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Abstract—Laser interstitial thermal therapy (LiTT) is a mini-
mally invasive alternative to conventional open surgery for drug-
resistant focal mesial temporal lobe epilepsy (MTLE). Recent
studies suggest that higher seizure freedom rates are correlated
with maximal ablation of the mesial hippocampal head, whilst
sparing of the parahippocampal gyrus (PHG) may reduce neu-
ropsychological sequelae. Current commercially available laser
catheters are inserted following manually planned straight-line
trajectories, which cannot conform to curved brain structures,
such as the hippocampus, without causing collateral damage or
requiring multiple insertions. Objectives: The clinical feasibility
and potential of curved LiTT trajectories through steerable
needles has yet to be investigated. This is the focus of our
work. Methods: We propose a GPU-accelerated computer-assisted
planning (CAP) algorithm for steerable needle insertions that
generates optimized curved 3D trajectories with maximal abla-
tion of the amygdalohippocampal complex and minimal collateral
damage to nearby structures, while accounting for a variable
ablation diameter (5 − 15mm). Results: Simulated trajectories
and ablations were performed on 5 patients with mesial temporal
sclerosis (MTS), which were identified from a prospectively
managed database. The algorithm generated obstacle-free paths
with significantly greater target area ablation coverage and lower
PHG ablation variance compared to straight line trajectories.
Conclusions: The presented CAP algorithm returns increased ab-
lation of the amygdalohippocampal complex, with lower patient
risk scores compared to straight-line trajectories. Significance:
This is the first clinical application of preoperative planning for
steerable needle based LiTT. This study suggests that steerable
needles have the potential to improve LiTT procedure efficacy
whilst improving the safety and should thus be investigated
further.

Index Terms—computer assisted planning, steerable needles,
neurosurgery, LiTT, epilepsy surgery

I. INTRODUCTION

Several surgical disciplines have seen significant advances
in the last decade, with the introduction of novel robotic and
endoscopic tools that have aided more extensive resections
through minimally invasive corridors [1], [2]. Amongst these,
steerable needle technologies have been tested for differ-
ent neurosurgical applications. Stereotactic needle-based brain
biopsies [3], deep brain stimulation [4], [5], [6], stereoelec-
troencephalography, stereotactic needle-based aspiration [7],
stereotactic brachytherapy [8] and intracerebral drug delivery
[9], [10] could all potentially benefit from steerable nee-
dle technologies. Another needle steering application, yet to
be investigated, is laser interstitial thermal therapy (LiTT).
LiTT provides a minimally invasive alternative to conven-
tional open surgery [11] for drug-resistant mesial temporal

This work was supported by the European Union’s Horizon 2020 Research
and Innovation Action under grant agreement No 688279 (EDEN2020).

lobe epilepsy (MTLE), which is the most common drug-
refractory focal epilepsy [12]. Selective amygdalohippocampal
complex (AHC) ablation with LiTT is currently performed
by means of a straight catheter featuring a laser tip which
is inserted through the brain along the longitudinal axis of
the hippocampus to the anterior border of the amygdala.
The extend of the ablation can be modulated through MR-
thermography to generate an ablation diameter between 5 to
15 mm. Recent studies demonstrated that post-ablation seizure
freedom (defined as ”Engel I” outcome) are correlated with
maximal ablation of the mesial hippocampal head, amygdala
and the entorhinal cortex (EnCx), while sparing of the parahip-
pocampal gyrus (PHG) and collateral structures may reduce
the probability of neuropsychological complications [13], [14].
Additionally, a multi-center validation study by Galovic et al.
[15] supports the importance of resecting the temporal portion
of the piriform cortex (PiCx) during temporal lobectomy,
resulting in increased odds of achieving seizure freedom by
a factor of 16. The most common LiTT-related neurological
complications are visual field deficits, ranging from 5 to 29%
of total cases [16], [17]. Visual deficits arise from heat transfer
to the optic radiation or the lateral geniculate nucleus (LGN)
during the ablation process.

Automated computer assisted planning (CAP) for straight
tools has been proposed by Vakharia et.al [18], [19] to generate
optimized paths that maximize AHC ablation, spare the PHG
and maintain a safety distance from the brainstem, LGN, sulci
and vasculature. The machine learning-based method was vali-
dated in a multi-centre retrospective study [20] in which three
automated straight trajectories and corresponding outcomes,
featuring different entry point and target constraints, were
compared to manually planned and implemented paths in 95
MTLE patients. The results showed a significant improvement
in safety parameters and amygdalohippocampal complex abla-
tion volumes and blinded external expert reviewers preferred
the CAP trajectories over the manually planned trajectories.

However, the hippocampus features a distinctive curved
shape that is generally very challenging to ablate in one single
trajectory without damaging nearby structures, avoiding vascu-
lature, transgressing the ventricular ependyma, as well as not
being feasible in patients with abnormal anatomy. A trade-off
between total target ablation coverage and minimum collateral
damage is difficult to achieve even for automated methods
based on straight tools. In some circumstances, more than one
trajectory is necessary to achieve a successful ablation [21],
thus increasing operative time and surgical risk. Additionally,
a suboptimal ablation, due to the limited flexibility of currently
available laser tools, resulted in 46% of patients requiring
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follow-on surgeries to achieve seizure freedom in some series
[22].

A curved trajectory through a steerable needle could provide
a better trade-off between coverage of the target area and
damage reduction to collateral structures, while facilitating
the inclusion of EnCx and PiCx, as recently reported in
terms of Engel I outcomes for correlated structures [16],
[23]. D.Comber et al [24] proposed a patient-specific design
of concentric tube needles for a transforamenal approach to
access the hippocampus. In this study, for each of the 20
selected hippocampi, a concentric tube robot was designed
and optimized to traverse a trajectory from the foramen
ovale to and through the hippocampus, from head to tail.
Patient-specific needles were rapidly fabricated featuring a
precurved of up to 32.4 mm−1. However, the insertion path
was selected to simply match the hippocampus centerline and
ablate the AHC. Consequently, to date, there are no studies
proposing the computation of curvature-bounded optimized
paths for steerable needles in the context of LiTT, taking into
account ablation parameters and the optimization of chance
with respect to seizure-free outcomes. Here, we propose a
computer assisted planning (CAP) algorithm able to maximize
AHC, EnCx and PiCx ablation whilst minimizing damage to
the PHG and surrounding structures. Surgeons will be able
to fine-tune LiTT related parameters during the preoperative
phase and interactively assess the generated path looking at
the corresponding expected ablation of brain structures, both
in the standard surgical 2D view and in a 3D rendering. In this
work, a three-dimensional path planner for systems with non-
holonomic constraints in complex environments is developed.
A Bevel tip needle is considered to be a nonholonomic system,
that is to say, one with nonintegrable velocity constraints
[25]. Our own design is that of a programmable bevel tip
needle (PBN) [26], which is inspired by the multi-segment
ovipositor of certain parasitic wasps. The needle consists of
four interlocked segments forming a thin and flexible shaft
ending in a bevel tip. A programmable offset between the
segments, which are made of flexible plastic and thus fully
Magnetic Resonance Imaging (MRI) compatible, is used to
steer the tip dynamically within a softer medium. PBNs are
able to steer along three-dimensional paths without duty cycle
spinning along the insertion axis (as in [27]), and thus offer an
ideal solution for the path planning technique described in this
work. This needle design has been the focus of EDEN2020, a
Horizon 2020 funded project that demonstrated the planning
and control of a 3.5 mm PBN prototype during in-vivo and
ex-vivo animal trials [28], [29].

With this study we aim to show the potential of steerable
needles, such as PBN involved in our EDEN2020 trials, to
improve the efficacy of LiTT procedures whilst improving
safety. This is the first clinical application of preoperative
planning for steerable-needle-based LiTT. Among its novel
features we highlight:(1) A GPU accelerated algorithm for
patient-specific optimisation of curved LiTT ablation volume;
(2) Ablation of the piriform temporal portion (PiCx), which
is included for the first time in a LiTT CAP assessment; (3)
Optimisation of the laser ablation diameter for each ablation
step to achieve more precise targeting of the lesion; (4) The

introduction of a new combined cost function for curved LiTT
to rank the generated paths with respect to both patient risk
and path smoothness.

Finally, we assess generated curved CAP LiTT trajectories
on five patients with hippocampal sclerosis (HS) and compare
the results of target structure ablation (Amygdala, Hippocam-
pus, EnCx and PiCx), collateral damage (temporal white
matter, PHG and fusiform gyrus) and associated trajectory risk
metrics with respect to a previously published straight CAP
LiTT method [20], [30].

II. METHODOLOGY

A. Curved Computer Assisted Planning

In this study we introduce a novel curved LiTT CAP which
optimizes a path for mesial temporal lobe epilepsy treatment.
The principal mechanism behind LiTT is to selectively ablate
tissue of interest by heat produced from an optical fiber.
The optical fiber is inserted into the mesial temporal lobe
through a small hole made in the skull and its location is
confirmed under MRI guidance. The tip of the laser fiber
produces heat, resulting in an approximately spherical ablation
of the surrounding target tissue area. The fiber is then pulled
back in small interment steps and the procedure is repeated
to cover the complete target volume. Our method aims to
minimize path length, overall curvature, ablation of PHG and
surrounding critical structures such as the LGN, fusiform gyrus
(FuG) and temporal white matter (WM). On the other hand,
the algorithm maximizes the ablation of the hippocampal head
and body, amygdala, EnCx and the PiCx, which are structures
correlated with the Engel 1 outcome in MTLE patients [16],
[23]. Trajectories that do not meet the constraint of a 120
mm maximum length and ρ = 1

35mm
−1 maximum achievable

needle curvature are rejected. The latter was chosen on the
basis of a previous study [31], which estimated the average
curvature of the AHC complex for steerable needle designs
to have a radius of 49.015 ± 14.79 mm, from which we
derived a reasonable minimum radius of 35 mm. Furthermore,
simulation and experimental results on the EDEN2020 PBN
[32], [33] show that similar curvature can be reached by
increasing the needle stiffness, reducing its size and tuning
the tip offset [33]. Paths colliding with obstacles such as the
atrium of the lateral ventricles, vasculature and sulci, or less
than 7.5 mm away from the brainstem and LGN, are also
rejected, as in [19], [20], to prevent excess heat transmission.

The distance from critical structures such as the vasculature
and sulci is optimized by means of a risk score, first introduced
in [18], [19]. This metric, normalized to be within the [0,1]
range, measures the overall path risk as the cumulative distance
from critical structures along the entire intracerebral trajectory.
The minimum distance here is set to be 3 mm, as in Li et
al. [19], so that a path having a risk score equal to zero is
constantly at more than 10 mm distance from obstacles, while
a risk of 1 corresponds to a path being continuously at 3 mm
from obstacles.

The proposed CAP consists of a combination of two differ-
ent planners. The first one addresses the optimization of the
portion of the path in correspondence of the target ablation
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area, which we will refer to from now as the ”ablation path”.
It aims to calculate a trajectory which optimizes the overall
ablation of the targeted area, while reducing collateral tissue
damage. The second is based on the previously presented
adaptive fractal tree [34] and adaptive hèrmite fractal tree
(AHFT) [35] path planner techniques and aims to find a
curvature-bounded obstacles-free path to connect the ablation
path to a suitable entry point on the patient skull; we will refer
to this portion of the path as ”AFT-connection”.

1) Ablation Path: The first step is novel method that
involves the generation of a so-called ”ablation field map”
(Figure 1). A GPU accelerated algorithm evaluates each voxel
of the obstacle map in parallel. On each thread, given an
homogeneous ablation diameter Da, a sphere centered on
a specific voxel is considered. The search space within the
sphere is evaluated; the number of voxels belonging to obstacle
regions Nd are counted as unwanted tissue damage; the voxels
belonging to the ablation target area Na are counted as
successful tissue ablation; while the voxels not belonging to
the previous categories are counted as additional tissue damage
Nr. A normalized score Sv in the range [0,1], computed as
the weighted positive contribution of the percentage of damage
and additional tissue ablation plus the negative contribution of
percentage ablated target area, is associated to each voxel,
thus generating an ablation field map (Equation 1). The
weights associated to damage Wd, target area ablation Wa

and additional tissue ablation We can be tuned by clinicians
to capture the desired trade-off between target ablation and
collateral damage.

Sv = −Wa ∗
Na

NT
+Wd ∗

Nd

NT
+We ∗

Nr

NT
(1)

Fig. 1. A coronal slice of the generated ablation field is shown as an overlay
of the brain parcellation. The ablation target region features a darker area
corresponding to lower ”Sv” values, thus better ablation performances and
less collateral damage.

Given the generated ablation field map, the ablation path
can be optimized accordingly. Specifically, the search map
section delimited by the tectal plate (which generally identifies
the transition between the hippocampal body and tail) and
the anterior border of the amygdala, is selected. Then, for
each cross section, the first ranked voxel position in the
corresponding ablation field map is included as part of the
optimized ablation path, which is then smoothed using a
convex optimization based technique [29] that accounts for
the given curvature constraint. At this stage, we extend the

Fig. 2. The series shows LiTT performed along a curved path. The ablation
field around the laser tip is represented by a yellow sphere. Starting from the
deepest target point, the laser fiber is progressively extracted at a predefined
step and the laser power is tuned to cover the desired laser ablation diameter.
The overlapping ablation spheres finally result in a beam-shaped ablated
volume (light blue)

optimization to the more complex case of a non-uniform
Da. This provides an improved LiTT clinical scenario in
which clinicians could benefit from fine tuning the ablation
diameter value at each step of the catheter insertion, within a
range between 5 and 15 mm, thus increasing their ability to
precisely conform the ablation to the target structures. Given
a predefined ablation pullback (7 mm is our default value), a
second GPU accelerated algorithm is implemented to optimize
the laser ablation diameter value for each step along the
ablation path. In this process, each ablation step is represented
as a series of overlapping spheres, thus approximating a
cylindrical ablation volume around the given path (Figure 2).
The spheres’ radius is progressively increased in steps of 0.5
mm from 2.5 to 7.5 mm. A score S is associated to each
cylinder, as in Equation 1, so that the first ranked cylinder
dictates the value of the optimized Da associated to that
portion of the ablation path. At the end of the computation, the
optimized Da for each ablation step is provided. Additionally,
the volume overlap with the amygdala, hippocampus, EnC,
PiCx, PHG, FuG and WM, as determined from the brain
parcellation, is automatically calculated. Finally, the estimated
ablation volumes are normalized by the preoperative volume
to provide the percentage of ablation for each structure and
an overall target % ablation as the sum of the contributions of
all target structures.

2) AFT-connection: An adaptive fractal tree (AFT) based
planner is used to find a path connecting the patient’s skull to
the initial pose of the ablation path. Surgical constraints for this
portion of the path capture the angle of insertion with respect
to the the skull normal, which should be close to perpendicular
in order to prevent skidding of the cranial perforator, and the
predefined safety margin from sensitive brain structures along
the entire trajectory. In addition, the kinematic constraints of
the flexible catheter require the generation of a curvature-
bounded path which is assessed in terms of smoothness and
length through a cost function. The AFT planner is a GPU-
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accelerated algorithm based on the propagation of a self-
similar structure throughout the search space, resulting in
a tree shape fractal. The basic fractal structure features a
straight line and several arcs of circumference satisfying a
given maximum curvature constraint, where the density and
length can be tuned by the user. Obstacle-free branches that
continuously connect a given target region back to the root of
the tree constitute a feasible path for a nonholonomic steerable
needle [34]. In this study, we are interested in trajectories
matching not only the desired target position (corresponding
to the first point of the ablation path) but also its orientation, in
order to guarantee tangent continuity on the overall trajectory.
To do so, we implemented some of the techniques discussed in
[35], which optimize the choice of AFT parameters specifically
for neurosurgery and provide different methods to take into
account the goal pose accuracy, which includes both target
position and target approach angle accuracy. A fractal tree is
grown from an entry pose perpendicular to the patient’s skull,
then a ”reachability volume” with the shape of a horn torus is
placed in correspondence of the goal pose and directed towards
the patient skull to filter only those samples laying within.
The horn torus radius corresponds to the maximum needle
achievable curvature and ensures that the AFT obstacle-free
paths, laying within, meet the desired target pose and curvature
constraint.

The full path obtained from the combination of the ablation
path and the AFT-connection is finally smoothed to guarantee
continuity and avoid potential misalignment. The generated
paths are evaluated by mean of a normalized score Sp

(Equation 2), which corresponds to the weighted contribution
of two terms: Sm and Risk for all N path samples. The
first corresponds to a cost function, introduced in [35], that
measures the path smoothness in terms of overall curvature
(Ci), gradient of curvature between consecutive points (Ci+1

- Ci) and length of the given trajectory (length). More linear
and shorter paths are favoured to reduce the extent of tissue
damage and facilitate the needle insertion. The second term is
taken from the study by Li et al. [19] and captures the risk of
a given path in terms of overall distance from vasculature and
sulci, with a minimum distance Dist of 3 mm. Paths that are
further away from vessels are favoured, since they reduce the
chance of a potential hemorrhage. Both terms are normalised
within the [0,1] range and their weight Ws and Wr can be
tuned according to surgeon preference.

Sp = Ws ∗ Sm+Wr ∗Risk

Sm =

N−1∑
i

|Ci+1 − Ci|
2 ∗maxcurv

+

nseg∑
i

|Ci|
maxcurv

+
length

maxlength

Risk =

{∑N
i

10−Dist(i)
N(10−3)

, if Dist(i) > 3

1−
∑N

i
3−Dist(i)

3∗N , if Dist(i) ≤ 3

(2)

B. Dataset
Following ethics approval provided by the National Re-

search Ethics Service Committee, with approval reference
12/LO/0377, five patients from the National Hospital for Neu-
rology and Neurosurgery epilepsy surgery program were in-
cluded in this study. For each patient the following diagnostic

images were provided: single T1 MPRAGE acquisition with
a voxel size of 1 mm isotropic (TE/TR/TI = 3.1/7.4/400 ms;
flip angle 11°; parallel imaging acceleration factor 2), whole-
brain parcellation and synthetic CT (pseudo-CT), images were
generated using geodesic information flow [36] and a multi-
atlas information propagation scheme [37], respectively.

C. Simulations
Patient-specific 3D models of the ventricular system, sulci,

brainstem, PHG, FuG, AHC, EnC, WM and PicX are extracted
from the whole brain parcellation. In particular, the brain
stem (including LGN) was expanded by 7.5 mm to avoid any
ablation related damage while ventricles, PHG, FuG, WM and
sulci are merged with the vasculature segmentation to create
an obstacle map, which is then expanded with a tunable safety
margin, set as 1.5 mm by default (Figure 4). This takes into ac-
count both the needle occupancy and real-world uncertainties
and it is more or less conservative depending on the geometry
of the flexible tool considered. Currently used straight needles
are about 0.8 mm in radius (i.e. Medtronic Visualase™), while
flexible catheters are generally larger, reaching up to 2.5 mm
in diameter [38], [28]. Similarly, 3D models of the amygdala,
hippocampus, EnC and temporal PiCx constitute the ablation
target area for the proposed curved CAP LiTT (Figure 3). The
ablation path is calculated for each patient’s anatomy, Wa and
Wc are set to 1 and 0.5 respectively, while Wd is progressively
increased in steps of 0.5 starting from zero until the PHG
damage rate reaches a maximum of 16%. This threshold has
been arbitrarily fixed looking at clinical accepted values and
optimized straight LiTT CAP results from the literature, which
show average PHG damage rate of 21% for manual insertions
and 12% for straight CAP trajectories [20]. The ablation step
is set to 7 mm by default and the best ranked Da is generated
for each insertion step, as previously described. The overall
% of damage and % ablated target area, corresponding to
the calculated ablation path, can be interactively assessed by
neurosurgeons, and both a 3D rendering and a 2D overlay aid
them during this process. A pseudo-CT is used to segment the
patient’s skull through simple threshold-based segmentation.
A uniform mesh is then created from its surface, where the
vertex coordinates represent possible entry points, and the
associated normals represent the corresponding start approach
vectors. Between these, a feasibility check with respect to the
desired target pose is performed, as in [35]. This ascertains
whether the start and target combination is feasible either in
terms of maximum needle length or the maximum curvature
constraint. The AFT-based planner runs over each entry pose
to look for a connection with the given target pose, which
coincides with the first pose of the ablation path. The resulting
curvature-bounded and obstacle-free paths are merged with the
previously calculated ablation path and ranked by means of
the Sp score (Equation 2). Finally, the first ranked path and
the corresponding ablation and damage areas are offered to
clinicians for review (Figure 5 and 6).

III. RESULTS

Following the implementation of a 5 mm to 15 mm variable
laser ablation diameter, ablation results for the generated

Authorized licensed use limited to: University College London. Downloaded on March 05,2021 at 09:55:14 UTC from IEEE Xplore.  Restrictions apply. 



0018-9294 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2021.3056749, IEEE
Transactions on Biomedical Engineering

5

Fig. 3. (Top) The pseudo-CT is segmented through thresholding and the skull
surface mesh of the selected hemisphere is considered. (Middle) The ablation
target regions are extracted from the patient’s MRI parcellation: hippocampus
(yellow), amygdala (orange), temporal piriform cortex (light green) and
entorhinal cortex (purple). (Bottom) Sensitive brain structures surrounding
the ablation area are also extracted from the parcellation: ventricles (blue),
brainstem (violet), thalamus (salmon) and the PHG (light blue) on the back
with respect to the FuG (dark green).

curved CAP trajectories are compared to their straight coun-
terparts, generated with the machine learning based straight
CAP described in [20]. A one sample t-test is used to analyse
the difference between the means while an F-test evaluates the
difference in the standard deviations. As illustrated in Figure 7
and Table I: curved CAP results in a significant improvement
in terms of greater % ablated, on amygdala, hippocampus,
EnC (t-test, p ≤ 0.05) and on the overall target area (t-test,
p ≤ 0.01); While a higher standard deviation was registered
for the amygdala (F-test, p ≤ 0.05) with respect to straight
insertions [20]. Additionally, PiCx ablation is included for the
first time during LiTT planning optimization, resulting in a
great rate of ablation of its temporal portion for both curved
and straight CAP, with no statistical difference.

On the other hand, damage to sensitive structures (Table

Fig. 4. Sulci, temporal white matter and vasculature are part of the obstacle
map. In the bottom, the resulting binary obstacle map is visualised in the three
standard 2D views. The obstacles (white regions) have already been dilated
by a safety margin (1.5 mm in this example).

I: % ablation of non target areas) is minimised. The PHG
ablation maximum tolerance was set to 16%, as this value
has been shown to be acceptable both in past manual and
automated LiTT planning results [20], [19], with a significant
reduction in % of ablation variance in the case of curved
CAP (F-test, p ≤ 0.05). WM and FuG damage rates are small
for both curved and straight method, while the FuG standard
deviation is statistically lower for curved CAP (F-test, p ≤
0.01). The smaller standard deviation, associated to % ablation
of non target areas, suggests that greater flexibility could lead
to higher CAP robustness.

With respect to safety metrics (Table I: safety metrics),
curved CAP-planned trajectories feature not significantly
higher average intracerebral length (Length) with respect to
straight paths. On the other hand, curved CAP trajectories re-
sulted in a highly significant reduction in the computed overall
risk (Risk) score (t-test, p ≤0.001), based on a cumulative
distance from critical structures (sulci and vasculature) along
the entire length of the trajectory, thus reducing the potential
risk of haemorrhage for patients. Finally, the cost function
average value Sm for curved CAP is equal to 0.6, with a
variance of ±0.03.

IV. DISCUSSION

The proposed curved LiTT algorithm presents enhanced
flexibility, thus greater ability to cope with several constraints
associated to better patient outcomes. The generated trajec-
tories begin perpendicular to the patient’s skull and advance
through the brain meeting the hard constraints on the desired
safety distance from all the predefined structures. A greater %
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Fig. 5. Three of the generated curved and optimised paths are shown in the
top left column, together with the segmented ablation target regions; while
the ablated target area (top right, green volume) and the collateral damage
(top right, red volume) show the actual performances associated to the best
ranked path (blue).
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VesselsVentricles

Sulci

Skull

Fig. 6. The best ranked path is shown to be collision-free within the intricate
brain obstacle map. The map is cropped axially (bottom image) at the level
of the specified path to show its sensitive structures avoidance.
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Fig. 7. Box-plots of curved CAP % ablation (green) versus straight CAP
results (blue). The statistical significance resulting from one sample t-test is
shown using the p-value standard convention: * for p ≤ 0.05, ** for p ≤0.01,
*** p ≤0.001, **** p ≤0.0001.

TABLE I

% Ablation Target Areas
Curved CAP Straight CAP t-test F-test

Hippocampus 79.6±6.4% 66.5±12.8% * ns
Amygdala 88.6±7.8% 76.6±2.4% * *
EnC 53.1±8.2% 26.1±14.5% * ns
PiCx 51.3±5.6% 41.8±5.3% ns ns
Total 72±6.2% 50.9±2.8% ** ns

% Ablation of Non Target Areas (collateral damage)
Curved CAP Straight CAP t-test F-test

PHG 12.7±1.9% 14.8±11.3% ns *
WM 6.6±3.7% 5.9 ±2.8 ns ns
FuG 1.9±2% 13.8±11.9 ns **
Total 9.1 ±5.3% 10.4±2.6 ns ns

Safety Metrics
Curved CAP Straight CAP t-test F-test

Length 111 ±7.5mm 100 ±9.1mm ns ns
Risk 0.4 ±0.1 1.3 ±0.1 **** ns
Sm 0.6 ±0.03 NA NA NA

Curved CAP versus straight CAP Performance. Statistically significant results
from one sample t-test and F-test are shown using the p-value standard
convention: * for p ≤ 0.05, ** for p ≤0.01, *** for p ≤0.001, **** for
p ≤0.0001, ns for not significant and NA for not comparable available data.

ablation target area at reduced damage of PHG and nearby
maesial sensitive structures is shown. The small standard
deviation associated with both target area ablation and damage
to sensitive structures demonstrates that curved ablation paths
can handle different anatomies with equal performance. Also,
the greater EnCx, amygdala and hippocampus ablation cov-
erage and the inclusion of the PiCx at no expense of further
PHG damage or smaller hippocampus ablation confirms the
potential of steerable needles for LiTT. Furthermore, the
ability of moving through a cluttered environment avoiding
obstacles corresponds to smaller registered risk metrics and
thus a reduced risk for patients. It is also worth considering
that steerable needles are robotically driven systems that can
be guided in real-time through soft-tissue to allow for small
adjustments with respect to the preoperative plan, if needed.
Their intra-operative flexibility could compensate for possible
misalignments and tissue deformations, due to real-world
uncertainties, which are responsible for erroneous placement
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and the need for follow-on LiTT surgery in up to 46% of
patients [39]. Finally, performing the desired ablation with
a single curved insertion may reduce the overall error rate
which, especially in the case of multiple straight passes, equals
the sum of all contributions. However, the generally larger
diameter associated to current flexible catheters (e.g.[40], [41])
could potentially cause more damage along the track, which
means that further miniaturisation of this technology would be
desirable. The EDEN2020 setup has already been tested within
a standard surgical workflow during preclinical animal trials,
demonstrating successful real-time performance and high tar-
get accuracy [28]. Following the results of this study, a new
version of the existing EDEN2020 PBN, with smaller foot-
print and higher steerability, will be developed. The proposed
curved LiTT CAP algorithm will be included as an additional
preoperative planner module within the EDEN2020 front-
end interface. Autonomous path following under surgeon’s
supervision can be performed through adaptive path-following
control [42]. To track the needle inside tissue, a system based
on Fiber Bragg Gratings (FBGs) was being developed to track
the needle tip [43], as well as to sense the shape of each of the
four needle segments, while intraoperative Ultrasound is used
to provide information about real-time tissue deformation [44].
The application of steerable needles in ablative therapies could
also be beneficial in situations that require multi-trajectory
planning, such as corpus callosotomy for generalized epilepsy.
[45].

V. CONCLUSION

This is the first fully automated CAP method for the
generation of curved LiTT trajectories that maximizes both
the ablation of mesial temporal target areas (hippocampus,
amygdala, EnC and PiCx) and patient safety metrics, while
minimizing collateral damage to nearby structures (PHG, WM
and FuG). We have also presented the optimization of a
variable ablation diameter field ranging between 5 and 15
mm diameter along the generated curved ablation trajectory
and demonstrated that LiTT procedures could benefit from
steerable needle technologies by tailoring the insertion path
to the subject-specific anatomy. CAP methods provide an
objective means of planning LiTT procedures that may over-
come the heterogeneity existing between different surgeons
and institutions. Future studies using larger datasets will be
required to further assess and validate the exciting potential
of the proposed method.
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