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Abstract

The temporo-parieto-occipital (TPO) junction is a complex brain territory heavily involved in several high-level
neurological functions, such as language, visuo-spatial recognition, writing, reading, symbol processing,
calculation, self-processing, working memory, musical memory, and face and object recognition. Recent
studies indicate that this area is covered by a thick network of white matter (WM) connections, which
provide efficient and multimodal integration of information between both local and distant cortical nodes. It
is important for neurosurgeons to have good knowledge of the three-dimensional subcortical organisation
of this highly connected region to minimise post-operative permanent deficits. The aim of this dissection
study was to highlight the subcortical functional anatomy from a topographical surgical perspective. Eight
human hemispheres (four left, four right) obtained from four human cadavers were dissected according to
Klingler's technique. Proceeding latero-medially, the authors describe the anatomical courses of and the
relationships between the main pathways crossing the TPO. The results obtained from dissection were first
integrated with diffusion tensor imaging reconstructions and subsequently with functional data obtained
from three surgical cases, all resection of infiltrating glial tumours using direct electrical mapping in awake
patients. The subcortical limits for performing safe lesionectomies within the TPO region are as follows:
within the parietal region, the anterior horizontal part of the superior longitudinal fasciculus and, more
deeply, the arcuate fasciculus; dorsally, the vertical projective thalamo-cortical fibres. For lesions located
within the temporal and occipital lobes, the resection should be tailored according to the orientation of the
horizontal associative pathways (the inferior fronto-occipital fascicle, inferior longitudinal fascicle and optic
radiation). The relationships between the WM tracts and the ventricle system were also examined. These
results indicate that a detailed anatomo-functional awareness of the WM architecture within the TPO area
is mandatory when approaching intrinsic brain lesions to optimise surgical results and to minimise
post-operative morbidity.
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Introduction

The temporo-parieto-occipital (TPO) junction is located at
the posterior end of the Sylvian fissure, where the tempo-
ral, parietal and occipital lobes meet. The TPO is a complex
region of the brain through which various white matter
(WM) fibres pass. These fibres are involved in several crucial
high-level functions, such as language (Duffau et al. 2005;
Fehr et al. 2007; Duffau, 2008), visuo-spatial recognition
(Duffau et al. 2004; Thiebaut de Schotten et al. 2005; van
den Heuvel etal. 2009; Sakurai etal. 2010), writing
(Scarone et al. 2009), reading (Mandonnet et al. 2007,
2009), symbol processing (Holloway et al. 2010; Price &
Ansari, 2011), calculation (Fehr et al. 2007; Rosenberg-Lee
et al. 2011; Zarnhofer et al. 2012), self-processing (Blanke &
Arzy, 2005), working memory (Ojemann, 2003; Deprez et al.
2013), musical memory (Platel, 2005), and face and object
recognition (Zhen et al. 2013; Tavor et al. 2014).

Over the last decades, neuroscience research has
advanced towards a more realistic understanding of the
anatomo-functional organisation of the central nervous
system, described by the 'hodotopical’ framework (Ffytche
& Catani, 2005; De Benedictis & Duffau, 2011). According to
this model, functional output results from the dynamic
interaction between cortical epicentres, which are widely
integrated through parallel and redundant circuits and
subserved by largely distributed long and short WM
connections (De Benedictis & Duffau, 2011; Catani et al.
2012a,b). Growing interest in the investigation of the brain
network, also called the ‘human brain connectome’ (Sporns,
2011, 2013; Behrens & Sporns, 2012; Bargmann & Marder,
2013; Catani et al. 2013), has revealed consistent structural
and functional evidence of its organisation (Bassett &
Bullmore, 2006; van den Heuvel et al. 2009; Sampaio et al.
2013).

The TPO region is a good example in which a complex
cortico-subcortical substrate has been described. In fact, a
mosaic of ‘nodes’ with different functional roles, ranging
from essential to modulatory, have been found to establish
the cortical organisation. Recent imaging studies have
demonstrated that the traditional ‘eloquent’ areas (i.e.
Wernicke's and Geschwind'’s territories) are widely distrib-
uted beyond the classical anatomical landmarks [i.e. the
posterior part of the superior temporal gyrus and middle
temporal gyrus (MTG) and the supramarginal gyrus (SMG),
respectively] and have a high degree of inter-individual
variability (Mesulam, 1990; Vigneau et al. 2006; Sarubbo
et al. 2012a,b). Moreover, these cortical areas can undergo
further structural reshaping and provide optimal functional
compensation after pathological events, such as ischaemic
accidents or infiltrating tumours (Sarubbo et al. 20123a,b,
2013b).

At the subcortical level, the WM of the TPO junction rep-
resents a crucial node of intralobar and interlobar connec-
tivity, and provides multimodal integration of information
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from both local and distant functional hubs (Martino et al.
2011). Various discrete nerve fascicles provide for different
eloquent functions via parallel subcomponents (Makris
et al. 2005; Martino et al. 2011; Sarubbo et al. 2013a,b);
studies of lesion sites have provided strong evidence of this
effect. In fact, damage to cortical neurons or their axons
has reportedly produced functional changes at both local
and distant brain hubs, and the modifications differ based
on specific patterns of connectivity (Catani et al. 2013).
Note that, contrary to the cortical level, subcortical connec-
tivity does not benefit from the same post-lesional plastic
potential, particularly in response to acute accidents
(Duffau, 2009) and after surgical damage (Russell et al.
2005).

Traditionally, the anatomy of the brain’s connections has
been investigated through post mortem observations using
Klingler's technique (Klingler, 1935). More recently, the
improved resolution attainable using diffusion tensor imag-
ing (DTI) has increased the ability to three-dimensionally
organise human dissections by revealing the course of fibres
‘in vivo' rather than invasively (Catani & Thiebaut de
Schotten, 2008). In addition, increasing experience supports
the role that direct electrostimulation (DES) plays in detect-
ing the eloquent components of the network that subserves
high-level functions within the TPO region (Duffau et al.
2002, 2014; Ojemann, 2003; Duffau, 2006, 2010; Mandonnet
et al. 2010; Bartolomeo et al. 2012; Fernandez Coello et al.
2013). Moreover, recent studies have reported that DES
reliably and significantly decreases post-operative morbidity
after resecting infiltrative tumours located within the parie-
tal (Maldonado et al. 2011; Sanai et al. 2012), occipital
(Viegas et al. 2011) and TPO (Gras-Combe et al. 2012)
regions. However, despite the contribution provided by in-
traoperative monitoring, a high incidence of post-operative
permanent deficits and worsened quality of life has also
been described (Sanai et al. 2012).

These results indicate that accurate awareness of the
three-dimensional subcortical anatomo-functional organisa-
tion of the TPO area is crucial to ensure that neurosurgeons
can use the safest and most effective approaches in this
highly eloquent region. Interestingly, many studies have
focused on characterising the anatomy of single pathways
running through the TPO region (Catani & Thiebaut de
Schotten, 2008; Martino et al. 2010, 2011), with more com-
prehensive topographical representations rarely reported
(Peltier et al. 2006; Martino et al. 2013).

In the present work, we characterised the subcortical sur-
gical anatomy of the TPO area using a multi-methodologi-
cal approach. The aims of this investigation are as follows:
(i) to use post mortem dissection and DTl to anatomically
characterise the courses of and relationships between the
main pathways that cross the TPO region; (ii) to correlate
cortical and subcortical anatomical evidence based on func-
tional data collected during resections of infiltrative glial
tumours that included cortico-subcortical DES; and (iii) to



discuss the anatomo-functional topographical implications
for different surgical approaches to this region.

Materials and methods

Anatomical dissection

After ethics committee approval, eight hemispheres (four left and
four right) obtained from four human cadavers were dissected in
the Laboratory for the Human WM Study of the University of
Ferrara (ltaly) and in the Medicine Anatomy Laboratory of the
University of Montpellier (France) between April 2012 and July
2013. The specimens were fixed in a 10% formalin solution for 40
days, and then frozen for 30 days at —20 °C. After gradual defrost-
ing of the specimens, the arachnoid and vessels were gently
removed. Blood vessels, the arachnoid mater and the pia mater
were removed, and the hemispheres were frozen at —15 °C for at
least 15 days, according to a modified Klingler's technique (Klingler,
1935) developed in our laboratory. After carefully studying the
anatomy of the cortical surface of the TPO junction, the dissection
was performed using wooden spatulas in a manner previously
reported by our group (Sarubbo et al. 2013a,b). Sequential pictures
were collected during the dissection.

Similar to a previous study of the frontal region (De Benedictis
et al. 2012), analysis of the specimens was managed in two stages.
In the first stage, we used a multi-step method to dissect the main
association and projection pathways, which were identified using
subcortical DES during a lateral approach to the TPO junction. We
sequentially exposed the U-shaped fibres, the three adjacent com-
ponents of the superior longitudinal fascicle [SLF I, SLF IIl and the
arcuate fasciculus (AF)], the posterior portion of the inferior fronto-
occipital fascicle (IFOF), the inferior longitudinal fascicle (ILF), the
optic radiation (OR) and the corona radiata (CR). The integrity of
each fascicle was accurately preserved to define the entire course of
these tracts and to represent the reciprocal relationships along all
their courses. We also thoroughly examined the basal ganglia to
better understand the relationships between the association fibres
and the projection tracts. Whenever possible, we left in situ the dor-
sal two-thirds of the central lobule and some portions of the corti-
cal regions traditionally considered the most eloquent language
areas [i.e. Wernicke's territories, classically defined as the posterior
two-thirds of the STG and MTG, and the angular gyrus (AG) and
SMG, constituting Geschwind’s territory] and the posterior two-
thirds of the inferior frontal gyrus (IFG), called Broca's area, to pro-
vide additional reference for identifying relationships among fibres,
cortices and deeper structures.

In the second stage, we analysed the subcortical architecture with
specimens oriented according to the surgical view of a typical lat-
eral approach to the TPO region. Moreover, we correlated and dis-
cussed anatomical images with intraoperative photographs taken
during resections of infiltrative low-grade gliomas (LGGs) guided
using subcortical DES.

DTI

The TPO junction was analysed in six hemispheres (three left and
three right) using 60 direction diffusion-weighted imaging brain
tractography performed with a 1.5-T magnetic resonance imaging
(MRI) scanner (GE Healthcare, UK) and an eight-channel head
coil. DTI was performed using a single-shot multislice spin
echo-echo planar sequence with the following attributes: 40
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slices; slice thickness: 2.6 mm; matrix 256 x 256; TR: 10 000; TE:
92.7; and flip angle: 90.

After running the BET (Brain Extraction Tool) provided by the
FMRIB Software Library (FSL; http:/sl.fmrib.ox.ac.uk/fsl/fslwiki/), the
diffusion tensor calculation and tracking were performed using Dif-
fusion Toolkit 0.6.1 and TrackVis 0.5.1 (http:/trackvis.org;), respec-
tively. The interpolated streamline algorithm was selected for
tacking, excluding all voxels with a fractional anisotropy value
below 0.05 and setting the angle threshold to 35. The T1-weighted
volume was co-registered to the fractional anisotropy map
obtained after diffusion tensor calculation. We applied a knowl-
edge-based multiple regions-of-interest inclusion and exclusion
approach in which the tracking algorithm was initiated from user-
defined seed regions, according to direct visualisation of the stem
of the single bundle that was analysed.

Surgical cases

We selected three illustrative cases of patients receiving operations
for LGGs located within the TPO area. We considered three
different specific regions in particular: the left dominant parieto-
temporal junction; the left dominant temporo-occipital (TO) region;
and the TPO area within the right non-dominant hemisphere.

Case 1 (Fig. 11) involved a 42-year-old man with a history of gen-
eralised seizures. Magnetic resonance images revealed an intra-axial
lesion located within the left dominant inferior parietal lobule (IPL),
which infiltrated the periventricular WM. Preoperative neuropsy-
chological examination revealed working memory and attention
impairments.

Case 2 (Fig. 12) concerned a 60-year-old right-handed man
affected by an intra-axial lesion located at the left dominant TO
basal junction. Surgical resection guided by cortico-subcortical
awake mapping was proposed due to progressively increasing
tumour volume.

Case 3 (Fig. 13) involved a 42-year-old right-handed man with a
history of seizures secondary to an infiltrative lesion of the right
TPO junction; MRI follow-up indicated a tendency for progressive
growth. During the preoperative evaluation, no impairments
related to sensory-motor, visuo-spatial or language function were
demonstrated.

All patients underwent resection of tumours guided by cortico-
subcortical DES performed according to the ‘asleep-awake-asleep’
protocol (De Benedictis et al. 2012). In the first stage, the tumour
and the cerebral sulci and gyri were identified using ultrasonogra-
phy. Cortical mapping was then performed to detect the eloquent
areas, with stimulation applied with a bipolar electrode spacing of
5 mm (Nimbus; Newmedic) and delivering a biphasic current (pulse
frequency 60 Hz, single pulse phase duration 1 ms, amplitude 1.5-4
mA). The stimulation threshold was determined after inducing com-
plete speech arrest by stimulating the ventral pre-motor cortex
(VPMC) during the counting test (regularly from 1 to 10 mA). Sen-
sori-motor mapping was then performed to confirm the stimulation
threshold with a positive response (paraesthesia or movement).
Then, cortical mapping proceeded with the picture-naming test
(D0.80) to identify essential cortical language sites. A speech thera-
pist collected and warned the neurosurgeon of any language dis-
turbances (i.e. speech arrest, anomia, phonetic paraphasia,
phonemic paraphasia, semantic paraphasia, slowness with initiation
disturbances and perseverations) during the cortico-subcortical
mapping and LGG resection. Sterile number tags on the brain sur-
face marked all the eloquent sites. An intraoperative picture of the
cortical map was routinely collected before resection.

© 2014 Anatomical Society
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During the second surgical stage, the glioma was removed by
alternating resection and subcortical DES, using the same stimula-
tion parameters. The functional pathways were followed progres-
sively from the cortical eloquent sites already mapped to the depth
of the resection.

Intraoperative tasks were selected according to specific tumour
locations or to portions of the same surgical cavity that bordered
different or multimodal bundles. Visuo-spatial ability was tested
using the line-bisection test; reading was evaluated by projecting a
word sequence on a screen; the visual pathways were tested using
a modified picture-naming task with two pictures placed diagonally
on screen (in the case selected, on the left inferior and right supe-
rior quadrants). During the picture-naming task, the patient was
asked to stare at a red cross at the centre of the screen and, at the
same time, to name both items. In this way, both language and
overall visual field could be tested. Visual field deficits were distin-
guished from language disorders when the patient experienced
subjective transient visual disturbances within the contralateral
visual hemifield (i.e. blurred vision, phosphenes, shadows), which
prevented the patient from naming the picture situated in the con-
tralateral quadrant but not the picture situated in the ipsilateral
quadrant. Eventual saccades or other eye movements were checked
by the speech therapist throughout the task.

Patients continued the selected tasks until resection approached
the subcortical eloquent structures. Thus, the WM tracts involved in
motor, somato-sensory, language, reading and visuo-spatial
functions were detected. All resections continued until eloquent
structures were encountered around the surgical cavity, allowing
optimal tumour removal while preserving all functions. Thus, resec-
tion was performed with attention to the functional cortical and
subcortical boundaries.

Results

Cortical dissection

The sulco-gyral anatomy of each specimen was carefully
analysed. Special attention was given to the lateral aspect
of the junction between the parietal, temporal and occipi-
tal lobes (Fig. 1). At the cortical level, the following struc-
tures were recognisable: the ascendant parietal gyrus,
which is anteriorly separated from the pre-central gyrus
(PreCG) by the central sulcus (CS) and, posteriorly, from the
parietal lobe by the post-central sulcus (PostCS). The infra-
parietal sulcus, which originates from the middle portion of
the PostCS, divides the supero-lateral surface of the parietal
region into two portions, the superior parietal lobule (SPL)
and IPL. The IPL is divided into two gyri, the SMG and the
AG, which are separated by an intermediate sulcus originat-
ing from the infra-parietal sulcus. The SMG surrounds the
distal extremity of the superficial portion of the Sylvian
fissure and inferiorly borders the most posterior portion of
the superior temporal gyrus (STG). The AG ventrally borders
the most posterior portion of the MTG. Finally, the
infra-parietal sulcus continues within the occipital lobe with
the intra-occipital sulcus, dividing the superior occipital
gyrus (SOG) from the middle occipital gyrus (MOG). The
latter is separated from the inferior occipital sulcus by the
inferior occipital gyrus (I0G; Fig. 1).
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Fig. 1 The main sulci and gyri of the lateral TPO region of a left
hemisphere are shown in green and blue characters, respectively, after
removal of vessels, pia mater and arachnoid membranes. CS, central
sulcus; 10G, inferior occipital gyrus; 10S, inferior occipital sulcus; IPJ, int-
raparietal junction; IPS, intraparietal sulcus; ITS, inferior temporal sulcus;
MOG, middle occipital gyrus; PostCG, post-central gyrus; PostCS, post-
central sulcus; SMG, supramarginal gyrus; STS, superior temporal sulcus;
MTG, middle temporal gyrus; ITS, inferior temporal gyrus; SyF, Sylvian
fissure; AG, angular gyrus; SOG, superior occipital gyrus; SOS, superior
occipital sulcus. A, anterior; P, posterior; |, inferior; S, superior.

Pathway dissection

U-fibres

We removed the cortical grey matter, revealing the short
inter-gyral U-shaped fibres. Only the grey matter on the top
of the gyri was preserved to facilitate identification of the
superficial and deeper fibre terminations.

SLF

The first and more superficial pathway we exposed below
the U-fibres was the SLF (Fig. 2). As demonstrated previ-
ously (Catani et al. 2005), this fascicle is composed of a
direct and an indirect component, and provides connectivity
between Wernicke's, Geschwind’s and Broca’s territories
(Fig. 3).

We started dissection of the more lateral indirect portion
by removing the posterior third of the STG. Here, a group
of fibres forming the SLF Il and directly connecting the STG
and MTG to the SMG and AG were identified (Figs 2A and
3B). Further resection of the ventral and dorsal cortices of
the IPL revealed a separate bundle, running directly from
the SMG to the ventro-posterior frontal territories and tak-
ing a more horizontal course (i.e. the SLF II; Figs 2B and 3B).
To better follow this anterior indirect component of the
SLF, we removed the ventral third of the central lobule to
demonstrate the terminations of these fibres within the
VPMC and at the level of the pars opercularis (Pop) of the
IFG (Fig. 3A). We then removed these indirect layers starting
at the temporo-parietal junction, demonstrating the deeper
direct component of the SLF, the AF (Fig. 2C). This tract runs
from the posterior and middle temporal lobe, arching
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Fig. 2 This panel describes the most superficial long associative fascicle running through the TPO area, the SLF. Proceeding in a latero-medial
direction during a left-hemisphere dissection, we located the indirect and direct components of the SLF, which is divided into one direct (AF) and
two indirect anterior and posterior components (respectively, the SLF Il and Ill). (A) Starting at the tempo-parietal junction, we identified a posterior
group of temporo-parietal fibres (blue arrow) connecting the posterior third of the STG and MTG (pink circle) with the ventral part of the IPL (blue
circle, red pin). (B) After removal of the lateral third of the central lobule, we followed the complete course of an anterior group of fibres (blue
arrows) between the dorsal part of the IPL (green circle) and the posterior part of the STG (yellow circle) to the IFG. (C) We gently separated and
lifted the posterior indirect component of the SLF from the deeper fibres of the AF (pink circle, pink pin). (D) We completed the exposure of the
AF. These fibres directly connect the posterior part of the STG and MTG to the frontal lobe with a C-shaped course around the posterior insula
beneath the IPL (red arrow). Within the frontal region we isolated the AF terminations (blue tags) directed to the Pop (green circle) and the pars
triangularis (yellow circle) of the IFG and the MFG (violet circle). CS, central sulcus; IFG, inferior frontal gyrus; MTG, middle temporal gyrus; Op,
opercularis pars of the IFG; PostCG, post-central gyrus; PreCG, pre-central gyrus; STG, superior temporal gyrus; Tr, pars triangularis of the IFG.

around the posterior portion of the circular sulcus of the
insula and underneath the IPL, to reach the posterior cortic-
es of the IFG (Pop and VPMC) and middle frontal gyrus
[MFG; the postero-inferior portion of the dorso-lateral pre-
frontal cortex (DLPFC); Figs 2D and 3C,D].

Basal ganglia, cortico-spinal tract and somato-sensorial
thalamic radiation

We carefully analysed the basal ganglia region using step-
wise dissection (Fig. 4). After removing the insular cortex
and the extreme capsule, we exposed the grey matter of
the claustrum (cls) and the WM underlying the external cap-
sule (EC; Fig. 4A,B). We divided this region into three ana-
tomical parts (the anterior, middle and posterior trapezoid;
Fig. 4A) and analysed each subregion at different depths.

Anteriorly (anterior trapezoid), we exposed the arch-shaped
fibres of the uncinate fascicle (UF), connecting the temporal
and the frontal poles (Fig. 4B). Postero-superiorly, we iden-
tified the IFOF stem. In the middle part (middle trapezoid),
we left in situ the EC (Fig. 4C). At the level of the posterior
part (posterior trapezoid), after removing the cls and the
EC, we exposed the lenticular or lentiforn nucleus (LN),
including the putamen laterally and the globus pallidus
medially. This structure has a biconvex lens shape that
appears like a wedge with the apex directed medially and
the base directed laterally when viewed coronally. The LN is
completely sunk into the deep hemispheric WM, separating
the lateral EC from the medial internal capsule (IC; Fig. 4D).
In this posterior dissection area, we removed the grey mat-
ter, exposing the fibres running on the superior margin of

© 2014 Anatomical Society
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Fig. 3 We exposed the indirect and direct components of SLF during a dissection of a left hemisphere. The respective cortical termination territo-
ries have been coloured. Dissection pictures were also correlated with DTI reconstruction of the SLF. (A) Geschwind's territory corresponds to the
IPL (blue-coloured cortex). It constitutes the ‘kissing’ point (yellow circle) between the posterior indirect SLF fibres, connecting Wernicke's territory
(posterior part of the STG and MTG - green-coloured cortex), and the anterior indirect SLF component, running to Broca’s territories (IFG —
red-coloured cortex and red tag). (B) Fibre tracking of the SLF. The three components were distinguished by different colours: posterior indirect
fibres (yellow); anterior indirect part (green); and direct component, that is, the AF (red). (C) The AF directly connects the temporal Wernicke's
region (pink circle) to the frontal Broca's area (yellow circle), passing below Geschwind’s territory (blue-coloured cortex). (D) The DTI reconstruction
of the SLF was oriented to evaluate the relationships among the three components. The indirect fibres (SLF Il and SLF Ill) are more superficial than
the AF. AF, arcuate fasciculus; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MTG, middle temporal gyrus; STG, superior temporal gyrus.

the LN into the genu and the posterior limb of the IC. Pro-
ceeding in a caudal-to-cranial direction, we followed these
projection fibres related to the CR. We opened two ‘win-
dows' along the course of the SLF within the IFG to expose
the CR fibres running to the PreCG and post-central gyrus
(PostCG; Figs 4E and 5).

IFOF

After removing the insular cortex, we identified the IFOF at
the level of the limen insulae, within the antero-ventral
portion of the EC.

We separated the IFOF stem from the UF stem, which is
located antero-inferiorly, and proceeded with the dissection
from the IFOF stem in the direction of the TPO region. To
follow the course of the IFOF, we removed the temporal,
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parietal and occipital cortices as well as the WM of the SLF,
which was interrupted at the level of the central lobule
(Fig. 5A), to show the relationship with the deeper CR and
IC fibres. From the limen insulae, the fibres run in an infero-
lateral direction. The bundle passes over the anterior por-
tion of the temporal isthmus to run posterior along the roof
of the temporal horn and along the lateral surface of the
atrium and the occipital horn of the lateral ventricle, within
the stratum sagittalis (SS). Running from the anterior-to-
posterior direction, the IFOF fibres progressively enlarge to
describe a 45 ° angle, which leads to a wide cortical distribu-
tion within the parietal, occipital and temporal cortices
(Fig. 5B). We identified the IFOF terminations, in fact,
within the SPL, SOG, MOG and IOG, and within the temp-
oro-basal region (Fig. 5C).

137
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Fig. 4 In this series of pictures we performed a step-by-step dissection of the basal ganglia region of a left hemisphere, proceeding in a late-
ro-medial direction. (A) After removal of the insular cortex, we considered three trapezoid-shaped regions within the subinsular area: anterior
(red trapezoid); middle (yellow trapezoid); and posterior (blue trapezoid). (B) Within the anterior third, at the level of the limen insulae, we
removed the grey matter of the cls and, on a deeper layer, exposed a thick WM stem corresponding to the point where two fascicles (i.e. UF
and IFOF), which connect the frontal lobe to the other brain regions, converge (green-coloured WM area). (C) Within the middle third, we
completely exposed the EC. More dorsally, we removed the posterior third of the frontal cortex and exposed the SLF fibres underneath the
IFG (blue tag, black asterisk). (D) Within the posterior third, the EC was removed, exposing the grey matter of the LN (for a detailed analysis
of the anatomy of the basal ganglia region, see Heimer, 2000 and Tamraz & Comair, 2006). In this panel, we also defined the posterior
course of the IFOF (green arrow) from the limen insulae region (blue tag a) and of the SLF (blue tag b). (E) Finally, we exposed IC fibres, form-
ing the CR, which take a vertical course (red arrow) at a deeper level than the horizontally oriented SLF (blue arrow; see also Fig. 8 and
Chowdhury et al. 2010 for a more detailed analysis of IC connectivity). At the level of the limen insulae, we separated the IFOF (blue tag a),
which runs from the frontal region to the posterior brain territories (green arrow), from the antero-ventral UF (yellow arrow), which connects
the frontal and temporal poles. EC, external capsule; cls, claustrum; IC, internal capsule; IFG, inferior frontal gyrus; LN, lenticular/lentiform
nucleus; UF, uncinate fascicle.

© 2014 Anatomical Society
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Fig. 5 Dissection of a left hemisphere. (A) We started by identifying the IFOF at the level of the limen insulae, where this fascicle occupies the pos-
terior two-thirds of the ventral EC (blue tag a). The fibres then take a horizontal, anterior-to-posterior course (red arrow) from the frontal lobe
(blue tag b) to the parietal (blue tag d) and occipital (blue tag e) cortical terminations. The SLF, identified at the base of the IFG, has a superior-to-
inferior direction to the TPO region. We cut the SLF at the level of the underlying IC fibres and before it crosses the IFOF (blue tag c). (B) In this
panel we emphasised the IFOF posterior course. Starting from the limen insulae (blue circle), these fibres radiate, forming an angle of approxi-
mately 45 ° (pink arrows), and run along the lateral wall of the atrium (green pin) and the occipital horn of the lateral ventricle in the context of
the SS. (C) DTI reconstruction of the IFOF, confirming the 45 ° angle formed by posterior fibres running directly to the parietal and occipital cortic-
es. (D) Here, we showed the posterior course and terminations of the IFOF. Based on the report of Martino et al. (2010), we identified three
groups of fibres, which ran directly to the parietal lobe (yellow arrow and circle), the SOG (green arrow and circle) and the MOG (blue arrow and
circle). The SLF lies on a more superficial layer (pink arrow) than the IC fibres and the IFOF. EC, external capsule; cls, claustrum; IC, internal cap-
sule; IFG, inferior frontal gyrus; LN, lenticular/lentiform nucleus; MOG, middle occipital gyrus; SOG, superior occipital gyrus.

© 2014 Anatomical Society
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Fig. 6 ILF dissection within a left hemisphere. The SLF (green arrows) has been lifted at the level of the TPO area (green pin) to expose the course of
associative bundles underneath. (A) In this specimen we identified and separated from the SS (blue tags) the short fibres of the ILF, locating the cor-
tico-cortical connections (pink arrows) between the temporo-basal (yellow circle) and occipital regions (blue circle). (B) The long ILF component (blue
tag, white asterisk) has a parallel, but deeper and more ventral course than the IFOF (green arrow), and connects the temporal pole to the occipital
cortex (pink arrows, asterisk, blue tag a). The roof of the temporal horn of the lateral ventricle has been opened and lifted (red circle, red pin), reveal-
ing the ILF course along the lateral ventricle wall. (C) In this picture we identified a group of ILF fibres turning in a ventro-dorsal, medio-

lateral and antero-posterior direction (pink arrow), crossing the posterior third of the IFOF (green arrow, blue tags a and b) to terminate within the
dorso-lateral cortex of the occipital lobe (pink circle). (D) DTI of the ILF, showing the fibres running from the temporal pole to the occipital lobe.

ILF

At the level of the temporal and occipital subcortical regions,
we identified a consistent component of fibres with a cor-
tico-cortical distribution, corresponding to the short fibres of
the ILF (Fig. 6A). More deeply, we identified the long ILF
fibres running along a horizontal postero-lateral course from
the anterior and basal temporal cortices (strictly related to
the temporal portion of the UF at this level), along the infe-
ro-lateral wall of the temporal horn of the lateral ventricle
(Fig. 6B). At the level of the posterior third of their course,
we revealed a consistent group of fibres running in an infe-
ro-superior and latero-medial direction to reach the dorso-
lateral cortex of the occipital lobe (Fig. 6C).

OR

We exposed the WM fibres of the OR, which represent the
inferior and ventro-basal portion of the posterior thalamic
radiation (Fig. 7). These fibres run along an anterior-to-pos-
terior course from the medial temporal region to the cortic-

es bordering the calcarine fissure on the medial surface of
the occipital lobe, and along the lateral ventricular surface
within the SS. At the level of the inferior margin of the ven-
tricular trigone, we identified in all specimens a progres-
sively divergent supero-inferior orientation of the fibres.
The superior component terminates within the superior calc-
arine cortex (Fig. 7A). The inferior fibres have a more basal
course and reach the cortex of the inferior calcarine sulcus.
More anteriorly, these fibres surround the temporal tip and
the basal part of the most anterior portion of the temporal
horn and converge antero-medially to the lateral geniculate
body, forming the so-called Meyer’s loop (Fig. 7B,C).

Pathways orientation analysis

We analysed the multilayer relationships among the differ-
ent nerve fascicles dissected within the TPO junction
(Figs 3,9 and 10). Proceeding in a lateral-to-medial direc-
tion, we recognized: the SLF Il and SLF llI, the AF, the ILF,
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Fig. 7 In this series the OR of a right hemisphere has been exposed. (A) The whole cortex of the lateral frontal, the insular, the TPO and the temporal
areas has been removed, and the LN and the IC are shown along with the CR fibres. The IFOF stem (green area) has been preserved and cut at the
level of the OR underneath. These fibres originate from the temporo-mesial area (the lateral geniculate body, not observed in this picture), have an
antero-posterior course along the lateral ventricle surface, and terminate within the calcarine cortex on the medial occipital lobe (blue arrow). (B) We
opened the temporal horn of the ventricle, exposing the CP. The OR runs along the ventricle roof (blue arrows). (C) After removal of the temporal
horn of the lateral ventricle, we exposed the more ventral and basal OR fibres. In the posterior region, these fibres cover both the lateral part of the
temporal horn and the inferior portions of the trigone, and are medially directed to the inferior calcarine cortex (blue arrow, blue circle). CP, choroidal
plexus; IC: internal capsule; IFOF, inferior fronto-occipital fascicle; LN, lenticular/lentiform nucleus; OR, optic radiation.

the IFOF, the OR, the CR and the IC. The indirect temporo-
parietal (SLF Ill) and parieto-frontal fibres (SLF I1I) both have
a parallel course with the direct component (AF; Fig. 3).
Underneath the IPL and the temporo-parietal junction, we
showed the superior-to-inferior vertical orientations com-
pared with the antero-posterior horizontal position of the
IFOF (Fig. 9).

We revealed that the fibres of the optic tract run just pos-
terior to the main course of the UF, deeper than the IFOF
fibres, in a posterior direction along the superior and lateral
wall of the temporal horn. The OR and the IFOF run closely
related courses. The OR, in fact, runs medially and in parallel
to the IFOF along the entire course of both tracts (Fig. 10).In
particular, the IFOF completely overlaps the OR fibres com-
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ing from the superior calcarine cortex and the two-thirds of
the OR coming from the inferior calcarine cortex. At the
level of the more posterior part of the SS, these tracts clearly
diverge to reach their respective cortical termination areas.
Dissection indicated that the ILF runs inferiorly and later-
ally to the OR and the IFOF (Figs 6 and 7). At the level of the
junction between the occipital, temporal and parietal lobes,
the ILF fibres partially overlap and cross the two bundles (the
OR and the IFOF; Fig. 6C). More anteriorly, these three tracts
have divergent courses: the OR and the IFOF proceed in par-
allel, with the inferior OR fibres more ventral and basal in
respect to the IFOF to reach the tip of the temporal horn of
the lateral ventricle; the ILF, however, runs in an anterior
and inferior direction to the temporo-basal cortices (Fig. 7C).
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Fig. 8 Dissection of the CR of a left hemisphere. (A) According to the previous description of the subinsular area (see Fig. 4), we opened and lifted,
using two green pins, the EC layer within the anterior third, exposing the LN. Posterior to that location, we removed LN grey matter and identified
the posterior limb of the IC. In this way, the anatomical layer-by-layer organisation of the basal ganglia region was clearly summarised. We pro-
ceeded in a caudal-to-cranial direction, exposing the fibres of the CR coming from the superior margin of the LN. Then, we removed the IFG cortex
at the level of the middle and posterior third, isolating the SLF (blue tag a and b, pink arrow). We opened two windows along the SLF to expose the
course of fibres directly through the CR to the pre-central (red arrow) and post-central (green arrow) cortices. The posterior limb of the CR is a cru-
cial node for projective connectivity; it contains ascending fibres of the posterior thalamic radiation to the cortex, cortico-spinal fibres to the motor
nuclei of the upper and lower extremity and trunk, as well as cortico-rubral and cortico-pontine fibres. (For a more detailed analysis of CR anatomy,
see Chowdhury et al. 2010.) (B) Fibre tracking of the CR (blue fibres), and the indirect (green, yellow fibres) and direct (red fibres) components of
the SLF. As demonstrated by our dissections, the perpendicular orientation of the vertical projective pre-central (red arrows) and post-central (green
arrow) fibres with respect to the supero-inferior and antero-posterior oriented SLF (pink arrow) was clearly indicated. CS, central sulcus; EC, external

capsule; IC, internal capsule; IFG, inferior frontal gyrus; LN, lenticular/lentiform nucleus; PreCG, pre-central gyrus; PostCG, post-central gyrus.

To demonstrate the location of the associative path-
ways with respect to the ventricular system, we applied
a light source at the level of the atrium of the ventricle
and observed the WM anatomy using a transillumina-
tion effect (Fig. 10). This revealed that the posterior
course of the OR is more compact than the anterior
fibres, which enlarge to completely envelop the tempo-
ral horn from the roof to the floor and around the tip.
The IFOF fibres have a larger distribution within the
occipital and parietal lobes. Within the most anterior
and ventral portion of the EC, the IFOF fibres occupy
the roof of the temporal horn up to the IFOF stem. In
particular, the roof of the temporal horn and the lateral
wall of the trigone and the occipital horn are covered
by the IFOF, which at this spot overlaps the entire supe-
rior OR and the superior third of the inferior OR. The
inferior portion of the lateral wall, the floor and the tip
of the temporal horn of the ventricle are enveloped by
the inferior part of the OR fibres, turning antero-medi-
ally forming the Meyer’s loop (Fig. 7).

The projection fibres are located deeply with respect to
the associative tracts. We exposed the course of these fibres
from the IC backward in a superior direction, up to the PreCG
and PostCG, showing that they run more perpendicular
courses than the more superficial SLF (Figs 4E, 5 and 8).

DTI

We integrated the WM descriptions and routes revealed
by post mortem Klingler's dissections with the in vivo
main pathway fibre tracking information obtained using
60 direction DTI. We characterised the indirect (posterior
and anterior) and direct (AF) components of the SLF
(Fig. 3), the IFOF (Fig. 5) and the ILF (Fig. 6). The anatom-
ical relationships between cortico-spinal and thalamo-cor-
tical fibres and the SLF, and between the IFOF and the
SLF (Figs 8 and 9, respectively) were highlighted. The ana-
tomical relationships between the different pathways
identified using post mortem dissection were confirmed
by DTI reconstructions; no relevant inter-individual differ-
ences were detected between the six analysed hemi-
spheres.

Surgical cases

Case 1

Resection boundaries corresponding to the cortico-subcorti-
cal eloquent structures identified using DES are shown in
Fig. 11 and summarised in Table 1. Post-operative MRI
indicated subtotal resection (Fig. 11F). Post-operative neu-
rological examination was normal.
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Case 2

Resection boundaries corresponding to the cortico-subcorti-
cal eloquent structures detected using DES are shown in
Fig. 12 and summarised in Table 1. MRI performed 3
months after surgery showed subtotal resection (Fig. 12E).
The patient did not report post-operative deficits.

Case 3

Resection boundaries corresponding to the cortico-subcorti-
cal eloquent structures detected using DES are shown in
Fig. 13 and summarised in Table 1. Post-operative MRI indi-
cated subtotal resection (Fig. 13F). After surgery, the
patient experienced left inferior quadrantanopia.

© 2014 Anatomical Society

Fig. 9 Schematic and coloured correlation between the lateral cortical
surface and the subcortical organisation of the TPO region in a dis-
sected left hemisphere. (A) We divided the cortices of the TPO junc-
tion into two trapezoidal areas: a, the SMG, posterior part of the STG;
b, junction between the posterior MTG and ITG and AG and MOG,
I0G. (B) We exposed the subcortical pathways underneath the same
two trapezoidal areas we selected on the cortical surface. In particular,
the dissection was focused on two main tracts: the SLF (green, orange
tags), which connects the frontal, parietal and temporal regions along
a vertical, C-shaped course around the posterior insular profile; the
IFOF fibres (blue), which have a horizontal orientation running ante-
rior-to-posterior, cross the SLF on a more medial layer (red circle).
Loco-regional ‘U’ intergyral fibres were also revealed (red). (C) Fibre
tracking of the IFOF (pink fibres) and the SLF (green, yellow: indirect
component; red fibres: direct portion). AG, angular gyrus; MTG, mid-
dle temporal gyrus; TPO, temporo-parieto-occipital; 10G, inferior
occipital gyrus; ITG, inferior temporal gyrus.

Discussion

Several studies indicate that, despite technical advances and
the increasing use of intraoperative mapping in neurosurgi-
cal practice, a detailed understanding of WM organisation
is mandatory to correctly interpret the functional responses
and, consequently, to modulate resection according to a
patient’s specific pattern of connectivity. This is particularly
true in cases of infiltrating lesions located within eloquent
regions of the brain (De Benedictis et al. 2010; Duffau, 2014).

In a recent study, our team characterised the subcortical
surgical anatomy of the lateral frontal region by correlat-
ing structural post mortem evidence with functional results
of DES performed during approaches to the dominant
frontal lobe (De Benedictis et al. 2012). Interestingly,
although the TPO area is crucially involved in brain process-
ing, a similar approach has rarely been used to study this
region. Recently, Martino et al. used post mortem dissec-
tions and DTI reconstructions to identify WM fascicles run-
ning between the IPL and the posterior temporal lobe
(Martino et al. 2013). Similarly, Peltier et al. performed a
dissection analysis of the OR and its relationships with
neighbouring WM tracts and the lateral ventricle (Peltier
et al. 2006). However, in these studies less attention was
devoted to providing a surgical perspective of anatomical
findings.

This is, to our knowledge, the first work in which an
integrated methodology has been applied to supply a
detailed representation of the complex subcortical anato-
mo-functional architecture of the TPO junction, with spe-
cial emphasis on WM organisation from a surgical
perspective.

In the first part of the study, we performed high-quality
dissections of different WM pathways and identified
reciprocal relationships. Proceeding step-by-step from the
lateral convexity to the depth, we recognised three layers
of connectivity: (i) superficial U-fibres, which mediate loco-
regional functional interactions; (ii) the intermediate asso-



Fig. 10 Dissection of a left hemisphere. This picture indicates the rela-
tionship between the main WM pathways and the ventricular system
at the level of the TPO region. To reveal the ventricle cavity, a light
source was applied at the atrium from the medial side of the hemi-
sphere. A schematic profile of the ventricle system has also been
superimposed onto the dissection photograph. The SLF and the AF
have been lifted at the level of the SMG (green pin). This exposed the
course of the SS from the temporal to the occipital region. The
posterior portions of the IFOF and OR overlap the occipital horn
(yellow pin) and the trigone and cross the posterior component

of the ILF (blued tags) before the cortical terminations. The

temporal horn tip has been opened and the Meyer’s loop fibres,
occupying the dorso-lateral wall of the temporal horn, have been
lifted (red pin). AF, arcuate fasciculus; IFOF, inferior fronto-

occipital fascicle; ILF, inferior longitudinal fascicle; OR, optic

radiation; SLF, superior longitudinal fascicle; SMG, supramarginal

gyrus.

ciative fascicles (SLF, IFOF, ILF and OR), which horizontally
integrate functional processing with more distant regions
(Figs 5, 6 and 9); and (iii) deep ventral vertical fibres that
converge on the IC and subserve projective extra-cerebral
connectivity (Figs 4E, 5 and 8).

In the second part of the study, we outlined the complex
subcortical organisation identified during lateral surgical
resection of infiltrating gliomas in the TPO area. We consid-
ered three sub-regions: the IPL, the TO junction and the
right non-dominant TPO junction. For each case, the
functional data collected intraoperatively were related to
anatomical data from the cadaveric dissections.

Left parieto-temporal junction

Recently, Maldonado et al. reported results of subcortical
mapping performed during the resection of 14 gliomas
infiltrating the IPL (Maldonado et al. 2011). The authors
detected different, transitory, highly reproducible lan-
guage disturbances that were induced by deactivating
various eloquent bundles using DES. Our dissections offer
clear evidence that WM components are implicated in
these functional results, providing both systematic and
surgical perspectives (Figs 2,3 and 11). Stimulation of the
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superficial WM of the antero-lateral part of the surgical
cavity induced dysarthria or anarthria. As indicated in
Fig. 11, this subcortical site corresponds to fibres running
from the SMG to the VPMC and to the Pop of the IFG
(Fig. 11D). The tract corresponds to the anterior part of
the lateral indirect portion of the SLF (SLF II), and con-
nects Wernicke's and Broca’s territories. In this manner, it
forms the ‘articulatory loop’, which is involved in verbal
working memory and oro-facial motor control (Duffau
et al. 2003; Makris et al. 2005).

At a deeper level, we elicited phonemic paraphasia and
found that the effect resulted from direct stimulation of
the supero-posterior portion of the AF (Fig. 11E). This
fibre pathway directly connects the posterior and middle
portions of the STG and MTG with the Pop and the pars
triangularis of the IFG (Broca’'s area), and represents the
dorsal phonological stream of language processing within
the dominant hemisphere (Duffau et al. 2014). These
results confirm the anatomo-functional segregation of the
perisylvian WM network in parallel pathways, which
subserve different components of language production
(vocalisation vs. phonological processing); additionally,
they are consistent with past DTl studies (Makris et al.
2005) and intraoperative evidence (Maldonado et al. 2011;
Martino et al. 2012).

Left TO junction

When working in the left dominant TO area (Fig. 12),
subcortical DES produced transient semantic disturbance
sometimes associated with anomia (Fig. 12C, tags 46 and
48). Subcortical analysis of this region revealed that the
stimulation occurred along a ventral section of the IFOF,
running within the inferior portion of the SS to reach
the inferior occipital region, the I0G and the basal tem-
poral territory (Martino et al. 2010). A growing number
of anatomical and clinical studies have confirmed the role
this pathway plays in semantic language processing
(Duffau et al. 2005; Martino et al. 2010; Sarubbo et al.
2013a).

Dissection of our specimens clearly indicated that the IFOF
is strictly correlated with ILF fibres (Fig. 12D). Stimulation of
the ILF systematically impaired reading ability at the level of
the posterior surgical area. This tract is involved in both the
direct and indirect transfer of information between the
occipital visual territory and temporal limbic and memory
areas, and subserves several aspects of visual input process-
ing, such as face recognition, reading, visual perception and
memory (Mandonnet et al. 2007, 2009; Catani & Thiebaut
de Schotten, 2008). Moreover, it has been suggested that
the ILF also plays a role in elaborating semantic aspects of
language by providing an indirect connection between the
occipital and the frontal language cortices, in association
with the UF (Catani & Thiebaut de Schotten, 2008; Duffau
et al. 2008; Martino et al. 2011).
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Fig. 11 Case 1. (A) Surgical case involving an infiltrative brain tumour located within the left dominant IPL, visible on the preoperative MRI
images. The resection was performed using intraoperative mapping to preserve the cortico-subcortical eloquent structures. (B) Intraoperative pho-
tograph, showing the limits of the lesion (letter tags). DES was used to identify the VPMC by eliciting speech arrest during stimulation (tags 1 and
2), as well as the primary area of the face (tags 3-5), the primary somato-sensory area of the face (tags 6 and 9) and the hand (tags 7 and 8).
Interestingly, the patient had no trouble with the denomination task. (C) The anterior limit of resection was the retro-CS; the lateral limit was the
posterior part of the Sylvian fissure, corresponding to the SMG; the posterior and inferior limits were the STG and the anterior part of the AG; the
medial limit was the IPS. Resection was extended at the subcortical level until reaching areas that elicited functional responses to stimulation (artic-
ulatory disorders at the level of tag 14 and semantic paraphasias at the level of tags 12 and 13). (D) We correlated the results from DES with post
mortem anatomical specimens that had been oriented according to the intraoperative view. In this way, we demonstrated the WM substrates
responsible for functional surgical responses. Tag 14 corresponds to the anterior fibres of the lateral component of the SLF (yellow arrow), running
from the SMG (yellow pins) to the frontal lobe to form the ‘articulatory loop’. Posterior fibres directed to the posterior part of the STG and the
MTG (red pins) were also exposed. (E) The different responses elicited at the level of tags 12 and 13 were dependent upon contact with deeper
component of SLF, i.e. the AF (blue arrow). This tract directly connects Wernicke's area (green-coloured cortex) with the VPMC and Broca's terri-
tory (green tags, red-coloured cortex), passing under Geschwind'’s area (red-coloured cortex) around the posterior insula. (F) The resection was
quantified as subtotal using post-operative MRI. The patient resumed normal life without permanent deficits. AG, angular gyrus; IPL, inferior parie-
tal lobule; MTG, middle temporal gyrus; retro-CS, retro-central sulcus; SMG, supramarginal gyrus; STG, superior temporal gyrus; VPMC, ventral
pre-motor cortex.

which confirms that anatomo-functional segregation

Right non-dominant TPO area
'9 : around the CS is not rigid (Duffau et al. 2000). These

We considered the resection of a glioma infiltrating the TPO
junction of the non-dominant right hemisphere (Fig. 13A).
Cortical mapping allowed identification of sensory-motor
responses according to a medio-lateral somatotopic distribu-
tion (Fig. 13B). Interestingly, overlap between the cortical
representation of sensitive and motor areas was detected,
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responses occurred at a location that constituted the
anterior resection limit at the subcortical level, where we
encountered thalamo-cortical somato-sensorial fibres corre-
sponding to the upper (tag 47) and inferior (tag 48) limb.
Stimulation of the posterior part of the STG at its junction
with the AG generated a significant reproducible deviation
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Fig. 12 Case 2. (A) Preoperative MRI of this patient revealed a tumour infiltrating the left dominant TO region. (B) After identifying the limits
of the lesion using ultrasonography (letter tags), cortical awake mapping induced reproducible speech arrests at the level of the VPMC (tag 1)
and anomias at the level of the posterior part of the STG, corresponding to Wernicke's area. (C) The resection included the middle and poster-
jor part of the MTG and the IFG. More ventrally, under the fusiform gyrus, semantic paraphasias and anomia episodes were elicited using DES
at tag 46, not visible in the intraoperative photograph, and tag 48. Specific reading troubles were induced in areas more posterior and laterally
(tag 49). (D) We performed a dissection of the TO region and oriented the specimen according to the intraoperative perspective. We demon-
strated the anatomical substrate responsible for functional intraoperative responses. Tags 46 and 48 correspond to the IFOF (violet arrows),
which was exposed from the limen insulae to the parietal and occipital regions passing along the lateral ventricular wall (pink arrow). The loca-
tion of tag 49 indicates stimulation of the ILF, which connects the temporal and occipital basal regions (yellow arrow). The intraoperative result
was most likely dependent upon stimulation where the ILF and IFOF fibres crossed (green arrow, blue tags). (E) Post-operative MRI revealed sub-
total resection that produced only left inferior quadrantanopia. IFG, inferior frontal gyrus; STG, superior temporal gyrus; VPMC, ventral pre-

motor cortex.

during the line bisection test (tag 6). Our dissections
(Fig. 13Q) indicate that the infero-lateral limit of resection
was the SLF (tag 49), which connects the AG and the DLPFC
and the MFG/IFG. As previously demonstrated, these fibres
are crucially involved in a wide fronto-parietal network,
mainly lateralised on the right non-dominant hemisphere,
and are associated with visuo-spatial and attentional pro-
cessing (Makris et al. 2005; Thiebaut de Schotten et al.
2005; Bartolomeo et al. 2007; Doricchi et al. 2008; Tavor
et al. 2014).

Medially, tumour removal advanced until bounding the
intraparietal sulcus (IPS). Transient left phosphenes in associ-
ation with complete anomia (tag 46) were systematically
elicited during the visuo-verbal tests at the deep and poster-
ior edges of resection. Our dissection indicated (Fig. 13D),

along with trans-ventricular illumination (Fig. 13E), that this
location corresponds to the lateral part of the OR, which
runs in an antero-posterior direction along the wall of the
lateral ventricle medially to the SLF and the IFOF. Stimula-
tion not only impaired visual transmission but also affected
language elaboration. Such a result depends on the close
relationship between visual and language processing
pathways, particularly the IFOF, which runs at this level
(Duffau et al. 2008; Martino et al. 2011; Gras-Combe et al.
2012).

Conclusions

In this anatomical and functional study, we demonstrated
the implications that a detailed understanding of the
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Fig. 13 Case 3. (A) The third case concerned a diffuse infiltrative glioma located within the right not-dominant TPO junction, indicated by preop-
erative MRI. (B) Lesion resection was performed while guided by direct cortico-subcortical mapping in awake condition. This intraoperative photo-
graph shows the locations functional responses were elicited using DES. At the cortical level, tag 1 corresponds to reproducible speech arrest
episodes; paraesthesia was induced at the lip (tag 5), the thumb and index fingers (tag 4), and the fingers (tag 2). Interestingly, the patient experi-
enced movements of the left hand in response to stimulation of a retro-central area (tag 3) near the region of sensory responses, indicating that
there is overlap in areas responsible for sensory and motor functions. A significant and reproducible deviation of the bisection task occurred when
stimulating the posterior portion of the AG (tag 6). At the subcortical level, resection extended up to the areas identified as eloquent WM bound-
aries, which constituted the real limits of surgery. Paraesthesia of the superior leg was induced at tags 47 and 48; deviation at the bisection line
task was reproduced at tag 49; mesially, the resection reached the IPS; more posterior and deeply, complete speech arrest was induced during the
denomination task (tag 46). (C—E) We correlated the functional intraoperative results with anatomical photographs revealing the WM pathways.
Tags 47 and 48 correspond to the thalamo-cortical sensory fibres, occupying the posterior part of the IC and running directly up to the retro-
central cortex (green arrow, red-coloured area; D); tag 49 designates the indirect temporo-parietal portion of the SLF, which is involved in visuo-
spatial cognition (violet arrow; C); the visual and repetition deficits produced at tag 46 correspond with the location of the SS (blue-coloured area;
D), which runs in an anterior-to-posterior direction along the lateral wall of the occipital horn and the trigone (blue arrows; D and E). Transillumi-
nation better revealed the close relationship between eloquent connectivity and the ventricular system, making it too dangerous to open the ven-
tricle from this direction. (F) Post-operative MRI revealed a subtotal resection and the patient experienced only left inferior quadrantanopia, which
did not compromise his socio-professional life. AG, angular gyrus; IC, internal capsule.

subcortical WM architecture within the TPO area has for
neurosurgical practice.

Our data confirm that standard post mortem dissec-
tions, when combined with tractographic results, can be
used both to accurately characterise the course of indi-
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vidual fibre pathways and to more specifically investigate
complex reciprocal relationships with other fibre
tracts. Using these techniques, the complex multilayer
connectivity that subserves the TPO region has been
showed.
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The second part of the study highlighted the anatomical
features responsible for our functional data, which was
produced while directly mapping the TPO during surgical
resection of infiltrating lesions. We provided comprehensive
pictures that reveal the sites of those functional responses
and the corresponding WM structures, primarily at the sub-
cortical level.

In fact, the cortical limits may show inter-individual
variability and depend on the natural history of the dis-
ease (particularly in cases of slowly progressing intra-axial
tumours), as well as on potential compensatory reshap-
ing. On the other hand, the limited plastic potential of
WM requires that subcortical fibres be carefully pre-
served and considered the true surgical boundaries. In
summary, we revealed that the anterior limit of resec-
tions within the parietal region is the anterior horizontal
part of the SLF and, more deeply, the AF. More deeply
and dorsally, these fibres cross the vertical projective
thalamo-cortical fibres. When approaching more ventral
lesions that involve the temporal and occipital territories,
we demonstrated that resection should be tailored
according to the orientation of horizontal associative
pathways, including the IFOF, the ILF and the OR. These
tracts run along parallel and partially overlapping
courses.

We suggest that the results of the current study refine
and extend the understanding of subcortical functional
anatomy related to the TPO junction. This improved
knowledge will be of particular benefit for neurosurgeons,
allowing them to optimise the quality of resection of
tumours located within the TPO region, and to reduce the
risk of post-operative functional deficiencies. Moreover, we
provide evidence for selecting the most appropriate func-
tional task for brain mapping and for correctly interpreting
intraoperative functional data based on the expected pat-
tern of connectivity. Finally, these findings indicate that
resection should be extended and stopped only when
encountering the eloquent boundaries (i.e. at the func-
tional limit) to increase surgical quality and minimise the
risk of permanent deficits.

Further studies, based on an integrated methodological
approach, including anatomical post mortem observations,
in vivo fibre tracking and functional intraoperative map-
ping, will continue increasing three-dimensional awareness
of anatomo-functional WM organisation in other districts
of the brain, optimising the quality of neurosurgical
management.
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