional limit related to the AF was identified,
despite having been reconstructed preoperatively, so it was considered a false positive result. F and G, Intraoperative snapshots of the image guidance system
showing the location of the functional limit related to the ILF. H, Postoperative intratumoral tractography. Flag 3 (F:3) position is marked. The IFOF, the
ILF, and the AF were identified after using the residual tumor as the only ROI. It was considered that the false negative of the AF was conditioned by the
anatomical arrangement of the tracts in this area, since in the lower portion of the temporal lobe its covered by the ILF. I-K, Axial, sagittal and coronal MRI
showing position of flag 3 (F:3) and fibers of the ILF and AF. L, Axial MRI showing fibers of the IFOF within the residual tumor.

Resectability Prediction Value
It’s widely accepted that the EoR is a major predictor of overall

survival (OS) and progression free survival and that an increment
in EoR is associated with a longer life expectancy in gliomas and
with a better seizure control.15,38-41

The most important factor limiting the EoR in glioma surgery
is the eloquence in the cortical and subcortical areas related to the
tumor.13 Consequently, a method to reliably assess the functional
areas within the tumor will significantly impact the EoR.
Recently, efforts oriented to predict the EoR in patients with

LGG and HGG have resulted in the integration of multi-
modal tools in their management.42 Resectability indexes, maps,
and scores for gliomas have been developed by using different
approaches: preoperative clinical and radiological variables,43
tumor residue analysis,44 and expert opinion.45-47 Nevertheless,
a comprehensive analysis of the subcortical eloquent structures is
not commonly used as a major factor when assessing resectability.
Considering the high predictive value of the intratumoral DTI-
based tractography, described here, this approach could add
significant data when integrated into these resectability prediction
approaches.
The use of the preoperative tractography to predict the EoR in

LGG has been previously described. Castellano et al, after using
an anatomy-based ROI tractography approach to study the PT,
the IFOF, and the SLF, concluded that the infiltration of the PT
or the IFOF was associated with a low probability of achieving a
GTR.48 In a similar study, Bertani et al, described that the tracto-
graphic reconstruction of the IFOF predicts the EoR in tumors
anatomically related to this tract.49 In addition, based on a case
report, Freyschlag et al, described how a combination of complex
DTI processing may be able to predict function and EoR in a
patient a left temporoparietal glioma.50
Nevertheless, both case series studies48,49 included a

heterogenous cohort of patients with biologically different
tumors. This is relevant considering the relation between the
tumor and adjacent tracts, ie, HGG will tend to destroy the
surrounding tracts and DNETs will tend to displace them, rather
than encompassing them within the tumor volume. Besides,
their results were not validated by assessing the correlation with
subcortical IES mapping.
In our series, a negative intratumoral tractography for the main

tracts (PT, AF, IFOF, or ILF) predicted a GTR and whenever

these tracts were reconstructed preoperatively, achieving a GTR
was not possible. Moreover, in the group with a positive preoper-
ative intratumoral tractography the mean extend of resection was
considerably below the threshold of >80% to 91%, needed to
achieve seizure control.40,41

Functional Predictive Value
The mean OS in patients with LGG is 14 yr after early

resection,39 and long lasting neurological deficits following
glioma resection may significantly affect quality of life.1
Therefore, the clinical challenge in the management of these
patients is to avoid any neurological deficit.
Although, DTI-based tractography is not a functional

neuroimaging method per se and it only studies the subcor-
tical structural anatomy, it can be indirectly used to assess
the subcortical function. Here, we show that a significant
concordance between the tractography and the IES subcortical
mapping can be achieved by using a probabilistic intratumoral-
seeded tractography protocol. Other preoperative neuroimaging
methods available, as fMRI, have failed in reliably predicting
functional areas in presurgical language mapping.9

Patient Preoperative Counseling
The preoperative assessment of patients with gliomas in

eloquent regions, includes a comprehensive discussion with
the patient regarding the expected postoperative deficits
and EoR. Therefore, methods to accurately estimate these
outcome measures are particularly useful for patient preoperative
counseling.51
The intratumoral DTI-based tractography can be used to help

counseling patients by providing them with realistic expecta-
tions about EoR and postoperative neurological deficit. Besides,
it could help to establish the need of referring the patient to
a specialized center, with an acceptable rate of surgery-related
deficits.52

Limitations
It is important to take into account some limitations of this

protocol when considering applying this technique. First, this
approach is only applicable to LGG due to their specific biologi-
cally determined growth pattern.4 Furthermore, when the tumor
resectability is limited by anatomical/structural nonfunctional
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factors, ie, lenticulostriate arteries in the limen insulae in insular
LGG,53 this approach alone is not suitable to reliably predict the
EoR.
Moreover, the significance of the sensitivity, specificity and

predictive values will be affected by the intraoperative tasks
assessed. For example, in the illustrative case showed in Figure 3,
the nonfunctionality of the FAT could be related to the
choice of speech arrest as the expected effect of stimulation
(Table 1). However, stimulation of the FAT could cause perse-
verations/semantic paraphasia or even sentence planning distur-
bances.54,55 Furthermore, if specific tasks, as memory, are not
intraoperatively assessed, structures as the cingulum would not
be recognized as a functional limit, despite being present. Conse-
quently, our study cannot be conclusive about those tracts which
have not been properly stimulated intraoperatively.
Finally, the predictive values of a test are also related to the

prevalence and in our study, the prevalence was conditioned by
the anatomy of the tracts and the locations of the tumors.

CONCLUSION

Intratumoral DTI-based tractography is a simple and reliable
method, useful in assessing glioma resectability based on the
analysis of intratumoral eloquent areas associated with motor and
language tracts within the tumor boundaries. In our study, the
presence of the PT, the AF, the IFOF, or the ILF, within the tumor
predicted intratumoral subcortical eloquent areas and the EoR.
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COMMENTS

I n this innovative paper, the authors propose tumor-seed tractog-
raphy as a new way to assess white matter pathways in the planning

of diffuse low-grade glioma (DLGG) resection. They elegantly demon-
strated that the detectability of some intratumoral tracts, like the corti-
cospinal tract, arcuate fasciculus, or inferior fronto-occipital fasciculus,
correlated with a positive language and motor mapping of white matter
and was predictive of lower chances to achieve a complete resection.
One of the main advantages of this method is to provide a standardized
process for dissecting preoperative tractograms ofDLGGpatients, paving
the way towards multicenter studies on this topic. This being said, well
known limitations of tractography should always be kept in mind.1
Moreover, it appears that authors made the choice in some patients not
to perform supratotal resection despite negative language and motor
mapping. This is disputable, as it is expected that pushing the resection
beyond the MRI-defined tumor margins could contribute to delay the
recurrence and improve survival of DLGG patients,2 and maybe even
so in high-grade glioma patients.3 The functional risk associated with
supratotal resections can be controlled by monitoring abilities requiring
high cognitive loads – the level of which can be discussed preoperatively
with the patient – such as moving the contralateral superior limb while
performing simultaneously1 – back picture naming. In other words, some
of the negative axonal mappings observed in the present series could be a
consequence of stopping prematurely the resection and/or selecting intra-
operative tasks with low cognitive loads.

Emmanuel Mandonnet
Paris, France

1. Maier-Hein KH, Neher PF, Houde J-C, et al. The challenge of mapping
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2. Duffau H. Long-term outcomes after supratotal resection of diffuse low-grade
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neurocognitive and oncological outcome of high-grade gliomas comparing asleep
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T he work presented in this manuscript further enhances the under-
standing of the art of resecting low-grade gliomas based on

anatomical principles. The authors are to be congratulated on their
excellent description of their techniques as shown by three clinical
examples. As they point out in Table 2, there is a major variability
concerning predictive functional values on different tracks which is an
important result of this study. Such studies need further support by
postoperative clinical and neuropsychological evaluation in a larger group
of patients in order to further improve our technical skills.
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Somewhat disappointing it may be that even this experienced group
with all technological possibilities incl. awake craniotomy achieves only
about 23% of gross total resection, but, as the authors point out, new
deficits significantly affect length of survival. Long-term follow-up is
essential in these patients including repeat DTI studies in order to
possibly show migration of the tracts and functional areas. Also, it might

be interesting to speculate about the use of intraoperative high-field MRI
with intraoperative tractography to further improve on the gross total
resection rate while keeping neurological deficits low.

Maximilian Mehdorn
Kiel, Germany
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