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Subcortical anatomy as an anatomical and functional
landmark in insulo-opercular gliomas: implications for
surgical approach to the insular region
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OBJECT Little attention has been given to the functional challenges of the insular approach to the resection of gliomas,
despite the potential damage of essential neural networks that underlie the insula. The object of this study is to analyze
the subcortical anatomy of the insular region when infiltrated by gliomas, and compare it with the normal anatomy in
nontumoral hemispheres.

METHODS Ten postmortem human hemispheres were dissected, with isolation of the inferior fronto-occipital fasciculus
(IFOF) and the uncinate fasciculus. Probabilistic diffusion tensor imaging (DTI) tractography was used to analyze the
subcortical anatomy of the insular region in 10 healthy volunteers and in 22 patients with insular Grade Il and Grade

Il gliomas. The subcortical anatomy of the insular region in these 22 insular gliomas was compared with the normal
anatomy in 20 nontumoral hemispheres.

RESULTS In tumoral hemispheres, the distances between the peri-insular sulci and the lateral surface of the IFOF and
uncinate fasciculus were enlarged (p < 0.05). Also in tumoral hemispheres, the IFOF was identified in 10 (90.9%) of 11
patients with an extent of resection less than 80%, and in 4 (36.4%) of 11 patients with an extent of resection equal to or
greater than 80% (multivariate analysis: p = 0.03).

CONCLUSIONS Insular gliomas grow in the space between the lateral surface of the IFOF and uncinate fasciculus and
the insular surface, displacing and compressing the tracts medially. Moreover, these tracts may be completely infiltrated
by the tumor, with a total disruption of the bundles. In the current study, the identification of the IFOF with DTI tractogra-

phy was significantly associated with the extent of tumor resection. If the IFOF is not identified preoperatively, there is a

high probability of achieving a resection greater than 80%.
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cistern, covered by the frontal, parietal, and tempo-
ral operculi. It overlies the striatum and thalamus,
and it is covered by the trunk of the middle cerebral artery
and its branches.*** Insular gliomas are frequently en-
countered in neurosurgical practice, as the insula appears
to be a preferential location for low-grade gliomas. An

T HE insula of Riel is located at the depth of the sylvian

epidemiological study performed by Duffau and Capelle®
showed that these lesions accounted for up to 25% of all
low-grade gliomas and 10% of all high-grade gliomas.
The insular region is a highly connected area, as an in-
tricate network of afferent and efferent projections connect
it with adjacent and distant cortical regions.'?2630 There
are 2 prominent associative bundles that run under the in-

ABBREVIATIONS DTI = diffusion tensor imaging; FLAIR = fluid-attenuated inversion recovery; IES = intraoperative electrical stimulation; IFOF = inferior fronto-occipital

fasciculus; ROI = region of interest.
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sular lobe: the inferior fronto-occipital fasciculus (IFOF)
and the uncinate fasciculus. These 2 tracts connect distant
areas at the frontal, temporal, and occipital lobes. Other
important connections in close relation to the insula are
the pyramidal pathway, claustro-opercular connections,
thalamocortical connections, anterior commissure, sub-
callosal fasciculus, and accumbofrontal fasciculus. Glio-
mas are characterized by a diffuse and infiltrative pattern
of growth, with cellular invasion and migration along
white matter fiber tracts.>?%*® Given the important number
of connections between the insula and surrounding areas,
it is not surprising that insular gliomas are often extended
to the adjacent lobes. Indeed, insular gliomas restricted to
the insula (Yasargil Type 3A) are rare, and the tumor fre-
quently affects the operculi (Yasargil Types 3B, 5A, and
5B).8:3244

The resection of insular gliomas represents a challeng-
ing and controversial area in neurosurgery. Numerous
publications have recently focused on the analysis of the
anatomical challenges of insular approaches: the limited
operative space, with risk of excessive opercular retrac-
tion; the difficulty in reaching the limen insulae, with po-
tential to injure the lenticulostriate arteries; the challenges
of approaching the posterior insula situated in the depth of
the sylvian cistern; and the risk of spasm due to manipula-
tion of the middle cerebral artery..!%19323440 However, less
attention has been given to the functional challenges of the
insular approach, despite the potential damage to essen-
tial neural networks that underlie the insula. In fact, recent
publications report high rates of learning and memory
impairment after insula glioma surgery.** The aim of the
present study is to analyze the subcortical anatomy of the
insular region when infiltrated by gliomas, using fiber dis-
section and diffusion tensor imaging (DTI) tractography,
and to compare it with the normal anatomy in nontumoral
hemispheres. We focused this anatomical analysis on the
IFOF and uncinate fasciculus, as they are the two major
associative tracts that cross the insula and they have an
important role in high cognitive functions such as lan-
guage and memory. In light of these new anatomical data,
we will review from a functional perspective the major
steps of the surgical approach to insulo-opercular gliomas.

Methods

Cortex-Sparing Fiber Dissection

Ten human cerebral hemispheres (5 right and 5 left)
were removed from bodies embalmed with 10% forma-
lin solution for at least 40 days. The mean age of the do-
nors from whom the brains were obtained was 71.5 years
(range 65.5 to 78.5 years). Our group has previously de-
scribed the dissection methodology, i.e., cortex-sparing
fiber dissection, in detail.?'-?*2¢ The sylvian cistern was
widely split, the insular surface exposed, and the insular
cortex lifted, exposing the extreme capsule. At the antero-
inferior portion of the extreme and external capsules, the
uncinate fasciculus and the IFOF were exposed (Fig. 1).
In this region, both fasciculi run parallel, with a posterior
and inferior orientation; the IFOF is located dorsal and
posterior to the uncinate fasciculus.

At the periphery of the insula, both fascicles cross the
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cerebral isthmi. The isthmi are located between the ventri-
cle and the peri-insular sulci, and they are neural bridges
that connect the frontal, parietal, occipital, and temporal
lobes to the central core (deep region of the hemisphere
that contains the caudate nucleus; putamen; globus pal-
lidus; thalamus; claustrum; fornix; and internal, external,
and extreme capsules).®® The inferior isthmus is located
between the inferior limiting sulcus of the insula and the
temporal horn and is also referred to as the stem of the
temporal lobe (temporal stem). The superior isthmus is
located between the superior limiting sulcus of the insula
and ventricular body and atrium. The anterior isthmus is
located deep to the anterior limiting sulcus of the insula
(Figs. 2-4).

Inferiorly, the IFOF and uncinate fasciculus cross the
temporal isthmus. The auditory radiations and the claus-
tro-opercular and insulo-opercular fibers of the external
and extreme capsules pass through the temporal stem
above the IFOF, whereas the optic radiations pass below.
Superiorly, both fascicles cross the anterior and superior
isthmi. The claustro-opercular and insulo-opercular fi-
bers of the external and extreme capsules pass through
the anterior and superior isthmi superficial to the IFOF
(Fig. D).

Subject Population

Patients were selected according to the following cri-
teria: 1) age older than 18 years; 2) gliomas involving the
insula; 3) histological confirmation of an infiltrative World
Health Organization (WHO) Grade II glioma or anaplas-
tic glioma; 4) primary craniotomy for tumor resection
(no previous craniotomy for tumor resection); and 5) no
chemotherapy or radiotherapy before the current surgery.
Between July 2009 and June 2014, 15 consecutive patients
who underwent surgery at the Hospital Universitario Mar-
qués de Valdecilla (Santander, Spain), and 7 patients who
underwent surgery at the Hospital Universitari de Bell-
vitge (Barcelona, Spain), met all inclusion criteria and
were eligible for the study.

Five healthy volunteers were also included in this study,
and their subcortical anatomy of the insular region was
studied with DTT tractography. The volunteers’ mean age
was 30.9 years old (range 19.5-42.5 years).

All participants gave their informed consent to partici-
pate in the research; all procedures were approved by the
Hospital Universitario Marqués de Valdecilla Committee
of Human Research, and all research was conducted ac-
cording to the Declaration of Helsinki.

MRI and DTI Tractography Analysis

All subjects were studied using brain MRI performed
on a whole-body 3.0-T scanner (Achieva 3.0T; Philips
Healthcare) with an 8-channel head coil. MRI was per-
formed 1 month before surgery and 3 months after surgery.
The imaging protocol included axial, sagittal, and coronal
T1-weighted images (simple and contrast enhanced), T2-
weighted images, and fluid-attenuated inversion recov-
ery (FLAIR) images. In the tumoral hemispheres, man-
ual segmentation was performed with region-of-interest
(ROI) analysis to measure tumor volumes (cm?) on the ba-
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FIG. 1. Photographs of cadaveric dissection illustrating cortex-sparing fiber dissection. A: Fiber dissection of the tracts that pass
through the insular region in the left hemisphere. The temporal and parietal operculi have been removed to expose the insula
surface (3) and the tracts that enter the insula. B: Two photographs of the dissection superimposed to provide a 3D perspec-

tive. C: The insula, claustrum, and external and extreme capsules have been removed to expose the deep bundles that run

under the insula: the IFOF (1) and the uncinate fasciculus (2). Small pieces of blue paper have been placed between the IFOF and
deeper structures to demonstrate that the fibers of this bundle were completely dissected and isolated from the surrounding fiber
tracts. D: 3D illustration of the previous dissection. 1 = inferior fronto-occipital fasciculus; 2 = uncinate fasciculus; 3 = insula; 4 =
temporal horn of the ventricle; 5 = optic radiations; 6 = arcuate fasciculus; 7 = putamen; 8 = claustro- and insulo-opercular connec-

tions. Figure is available in color online only.

sis of FLAIR axial slices.*® The extent of tumor resection
was determined by comparing MRI scans obtained before
surgery with those obtained 3 months after surgery. The
extent of resection was calculated as (preoperative tumor
volume — postoperative tumor volume) / preoperative tu-
mor volume.

In accordance with methodology previously described
by our group,? DTI was performed using a single-shot,
multislice, spin echo—echo planar sequence with the fol-
lowing attributes: diffusion sensitization 1300 sec/mm?,
TR 9577 msec, TE 77 msec, voxel size 2 mm?, no gap
between slices, matrix 224 x 224. Sixty-four diffusion
gradient directions were obtained. The DTI data sets and
anatomical MRI scans were analyzed with Fiber Track
software from MR Workspace (Philips Healthcare) for
diffusion-tensor analysis and fiber tracking. To increase
the number of detectable fibers, we applied a probabilistic
tracking algorithm with progressive lowering of the frac-
tional anisotropy value. A knowledge-based multiple ROI
approach was applied, in which the tracking algorithm
was initiated from user-defined seed regions. Axonal pro-
jections were traced both in anterograde and retrograde
directions according to the direction of the principal ei-
genvector in each voxel of the region of interest.

Surgical Technique

All patients underwent surgery with direct cortical
and subcortical electrical stimulation (19 patients with
an asleep-awake-asleep technique and 3 patients under
general anesthesia), using a methodology previously de-
scribed by our group.??? Briefly, a bipolar electrode with
a 5-mm space between the tips and delivering a biphasic
current (square-wave pulses in 4-second trains at 60 Hz,
single pulse phase duration 1 msec, and amplitude 2—8
mA) (Nimbus; Hemodia) was applied to the brain. Sen-
sorimotor mapping was performed first to identify the
primary motor and sensory areas. The patient was then
asked to count from 1 to 50, over and over, and to perform
picture naming using the DOS8O0 test, which consists of 80
black and white pictures selected according to variables
such as frequency, familiarity, age of acquisition, and edu-
cation level.?” During tumor removal, direct stimulation
at the subcortical level was applied to identify the deep
functional limits of resection, i.e., white matter pathways.
A positive language site was associated with a patient’s
inability to count or name objects during 66% of the stim-
ulation trials. Functional areas identified were located in
preoperative DTT tractography images using a neuronavi-
gation system. Resection proceeded until eloquent struc-
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FIG. 2. A: Sagittal T1-weighted MR images with DTl tractography re-
construction of the tracts passing through the left insula in a healthy
volunteer. 1 = inferior fronto-occipital fasciculus (IFOF); 2 = uncinate fas-
ciculus. B-D: MR images obtained in a patient with a left frontotemporo-
insular anaplastic astrocytoma (Yasargil Type 5A; Berger-Sanai Classes
I, 11, and IV). B: Preoperative sagittal T1-weighted MRI images with DTI
tractography reconstruction of the tracts passing through the insula. The
uncinate fasciculus (2) had an abnormal trajectory as it crossed the supe-
rior isthmus but not the anterior isthmus. Interestingly, it was not possible
to reconstruct the IFOF, probably due to the tumor infiltration. C: Preop-
erative axial FLAIR-weighted MRI image. The preoperative tumor volume
was 79.8 cm®. D: Postoperative axial FLAIR-weighted MRI image, which
demonstrates that the resection was extended to the deep tumor margin
at the lateral surface of the striatum. The postoperative tumor volume
was 10.8 cm?, and the extent of resection was 86.5%. E: Intraoperative
photograph taken before tumor resection, where the frontal and temporal
lobes and the sylvian fissure are exposed. Intraoperative electrical stimu-
lation of the cortex elicited the following responses: flag with number 1 =
speech arrest at the ventral premotor cortex, flag with number 2 = ano-
mia at the pars opercularis of the inferior frontal gyrus, flag with number
3 = semantic paraphasia at the pars triangularis of the inferior frontal
gyrus. F:Intraoperative photograph taken after tumor resection. Sub-
cortical electrical stimulation failed to identify eloquent structures at the
margins of the surgical cavity. Figure is available in color online only.

tures were encountered around the surgical cavity. Brain
shift is the displacement of the brain that occurs during
surgery because of the effect of gravity and tumor resec-
tion, and displacements of as much as 2.4 cm have been
reported.” This error, however, did not bias the correlation
between preoperative DTI tractography and the extent of
tumor resection.
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Statistical Analysis

Frequency distributions and summary statistics were
calculated for all variables; values are expressed as mean
and range. A Kolmogorov-Smirnov test was used to study
the distribution of each variable and probability and quan-
tile plots were used to confirm it. The majority did not
follow a normal distribution, and nonparametric tests were
used for comparisons. The 22 hemispheres with insular
tumors were compared with the 20 hemispheres without
insular tumors (10 hemispheres dissected and 10 hemi-
spheres of healthy volunteers studied with DTI tractog-
raphy). The Mann-Whitney U-test was used to determine
the relationship between the independent variable (hemi-
spheres with and without tumor) and quantitative variables
(distances measured). The Fisher exact test was used to
determine the relationship between the independent vari-
able (hemispheres with and without tumor) and qualitative
variables (identification of each tract related to the insula).
In the tumoral hemispheres, the identification of each tract
with DTI tractography was tested for significant associa-
tion with the extent of resection with a logistic regression
multivariate analysis adjusted for age, tumor side, tumor
location, histology, and preoperative tumor volume. A sig-
nificance level of 5% (p < 0.05) was accepted in all cases.
SPSS software, version 19.0 (SPSS, UK), was used for the
statistical analysis.

Results
Patient Population

The demographic, radiological, and pathological char-
acteristics of the subjects and of their tumors are listed in
Table 1.

The patient population with insular tumors included 11
men and 11 women, with a mean age of 43.6 years (range
22.1-66.4 years). Sixteen patients (72.7%) presented with
seizures of recent onset. All patients had an intact preop-
erative neurological examination. The median preopera-
tive Karnofsky Performance Status score was 90 (range
90-100). The mean preoperative tumor volume was 85.9
cm? (range 25.5-173.8 cm?®), the mean postoperative tumor
volume was 17.7 cm? (range 4.9-49.8 cm?), and the mean
extent of resection was 78.1% (range 46.4%-96.1%).

One week after surgery, new onset of language defi-
cit was present in 12 patients: mild dysphasia in 7 cases
and moderate dysphasia in 5 cases. One patient developed
Foix-Chavany-Marie syndrome with anarthria and bilat-
eral facial weakness, with complete recovery 8 days after
surgery. Postoperative motor deficits were not reported.
Three months after surgery, all patients except 2 had com-
plete resolution of the deficits. Two patients had a perma-
nent mild dysphasia.

Tracts Identified at the Insular Region

The tracts identified and distances measured in each
hemisphere are listed in Tables 2 and 3.

The IFOF was identified in all the nontumoral hemi-
spheres and in 14 tumoral hemispheres (63.6%). This
difference was statistically significant (p = 0.004). The
IFOF crossed the superior isthmus in all nontumoral
hemispheres (100%) and in 8 (57.1%) of 14 tumoral hemi-
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spheres. This difference was statistically significant (p =
0.002). The IFOF crossed the anterior and inferior isthmi
in all the nontumoral and tumoral hemispheres.

In tumoral hemispheres, the identification of the IFOF
with DTI tractography was significantly associated to the
extent of tumor resection. The IFOF was identified in
10 (90.9%) of 11 patients with an extent of resection less
than 80%, and in 4 (36.4%) of 11 patients with an extent
of resection equal to or greater than 80%. Using univari-
ate analysis, the difference observed between these groups
was statistically significant (p = 0.008). Using a multivari-
ate logistic regression model adjusted by age, tumor side,
tumor location, histology, and preoperative tumor volume,
the difference was also statistically significant (p = 0.03).

The uncinate fasciculus was identified in all the non-
tumoral hemispheres and in 13 tumoral hemispheres
(59.1%). This difference was statistically significant (p =

Subcortical anatomy in insular gliomas

FIG. 3. A, C, E, and G: T1-weighted MRI images with DTI tractography
reconstruction of the tracts passing through the left insula in a patient
with a left frontotemporoinsular WHO Grade Il astrocytoma (Yasargil
Type 5B; Berger-Sanai Classes |, II, lll, and IV). B, D, F, and H: T1-
weighted MRI images with DTI tractography reconstruction of the tracts
passing through the left insula in a healthy volunteer. A: Preoperative
sagittal T1-weighted MRI images with DTI tractography reconstruction
of the tracts passing through the insula in the frontotemporoinsular
glioma. 1 = Inferior fronto-occipital fasciculus; 2 = uncinate fascicu-

lus. B: Sagittal T1-weighted MRI images with DTI tractography recon-
struction of the tracts passing through the insula in the healthy volun-
teer. 1 = Inferior fronto-occipital fasciculus; 2 = uncinate fasciculus. C:
Preoperative axial T1-weighted MRI images with DTI tractography
reconstruction of the tracts passing through the anterior isthmus in the
frontotemporoinsular glioma. The tracts are displaced medially at the
anterior isthmus due to tumor compression. The deep surface of the
bundles are in direct contact with the lateral surface of the putamen.
Inferior fronto-occipital fasciculus (purple); uncinate fasciculus (blue).
Please refer to the text for definitions of distance measures. D: Axial T1-
weighted MRI images with DTI tractography reconstruction of the tracts
passing through the anterior isthmus in the healthy volunteer. E: Pre-
operative coronal T1-weighted MRI images with DTI tractography
reconstruction of the tracts passing through the superior isthmus in the
frontotemporoinsular glioma. Inferior fronto-occipital fasciculus (purple);
uncinate fasciculus (blue). F: Coronal T1-weighted MRI images with
DTI tractography reconstruction of the tracts passing through the su-
perior isthmus in the healthy volunteer. G: Preoperative coronal T1-
weighted MRI images with DTI tractography reconstruction of the tracts
passing through the temporal stem in the frontotemporoinsular glioma.
Inferior fronto-occipital fasciculus (purple); uncinate fasciculus (blue). H:
Axial T1-weighted MRI images with DT tractography reconstruction of
the tracts passing through the temporal stem in the healthy volunteer.
Figure is available in color online only.

0.001). The uncinate fasciculus crossed the superior isth-
mus in 8 (40%) of 20 nontumoral hemispheres and in 4
(30.8%) of 13 tumoral hemispheres. This difference was
not statistically significant (p > 0.05). The uncinate fas-
ciculus crossed the anterior isthmus in all the nontumor-
al hemispheres (100%) and in 11 (84.6%) of 13 tumoral
hemispheres. This difference was not statistically signifi-
cant (p > 0.05). The uncinate fasciculus crossed the inferi-
or isthmus in all the nontumoral and tumoral hemispheres.

The optic radiations and pyramidal pathway were iden-
tified in all the nontumoral and tumoral hemispheres.
Postoperative DTTI tractography was available in 15 cases:
11 cases in which the IFOF was identified preoperative-
ly and in 4 cases in which the IFOF was not identified
preoperatively. Postoperative tractography revealed that
the IFOF was not identified in any of the cases in which
this tract was not reconstructed preoperatively, and it was
identified in 9 (81.8%) of 11 cases in which this tract was
reconstructed preoperatively.

Distances Measured

The following distances were measured at the insular
region (Figs. 3 and 4 and Table 3):

e DI: distance measured at the anterior isthmus, the
shortest lateromedial distance between the anterior
limiting sulcus of the insula and the lateral surface of
the IFOF and uncinate fasciculus.

e D2: distance measured at the anterior isthmus, the
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FIG. 4. 3D illustration of the tracts passing through the left insula of the
same case presented in Fig. 3. 1 = inferior fronto-occipital fasciculus;
A = middle cerebral artery; D1 = the shortest lateromedial distance
between the anterior limiting sulcus of the insula and the lateral surface
of the IFOF and uncinate fasciculus; P = pyramidal pathway; T = tumor.
Figure is available in color online only.

shortest lateromedial distance between the ventricle and
the lateral surface of the IFOF and uncinate fasciculus.

e D3: distance measured at the superior isthmus, the
shortest lateromedial distance between the superior
limiting sulcus of the insula and the lateral surface of
the IFOF and uncinate fasciculus.

e D4: distance measured at the superior isthmus, the
shortest lateromedial distance between the ventricle and
the lateral surface of the IFOF and uncinate fasciculus.

e DS5: distance measured at the temporal isthmus, the
shortest superoinferior distance between the inferior
limiting sulcus of the insula and the superior surface of
the IFOF and uncinate fasciculus.

e DG6: distance measured at the temporal isthmus, the
shortest superoinferior distance between the ventricle
and the superior surface of the [FOF and uncinate fas-
ciculus.

e D7: the shortest lateromedial distance between the li-
men insulae and the lateral surface of the IFOF and un-
cinate fasciculus.

e DB: the shortest lateromedial distance between the lat-
eral margin of the anterior perforated substance and the
lateral surface of the IFOF and uncinate fasciculus.

e D9: the shortest lateromedial distance between the in-
sular apex and the lateral surface of the IFOF and unci-
nate fasciculus.

¢ DIO0: the shortest lateromedial distance between the lat-
eral surface of the putamen and the medial surface of
the IFOF and uncinate fasciculus.

e DII: distance measured at the superior isthmus, the
shortest lateromedial distance between the superior
limiting sulcus of the insula and the lateral surface of
the pyramidal pathway.

e DI2: distance measured at the caudal end of the insula,
the shortest lateromedial distance between the intersec-
tion of the superior and inferior limiting sulci of the
insula and the lateral surface of the IFOF.
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lllustrative Cases

Case 1: Left Frontotemporoinsular Anaplastic
Astrocytoma

Figure 2 shows an MR image obtained in a right-hand-
ed patient who had an isolated tonic-clonic generalized
seizure 1 month before admission. No preoperative neu-
rological deficit was observed. MRI revealed an image
characteristic of a low-grade glioma infiltrating the left in-
sula, temporal operculum, frontal operculum, and frontal
orbital area (Yasargil Type 5A;* Berger-Sanai Classes I,
III, and 1V32). DTI tractography revealed that the uncinate
fasciculus had an abnormal trajectory as it crossed the su-
perior isthmus but not the anterior isthmus. Interestingly,
DTI tractography failed to reconstruct the IFOF, probably
due to tumor infiltration and compression. Intraoperative
electrical stimulation (IES) of the frontal operculum elic-
ited speech arrest (at the ventral premotor cortex), anomia
(at the pars opercularis), and semantic paraphasia (at the
pars triangularis). Subcortical electrical stimulation failed
to identify eloquent structures at the margins of the surgi-
cal cavity, so the resection was extended to the deep tumor
margin at the lateral surface of the striatum. The final his-
topathological diagnosis was anaplastic astrocytoma. The
patient presented mild postoperative dysphasia that com-
pletely recovered 1 week after surgery.

Case 2: Left Frontotemporoinsular WHO Grade Il
Astrocytoma

Figures 3,4, and 5 show MR images and intraoperative
photographs obtained in a right-handed patient who had 5
partial seizures with dysphasia before admission. No pre-
operative neurological deficit was observed. MRI revealed
a left frontotemporoinsular lesion with characteristics of a
low-grade glioma (Yagargil Type 5B; Berger-Sanai Class-
es I, II, III, and IV). DTI tractography revealed that the
uncinate fasciculus and IFOF were medially displaced at
the anterior, superior, and temporal isthmi due to tumor
compression. IES at the deep portion of the temporal stem
induced anomia, corresponding to the IFOF. The final pa-
thology was WHO Grade II astrocytoma. Postoperatively
the patient had dysphasia that required cognitive rehabili-
tation and completely resolved by 3 months after surgery.

Discussion

The current study revealed that insulo-opercular glio-
mas cause important distortions of the normal subcorti-
cal anatomy of the insular region. In particular, the tumor
seems to grow in the space between the IFOF and unci-
nate fasciculus and the insular convexity, displacing and
compressing medially these 2 eloquent bundles. Moreover,
these tracts may be completely infiltrated by the tumor,
with a total disruption of the bundles. Numerous publi-
cations had analyzed the trajectory and relationships of
these tracts within the insula.'®!14182637.3942 The 2 tracts are
critical landmarks in the insular region, as they separate
structures that pass superficial (auditory radiations, claus-
tro-opercular and insulo-opercular fibers of the external
and extreme capsules) and deep (the anterior commissure,
subcallosal fasciculus, pyramidal pathway and accumbo-
frontal fasciculus) to them.
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TABLE 1. Demographic, clinical, radiological, and histological characteristics in 22 cases of insular glioma*

Subcortical anatomy in insular gliomas

Characteristic Total (n = 22) EOR <80% (n = 11) EOR 280% (n = 11) p Valuet
Patient age (yrs) 0.61
Mean 43.6 43.2 44
Range 22.1-66.4 35.5-58.9 22.1-66.4
Tumor side 1.00
Right 6 (27.3) 3(27.3) 3(27.3)
Left 16 (72.7) 8 (72.7) 8 (72.7)
Berger-Sanai class 0.87
I 21(95.5) 11 (100) 10 (90.9)
I 14 (63.6) 8 (72.7) 6 (54.5)
1] 19 (86.4) 9(81.8) 10 (90.9)
1% 21 (95.5) 10 (90.9) 11 (100)
Yasargil type 0.88
3A 3(13.6) 2(18.2) 1(9.1)
3B 2(9.) 1(9.1) 1(9.1)
5A 9(40.9) 4 (36.4) 5 (45.5)
5B 8 (36.4) 4 (36.4) 4(36.4
Preop tumor volume (cmd) 0.61
Mean 85.9 84 87.9
Range 25.5-173.8 25.5-173.8 63.4-128.7
Histology (%) 0.27
WHO Grade Il glioma 15 (68.2) 8 (72.7) 7 (63.6)
Anaplastic glioma 7(31.8) 3(27.3) 4(36.4)
IFOF identification (%) 0.016
Yes 14 (63.6) 10 (90.9) 4 (36.4)
No 8 (36.4) 1(9.1) 7 (63.6)
Uncinate identification (%) 0.40
Yes 13 (59.1) 6 (54.5) 7 (63.6)
No 9(40.9) 5(45.5) 4 (36.4)

EOR = extent of resection; IFOF identification = preoperative identification of IFOF with DTI tractography; uncinate identification = preoperative

identification of the uncinate fasciculus with DTI tractography; Yasargil = Yasargil classification of insular gliomas.
* Values represent numbers of cases (%) unless otherwise indicated.

T The p values are derived from multivariate logistic regression analysis, comparing the extent of tumor resection and qualitative and quantita-

tive variables. Bold type represents statistical significance.

The IFOF is a long white-matter bundle that directly
connects the frontal lobe (orbitofrontal cortex and the
prefrontal region) with the posterolateral temporal and
occipital lobes.”?!33 The functions of this fascicle are
poorly understood, and it seems to be implicated in atten-
tion, visual processing, and language.®'°-'>!5 The uncinate
fasciculus is a ventral associative C-shaped bundle that
connects the anterior temporal lobe with the frontal cor-
tex.” The uncinate fasciculus is considered to belong to
the limbic system, and it has been implicated in emotion
and behavioral processing, memory, social cognition, and
language.''¢

Tract Identification and Extent of Insular Glioma Resection

Tumoral infiltration in low-grade gliomas is usually as-
sociated with a decrease in anisotropy values, increasing
the probability of a false negative result with DTI trac-
tography (negative tractography results when the real fi-

TABLE 2. Tracts identified in 22 tumoral hemispheres and 20

nontumoral hemispheres

No. of Hemispheres (%)

Nontumoral ~ Tumoral
Hemisphere Hemisphere p
Characteristic (n=20) (n=22)  Value*

IFOF identification 20 (100) 14 (63.6 0.004
IFOF crosses anterior isthmus 20 (100) 14 (100)  >0.05
IFOF crosses superior isthmus 20 (100) 8(571) 0.002
IFOF crosses inferior isthmus 20 (100) 14 (100)  >0.05
UF identification 20 (100) 13 (59.1) 0.001
UF crosses anterior isthmus 20 (100) 11(84.6) >0.05
UF crosses superior isthmus 8 (40) 4(30.8) >0.05
UF crosses inferior isthmus 20 (100) 13(100)  >0.05

UF = uncinate fasciculus.

* Based on Fisher exact test. Bold type indicates statistical significance.
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TABLE 3. Distances measured at the insula in 22 patients

Mean Value in mm (range)

Nontumoral Tumoral
Distance Hemisphere Hemisphere

(mm) (n=20) (n=22) p Value*
D1 3.9(1.9-7.7) 10.3 (2-28.3) 0.0002
D2 8.1 (5.0-13.6) 6.4 (1.7-18.5) 0.007
D3 3.9(2.0-5.9) 10.6 (2.6-23.3) 0.01
D4 7.8 (5.3-12.0) 72 (3.1-13.4) 0.03
D5 3.1 (1.0-5.0) 7.3 (2.0-20.5) 0.0001
D6 7.6 (6.0-9.0) 7(2.2-14.4) >0.05
D7 71(3.0-11.4) 13.1 (4.4-27.5) 0.0006
D8 9.1 (4.2-14.0) 75(3.1-12.2) 0.03
D9 11.0 (8.0-13.6) 25.3 (12.2-471) 0.0001
D10 0.0 (0.0-0.0) 0.0 (0.0-0.0) >0.05
D11 7.1 (4.0-10.0) 101 (4.1-22.7) >0.05
D12 3.3(3.0-4.0 71 (2-15.5) >0.05

D1 = shortest lateromedial distance between anterior limiting sulcus of insula
and lateral surface of IFOF and UF; D2 = distance measured at anterior
isthmus, shortest lateromedial distance between ventricle and lateral surface
of IFOF and UF; D3 = shortest lateromedial distance between superior limiting
sulcus of insula and lateral surface of IFOF and UF; D4 = distance measured
at superior isthmus, shortest lateromedial distance between ventricle and
lateral surface of IFOF and UF; D5 = shortest superoinferior distance between
inferior limiting sulcus of insula and superior surface of IFOF and UF; D6 =
distance measured at temporal stem, shortest superoinferior distance between
ventricle and superior surface of IFOF and UF; D7 = shortest lateromedial dis-
tance between limen insulae and lateral surface of IFOF and UF; D8 = shortest
distance between lateral margin of anterior perforated substance and lateral
surface of IFOF and UF; D9 = shortest lateromedial distance between insular
apex and lateral surface of IFOF and UF; D10 = shortest lateromedial distance
between lateral surface of putamen and medial surface of IFOF and UF; D11

= shortest lateromedial distance between superior limiting sulcus of insula and
lateral surface of pyramidal pathway; D12 = distance measured at caudal end
of insula, shortest lateromedial distance between intersection of superior and
inferior limiting sulci of insula and lateral surface of IFOF.

* Based on Mann-Whitney U-test. Bold type indicates statistical significance.

ber bundle is not interrupted). To improve tractography
sensitivity, we used a probabilistic approach, lowering the
fractional anisotropy threshold to allow proper reconstruc-
tion of the tract when no tract is evident with the usual
threshold.? Applying this methodology, we demonstrated
that in 36.4% of insular gliomas the IFOF was infiltrated
to the point that DTI tractography failed to reconstruct it.
Moreover, in tumoral hemispheres, the identification of the
IFOF with DTI tractography was significantly associated
to the extent of tumor resection. The multivariate analy-
sis revealed that none of the variables studied (age, tumor
side, tumor location, histology, and preoperative tumor
volume) were confounders between the DTI results and
the extent of resection.

In the group of patients with an extent of resection of
at least 80%, the IFOF was identified in only 36.4% of
patients. However, in the patient population presented
here, DTI tractography had an excellent positive predictive
value of 87.5%; i.e., if the IFOF was not identified preop-
eratively, the probability of achieving a resection of 80%
or greater was 87.5%. Intraoperative brain mapping stud-
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ies have recently demonstrated that DTT tractography data
are accurate to describe the trajectory of tracts when infil-
trated by tumor, as tracking results correlated with those
obtained by direct electrical stimulation.2* Consequently,
the complete disruption of the tract may predict the ab-
sence of eloquent subcortical areas, increasing the likeli-
hood of a greater resection. In the case presented in Fig. 2
(Case 1), DTI tractography failed to reconstruct the IFOF,
probably due to tumor infiltration. Subcortical stimulation
failed to identify subcortical functional areas, so resection
was extended to the deep tumor margin at the striatum. On
the other hand, in the group of patients with an extent of
resection less than 80%, the IFOF was identified in 90.9%
of cases. Consequently, in the patient population presented
here, DTI tractography had a negative predictive value of
71.4%, which means that if the IFOF was identified pre-
operatively, the probability of achieving a resection of less
than 80% was 71.4%. Consequently, the presence of the
tract in the vicinity of the tumor may predict the identifi-
cation of subcortical eloquent areas, decreasing the likeli-
hood of a greater resection. In the case presented in Figs.
3-5 (Case 2), DTI tractography was able to reconstruct the
IFOF and uncinate fasciculus that were displaced medially
due to tumor compression. Subcortical mapping identified
the IFOF at the deep portion of the temporal stem, which
constituted the deep functional limit with residual tumor
below this margin.

In addition to low sensitivity in the case of tumor in-
filtration, DTT tractography has other inherent shortcom-
ings such as the inaccuracy to map the fiber architecture in
areas where different fibers intersect,” or the difficulty in
distinguishing the different fascicles in areas where tracts
run in parallel (e.g., the optic radiations and the IFOF).
These limitations may have affected the correlation be-
tween DTI tractography and fiber dissection.

Transopercular Approach to Insulo-Opercular Gliomas

The surgical approach to insular gliomas presents the
surgeon with specific anatomical, functional, and technical
challenges. In fact, in the past, many neurosurgeons were
reluctant to attempt tumor removal in the insula due to the
high risk of sequelae, and they considered these tumors
to be unresectable. A better understanding of the surgical
anatomy of this region and recent advances in microsurgi-
cal and brain mapping techniques have allowed increased
surgical indications for insular gliomas, and have led to
improved oncological and functional results.®!7:19:32.3443
The findings established in the present investigation are
critical to understanding the subcortical anatomy of the
insula when infiltrated by a tumor. In light of this new ana-
tomical data, we will review from a functional perspective
the major steps of the surgical approach to insulo-opercu-
lar gliomas.

Regarding the selection of the approach to the insula,
some authors advocate the systematic use of the trans-
sylvian approach, while others prefer the transopercular
approach.8323544 Due to the extensive implementation of
intraoperative mapping, more and more surgeons have
switched to the transopercular approach to insular glio-
mas.$32% However, the transsylvian approach is the pre-
ferred option in insular gliomas without opercular exten-
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FIG. 5. A: Preoperative axial FLAIR-weighted MRI image of the same case presented in Figs. 3 and 4. The preoperative tumor
volume was 133.2 cm®. B: Postoperative axial FLAIR-weighted MR image. The resection was extended until eloquent structures
were encountered. The postoperative tumor volume was 34.8 cm?, and the extent of resection was 73.9%. C: Intraoperative pho-
tograph taken before tumor resection, where the frontal and temporal lobes and the sylvian fissure are exposed. |ES of the cortex
elicited the following responses: flag with number 1 = speech arrest at the ventral premotor cortex, flag with number 2 = anomia at
the posterior part of the superior temporal gyrus, flag with number 3 = anomia at the posterior part of the middle temporal gyrus,
and flag with number 4 = anarthria at the ventral part of the retrocentral gyrus. CS = central sulcus. D: Intraoperative photograph
taken after tumor resection. IES of the white matter elicited the following responses: flags with number 5 and 6 = anomia, flag with
number 7 = anomia at the IFOF at the temporal stem, and flag with number 8 = perseveration at the head of the caudate nucleus.

CS = central sulcus. Figure is available in color online only.

sion. Previous publications have described in detail the
steps of the transopercular approach.®* In the first step,
IES is applied to the frontal and/or temporal operculum
to distinguish between the regions essential and not essen-
tial for function, enabling an elective subpial resection of
the operculum.’ Once the operculum has been removed,
the insular component of the tumor is subsequently ap-
proached by passing through the isthmi. Subpial dissec-
tion is performed to gently remove the tumoral tissue be-
low the peri-insular sulci. This step is a critical aspect of
the procedure because it creates a surgical route from the
operculum to the insular region, providing access to the
insular portion of the tumor.

The preferred route through the isthmus is selected
based on the exact location of eloquent connections. The
current study demonstrated that tumor infiltration dis-

torts the trajectory of the tract within the isthmus. Thus,
the IFOF crossed the superior isthmus in all nontumoral
hemispheres and in 57.1% of tumoral hemispheres. Based
on this information, we may anticipate that eloquent tracts
will not be encountered at the superior isthmus, and that
this anatomical route would thus allow for a safer and
more effective resection through this anatomical route.
Previous publications have demonstrated that in insulo-
opercular gliomas, the isthmi are infiltrated and expanded,
as they are the anatomical routes crossed by the tumor to
pass from the insular region to the operculi.’® The pres-
ent work revealed that in insulo-opercular gliomas, the
distance between the peri-insular sulci and the superficial
surface of the IFOF and uncinate fasciculus was enlarged
while the distance between these tracts and the ventricle
was reduced (Figs. 3 and 4). Consequently, the current
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study revealed that tumors pass from the insula to the
operculum through the space between the lateral surface
of the IFOF and the peri-insular sulci. This space, superfi-
cial to the IFOF and uncinate fasciculus, is crossed by the
U-fibers that connect the insular cortex and claustrum with
the operculi. Therefore, the surgical route from the oper-
culi to the insula through the isthmi should pass through
this space, between the lateral surface of the IFOF and
uncinate fasciculus and the peri-insular sulci. The current
anatomical data are supported by previous IES mapping
studies, where the IFOF was identified as the deep limit
of the resection within the frontal and temporal isthmi in
the dominant hemisphere.®!'*!" The current data indicate
that this space superficial to the IFOF is very narrow in
the nontumoral hemisphere (at the temporal stem: aver-
age 3 mm, range 1-5 mm) (Fig. 3). However, in an insulo-
opercular glioma, the isthmi are enlarged, and the space
between the tracts and the peri-insular sulci is widely ex-
panded (at the temporal stem: average 7 mm, range 2-21
mm) (Fig. 3). Interestingly, the preservation at the level of
the temporal stem of the deep functional boundary of the
IFOF and uncinate fasciculus will also avoid damaging
the optic radiations because they are located below this
limit. Likewise, at the anterior and superior isthmi, the
preservation of these functional tracts will avoid damag-
ing deeper, important structures such as the accumbofron-
tal fasciculus, subcallosal fasciculus, and the head of the
caudate nucleus.

In the next step of the procedure, the insular compo-
nent of the tumor is removed subpially. As has been previ-
ously reported, the resection is performed from a lateral
to medial direction until deep eloquent structures are en-
countered.®!*32 The present work revealed that in insulo-
opercular gliomas, the distance between the insular apex
and the superficial surface of the IFOF and uncinate fas-
ciculus was enlarged. Moreover, these tracts were in di-
rect contact with the lateral surface of the putamen; as
in all tumoral hemispheres, there was no space between
these tracts and the putamen (Figs. 3 and 4). The present
work also revealed that insular gliomas grow in the space
between the tracts and the insular surface, compressing
the tracts in a medial direction. Consequently, at the an-
terior and ventral portion of the insula in the dominant
hemisphere, the deep functional margin of resection is the
IFOF. It is mandatory to use IES with continuous neuro-
psychological testing to extend the resection until reach-
ing this eloquent limit.

The extent of tumor resection at the level of the limen
insulae remains a subject of debate. In insular gliomas sur-
gery, an injury to the lateral lenticulostriate arteries rep-
resents the main cause of permanent neurological deficit,
leading to permanent hemiparesis due to a deep stroke in
the internal capsule.3!2283! The present work revealed that
in insulo-opercular gliomas, the distance between the li-
men insulae and the IFOF and uncinate fasciculus was
enlarged, while the distance between the lateral margin of
the anterior perforated substance and the lateral surface of
the tracts was reduced. Consequently, at the limen insulae,
gliomas seem to grow in the space between the tracts and
the insular surface, compressing the tracts in a medial di-
rection. This is valuable information for surgical planning,

1090 J Neurosurg Volume 123 « October 2015

as it helps to delineate that in the dominant hemisphere the
deep functional margin of resection at the limen insulae
will be the IFOF. It is worth noting that the preservation
of the deep functional boundary of the IFOF and uncinate
fasciculus at the level of the limen insulae will also avoid
damaging the lateral lenticulostriate arteries because they
are located below this limit.

The final step of the procedure is the approach to the
tumor that infiltrates the posterior insula.®'**? In the pres-
ent work, the anatomical relationships between the IFOF
and the caudal end of the insula were analyzed, and there
were no differences between the tumoral and nontumoral
hemispheres. However, we cannot drawn firm conclusions
on this issue as the tumors were preferentially located in
the anterior part of the insula in the present series.

The existing classification methods for insular gliomas
are based on growth patterns and tumor location.** Sa-
nai et al.’? recently proposed a very useful classification
based on tumor location, resectability, and functional out-
comes. The current findings emphasize the importance of
subcortical anatomy to anticipate the surgical risk and to
better assess the feasibility of tumor resection. Therefore,
these data should be incorporated in the future classifi-
cations of insular gliomas. Further studies are necessary,
with a larger cohort of insular gliomas that cover other
anatomical locations beyond those described in the pres-
ent series.

Conclusions

The data presented in this study revealed that insu-
lar gliomas frequently infiltrate and compress the IFOF
and uncinate fasciculus, creating distortion of the normal
anatomy or complete disruption of the bundles. The tumor
displaces and compresses the tracts medially as it grows in
the space between the tracts and the insular surface. This
information is of major significance for planning of insu-
lar glioma surgery and predicting the neurological risks
of the procedure, as these connections represent the deep
functional margin of resection at the level of the isthmus
and insula.

On the other hand, these tracts may be completely infil-
trated by the tumor, with a total disruption of the bundles.
When this occurs, the probability to identify subcorti-
cal eloquent areas is lower, increasing the likelihood of a
greater tumor resection. In the current study, if the IFOF
was not identified preoperatively, the probability of achiev-
ing a resection of 80% or greater was 87.5%.
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