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Abstract

Purpose StereoElectroEncephaloGraphy (SEEG) is done to

identify the epileptogenic zone of the brain using several

multi-lead electrodes whose positions in the brain are pre-

operatively defined. Intracranial hemorrhages due to disrup-

tion of blood vessels can cause major complications of this

procedure (<1 %). In order to increase the intervention safety,

we developed and tested planning tools to assist neurosur-

geons in choosing the best trajectory configuration.

Methods An automated planning method was developed that

maximizes the distance of the electrode from the vessels and

avoids the sulci as entry points. The angle of the guiding

screws is optimized to reduce positioning error. The planner

was quantitatively and qualitatively compared with manu-

ally computed trajectories on 26 electrodes planned for three

patients undergoing SEEG by four neurosurgeons. Quantita-

tive comparison was performed computing for each trajec-

tory using (a) the Euclidean distance from the closest vessel

and (b) the incidence angle.

Results Quantitative evaluation shows that automatic planned

trajectories are safer in terms of distance from the closest ves-

sel with respect to manually planned trajectories. Qualitative

evaluation performed by four neurosurgeons showed that the

automatically computed trajectories would have been pre-
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ferred to manually computed ones in 30 % of the cases and

were judged good or acceptable in about 86 % of the cases.

A significant reduction in time required for planning was

observed with the automated system (approximately 1/10).

Conclusion The automatic SEEG electrode planner satisfied

the essential clinical requirements, by providing safe trajec-

tories in an efficient timeframe.

Keywords Computer-assisted surgery · Epilepsy ·

StereoElectroEncephaloGraphy

Introduction

The surgical treatment of drug-resistant epilepsy is mainly

aimed at the removal or the disconnection of the Epilepto-

genic Zone (EZ), i.e., the “site of the emergence of the epilep-

tic seizures and of their primary organization” [19], which

is obtained through noninvasive pre-surgical investigation in

most cases [13,20,32]. Nonetheless, 5–50 % of the subjects

undergo intracranial electroencephalography to record both

interictal and ictal brain activity [17,31,35,36]. Intracere-

bral electrodes allow the accurate sampling of lateral, mesial

and inferior aspects of the cortical surface, of the white mat-

ter and of the subcortical gray matter structures, with a low

complication rate [6].

In Stereo-Electro-Encephalo-Graphy (SEEG), a tailored,

individualized arrangement of several intracerebral elec-

trodes, covering the brain areas presumably involved by

the discharge, allows for accurately defining the spatial and

chronological organization of the EZ [23,24].

The correct positioning of intracerebral electrodes must

address two essential requirements:

(i) accurate targeting of desired intracerebral structures;

(ii) minimizing the risk of complications such as intracranial

bleeding, infections and cerebrospinal fluid leakage.
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Accurate trajectory planning is therefore demanded

for an optimal implantation. The planning of the stereo-

tactic trajectories is traditionally performed by a neu-

rosurgeon, following the results of a multidisciplinary

meeting with the epileptologists. The surgeon manually

selects the entry points (EP) and the target points (TP)

of every trajectory on dedicated software by visually

inspecting multi-planar reconstructions (MPR) and 3D

renderings of multimodal images [7,8]. Due to the large

number of electrodes (up to 21 electrodes per patient

in the Niguarda Hospital experience), SEEG planning

is a hard and time-consuming procedure. Automatizing

trajectory planning would therefore decrease planning

time, preserving or even improving the safety.

Some authors proposed automatic needle trajectories

planning methods for various kinds of surgeries. First

attempts to automatize the planning process were aimed at

planning safe trajectories for thermal radiofrequency abla-

tions of hepatic tumors. Altrogge et al. [1] used a temperature-

based cost function for computing the best trajectories, max-

imizing the temperature of the tumor and minimizing the

temperature of healthy tissue, avoiding the contact with the

surrounding vessels. Baegert et al. [2,3] estimated best tra-

jectories penalizing the ones that crossed vital organs in the

abdomen, while Seitel et al. [26] introduced other optimiza-

tion parameters such as instrument shape and penetration

angle. Afterward, they focused their work on the brain dis-

trict, where similar optimization criteria have to be accounted

for in case of deep brain stimulation (DBS) procedures. Cost

values are assigned to crossed voxels according to their dis-

tance to important brain structures [14]. Shamir et al. [27,28]

proposed to automatically compute trajectories considering

either the sum of each crossed voxel costs and the maxi-

mum crossed voxel cost, but did not provide any method

for aggregating the two costs. Planner performances were

retrospectively evaluated on eight patients in terms of quan-

titative parameters. Quantitative evaluations performed on

optimization parameters can bias the presented results, since

manual trajectories can consider other parameters, not taken

into account in the planner. Qualitative trajectory judgments

are therefore a more comprehensive analysis of the planner

performances that cannot be disregarded when designing an

automatic method. In [4], the vessels and the ventricles rep-

resent the structures that have to be avoided, and the best

trajectory has to avoid sulci and crossing the midline too.

The final trajectory score is computed combining the max-

imum risk and the sum of all the risks parameters for all

surgical constraints using a weighted cost function. Quanti-

tative results and preliminary qualitative results are reported.

The method proposed by Liu et al. [22] for DBS trajectory

planning (considering avoiding delicate brain structures) was

qualitatively evaluated by two neurosurgeons on 20 trajecto-

ries: automatically computed trajectories were preferred in

25 % of the cases.

In [11], we proposed an automatic electrode trajectory

planner for SEEG procedures: given an entry and a target

region, the planner minimizes the value of a cost function

optimizing some parameters such as distance from vessels

and incidence angle. Each trajectory is computed depending

only on the previous ones; thus, this planner will be called

single planner (SP, hereafter). The aim of the present study is

to introduce the multi-planner (MP) concept, which accounts

for the spatial relationships among all the multiple trajecto-

ries, independently on the insertion order, i.e., the best tra-

jectories configuration is computed in a single optimization

run, thus working on more degrees of freedom at once and

to qualitatively evaluate both the automatic methods against

manual traditional planning.

Materials and methods

The SEEG workflow at Niguarda Hospital

The current Niguarda Hospital workflow for SEEG was else-

where detailed by Cardinale et al. [6,8]. In summary, for

every patient, 3D MR and brain 3D Digital Subtraction

Angiography (3D-DSA) are preoperatively acquired with-

out any frame or markers. 3D-DSA is obtained with a mobile

cone-beam CT device (O-arm 1000 System, Medtronic Inc.,

Minneapolis, Minnesota, US, matrix 512 × 512 × 192, voxel

0.4 mm × 0.4 mm × 0.8 mm). A baseline dataset and addi-

tional datasets during the selective injection of iodinate con-

trast medium into the arteries are acquired. The baseline

dataset is registered (6 Degrees of Freedom (DoFs); similar-

ity function: correlation ratio [25]) to the contrast-enhanced

one and subsequently subtracted from it, in order to obtain

a skull masked dataset with the vessel tree. MR images are

acquired using a 1.5T scanner (Intera Achieva, Philips Med-

ical System, The Netherlands) and registered to the refer-

ence space (6 DoFs; similarity function: mutual informa-

tion [33]). The study includes T1 3D FFE sagittal images,

0.90 mm × 0.45 mm × 0.45 mm voxel dimensions, with-

out any inter-slice gap, reconstructed and reformatted on

the axial plane with 560 × 560 × 220 matrix, 0.45 mm ×

0.45 mm × 0.9 mm voxel dimensions. The supratentorial

brain tissue is segmented, and the hemispheres are split. The

desired trajectories are preliminary defined with entry points

(EPs) and target points (TPs) “roughly” positioned on this

multimodal scenes at the time of the multidisciplinary staff

meeting.

The co-registered datasets are loaded in Voxim (IVS Tech-

nology GmbH, Chemnitz, Germany), a stereotactic planning

software providing dedicated tools for manually planning the

needed trajectories. The surgeon manually selects the accu-
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rate and definitive EP and the TP of each trajectory by visually

inspecting Multi-Planar Reconstructions (MPR), “surgeon’s

eye views” and 3D renderings of multimodal images. The

day of the surgery an intraoperative preliminary cone-beam

CT is performed, and the patient is registered to the stereo-

tactic space. Pre-operative and intraoperative CT datasets

are registered (6 DoFs, correlation ratio [25]), and the pre-

planned trajectories are moved into the surgical space. The

electrodes (Microdeep�, Dixi Medical, Besançon, France or

Depth Electrodes Range 2069R, Alcis, Besançon, France) are

implanted with the aid of the Neuromate� (Renishaw may-

field, Nyon, Switzerland). This stereotactic image- guided

robotic system is driven by Voxim and automatically aligns

the tool holder along the planned trajectories.

Linear registrations are performed with FSL [30] using

FLIRT [18]. Freesurfer is used for brain segmentation and

hemisphere splitting [9,12]. 3D Slicer is used to create the

multimodal scenes [16]. The local Ethical Committee has

approved the present study. All patients (or their guardians)

sign an informed consent.

SP: the single-trajectory automatic planner

The single-trajectory automatic planner was described in

[11]. The SP was developed for and was run in 3D Slicer 4.1

on an Apple iMac computer (Intel Quad-Core i7 3.1 GHz,

8 GB RAM).

Users are requested to input several parameters: allowed

entry and target areas around the EPs and TPs rough fiducials,

allowed minimum distance between the electrode and the

closest vessel (θv), the minimum allowed distance between

two electrodes (θd), the threshold angle (θa) between the

electrode trajectory and the local vector perpendicular to the

skull surface (i.e., the incidence angle α), the maximum dis-

tance from the pre-planned EP and TP (θe and θt ) and the

maximum allowed cortex curvature value (θs) [29] at the EP.

The number of possible entry points and target points depend

on the image resolution and on the automatic segmentation

described in section “The SEEG workflow at Niguarda Hos-

pital.” The user can also specify anatomical areas to be inves-

tigated and anatomical areas to be dodged.

A weight-based criterion was adopted to determine the

best insertion trajectory, which maximizes, under suitable

hard constraints, the following cost function F [5], which is

the weighted sum of the distance from the vessel tree ( fv)

and of the insertion angle ( fa) for each possible trajectory

tri :

F(tri ) = wv · fv(tri ) + wa · fa(tri ) (1)

where wv and wa are the weighting factors.

The cost function which expresses the distance from the

vessel tree is the following:

fv(tri ) =

{

dmin(tri )−dmin

dmax−dmin
dmin (tri ) > ϑv

‘Discarded’ dmin (tri ) ≤ ϑv

(2)

where dmin(tri ) is the minimum distance of the ith shaft from

the vessel tree and
⎧

⎨

⎩

dmax = max
i

dmax (tri )

dmin = min
i

dmin (tri )
(3)

are the maximum and minimum distances of any point along

any trajectory from the vessel tree, respectively.

The cost function which expresses the incidence angle (α)

between the electrode shaft and the skull surface is defined

as follows:

fa (tri ) =

{

αmax−αmax(tri )
αmax−αmin

αmax (tri ) < ϑa

‘Discarded’ dmin (tri ) ≥ ϑa

(4)

where αmax(tri ) is the angle between the ith trajectory and

the vector normal to the skull bone and:
⎧

⎨

⎩

αmax = max
i

αmax (tri )

αmin = min
i

αmin (tri )
(5)

are the maximum and the minimum incidence angles of

any trajectory, respectively. Trajectories for which fv(tri ) or

fa(tri ) are “discarded” are removed from the pool. Among

all possible trajectories, those, which cross user-defined brain

structures, are considered not acceptable and removed from

the pool, as well as all trajectories that do not respect the

constrained minimum mutual distance (θd). It must be noted

that the distance check in the SP is a serial process, so the

choice of the first electrode changes the overall result. The

algorithm also discards trajectories tr i for which the cortex

curvature at the EP is below a pre-defined threshold value

(θs).

MP: multi-trajectories automatic planner

Differently from the SP method, in the multi-trajectories

automatic planner:

1. allowed entry/target areas are automatically computed

propagating a distance field starting from rough EPs and

TPs;

2. the best trajectories configuration is computed in a single

optimization run. In this way, spatial optimization can be

achieved independently from the choice of the electrodes

planning sequence, leading in the practical case to a richer

pool of possible trajectories.

Allowed entry/target areas computation

Starting from the rough definition of the EPs and TPs, a dis-

tance field is computed on the cortex surface model (40). Dis-
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tance thresholds from the candidate EPs/TPs points (θe/θt ,

respectively) are defined by user. Points, whose distance is

less than the user-defined distance thresholds and whose

cortex curvature value is inferior to θs , are considered as

entry/target areas. Entry/target areas triangulated surfaces

are sub-divided in triangles and then randomly resampled

using the method described by Vitter [34]. The computation

is implemented using the VTK scientific library (Kitware,

Clifton Park, NY, USA).

Automatic trajectories computation

As reported in [11], a distance map from the vessel tree data

is computed by means of the Danielsson’s distance map algo-

rithm [10], implemented using the ITK scientific library.

For each entry/target areas pair (i, i = 1 . . . N , where N

is the total number of multi-lead electrodes that have to be

implanted), the set of possible entry points is (Ei ) and the

set of target points (Ti ) are defined. The sets sizes are SEi

and STi , respectively. Each possible trajectory tri jk connects

each entry point of region Ei (E Pi j , j = 1 . . . SEi ) with

each target point of region Ti (T Pik, k = 1 . . . STi ). The

total number of trajectories (R) is:

R =

N
∑

i=1

SEi · STi (6)

All possible M sized N sets of trajectories configurations T Rh

are determined (h = 1 . . . M) with M =
∏N

i=1 SEi · STi

A weight-based criterion was adopted to determine the

best insertion trajectory configuration, which maximizes,

under suitable hard constraints, the following cost function F

[11], which is the weighted sum of the distance from the ves-

sel tree ( fv) and of the insertion angle ( fa) for each possible

trajectories configuration T Rh :

max
h

F(T Rh) (7)

where

F(T Rh) = wv · fv(T Rh) + wa · fa(T Rh) (8)

Trajectories not meeting the constraints are removed from

the pool as in the SP.

Surgeon assessment and possible replanning with MP

The best N-trajectories configuration (T Rh) is proposed to

the neurosurgeon, and in case he/ she is not completely satis-

fied, he/ she can choose a subset of electrodes trajectories to

be accepted or not accepted. Given the accepted trajectories,

another plan is performed optimizing the same cost function

reported above (7), changing the constraints in order to meet

the surgeon preferences.

Validation protocol

A validation study was performed on 26 trajectories planned

for three patients (Table 1) who underwent SEEG investiga-

tion since no obvious lesions were detected on MR images.

The validation protocol is shown in Fig. 1. On the basis

of the topographic investigation strategy developed by the

multidisciplinary team, the epileptologists selected the can-

didate EPs and TPs on the 3D Slicer multimodal scenes. We

decided that the pre-planning was done by the epileptolo-

gists because of their lack of surgical planning experience.

Anatomical details of the preliminary planning are reported

in Table 1.

Voxim software application was used for the Manual

planning (M) performed by the neurosurgeons. The mul-

timodal scenes with the candidate EPs/TPs were used by

them only as a reminder of the epileptological strategy to be

followed. Manual planning was performed as described in

“SP: the single-trajectory automatic planner” section, inde-

pendently from the automatic planners, and the electrodes

were implanted as above described.

Some months later (at least three), the SP and the MP

were both ran in 3D Slicer 4.1, starting from the original

multimodal scenes with the EPs/TPs selected by the epilep-

tologists. The threshold was chosen to obtain a dataset as sim-

ilar as possible to the original angiographic volume. The two

weighting factors, wv and wa , were set to 0.8 and 0.2, respec-

tively. The threshold distance from the closest vessel (θv) was

set to 1.6 mm for the first 25 mm of electrode insertion (close

to the entry area) and to 1 mm for the rest of the electrode

length (which we afterward refer when talking about “depth

vessel avoidance”) since vessel avoidance is extremely

important in the first millimeters at the cortical entry point

[11]. The maximum angle between the vector normal to the

skull surface and the electrode trajectory (θa) was set to 40◦,

the minimum distance between two electrodes (θd) was set to

3.3 mm and the cortex curvature threshold value (θs) was set

to 0.15. All those parameters were defined in [5] (Table 2).

Quantitative evaluation

The manually planned trajectories were exported from Voxim

and imported into 3D Slicer. Quantitative comparison was

performed by computing for each trajectory (a) the Euclidean

distance from the closest vessel along the first 25 mm of

insertion and (b) the incidence angle (guiding screws angle).

M, SP and MP results were compared using nonparametric

Friedman test with Bonferroni correction.

Qualitative evaluation

The automatically computed trajectories were exported from

3D Slicer and imported into Voxim. All the trajectories (from
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Table 1 Patients data and exploration characteristics

Case # Age Pattern Trajectory Anatomical structures

to be investigated

Anatomical structures

to be avoided

EP definition TP definition

1 41 Frontal (Left) G F3-pars triangularis, gyrus cinguli Lateral ventricles,

thalamus, cerebellum

Cortex surface MPR

O F3-pars orbitalis, gyrus rectus

E F2, gyrus frontalis medialis

Q F2, gyrus cinguli

X F1, gyrus rectus

Y F1, cortex orbitalis

Z F2. gyrus cinguli (genu)

2 35 Frontal (Left) N Gyrus precentralis, gyrus cinguli Lateral ventricles,

thalamus, cerebellum

Cortex surface MPR

H F2, gyrus cinguli

G F3-pars triangularis, gyrus cinguli

O F3-pars orbitalis, gyrus cinguli (genu)

X F1, gyrus frontalis medialis

Y F1, gyrus cinguli (genu)

Z F1, gyrus cinguli

K F1, gyrus cinguli

R Gyrus precentralis, gyrus cinguli

L F2, gyrus cinguli

3 48 Temporo-insulo-

perisilvian

(Right)

X Gyrus precentralis, insula Lateral ventricles,

thalamus, cerebellum

Cortex surface MPR

R Gyrus postcentralis, insula MPR

P Lobus parietalis inferior, precuneous Cortex surface

N Gyrus postcentralis, lobus paracentralis Cortex surface

M Gyrus precentralis, gyrus cinguli Cortex surface

I F2, gyrus frontalis medialis Cortex surface

H Gyrus precentralis, gyrus cinguli Cortex surface

F F2, gyrus cinguli Cortex surface

E F3-pars triangularis, gyrus cinguli Cortex surface

M, SP and MP methods) were randomly labeled and blindly

presented to four neurosurgeons (FC, MC, GC and LC). They

were asked to separately evaluate five parameters for each

trajectory:

(a) depth vessel avoidance;

(b) vessel avoidance at the entry point;

(c) adherence to the epileptologist plan (is the proposed tra-

jectory crossing the wanted structure?) at the entry point;

(d) adherence to the epileptologist plan at the target point

and

(e) incidence angle.

Every property was ranked as “good,” “acceptable” or “dis-

carded” for each trajectory planned using M, SP and MP. Per-

centages of good, acceptable or discarded trajectories were

analyzed grouping self-tests (i.e., the surgeon who performed

the manual plan is blindly judging SP, MP and his/her manu-

ally planned trajectories) and out-tests (i.e., the neurosurgeon

is judging trajectories manually planned by another neuro-

surgeon). Trajectories that have been preferred (among not

discarded trajectories) were also counted.

Self-test and out-test, M, SP and MP results of preferred

and discarded trajectories populations were compared using

two-tailed Fisher exact test. p <0.05 was considered as evi-

dence of findings not attributable to chance. The statistical

analysis was performed with Matlab� v.R2010a.

Fleiss’ kappa analysis was perform to assess the four

surgeons agreement on the 26 trajectories classification in

“good,” “acceptable” or “discarded” for each considered

method (p < 0.05) [15].

Results

In the following, we report the first evaluation results

obtained the 26 trajectories coming from three different

patients. As not all the rough entry points proposed by the
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Fig. 1 Validation protocol flowchart. The multidisciplinary team is

composed by a pool of epileptologists and neurosurgeons, who took

part in the methods evaluation, as detailed in the paper

epileptologists were considered feasible by the neurosur-

geons, only a subset of trajectories for each patient was eval-

uated. This was due to the fact that the neurosurgeons expe-

rience suggested different, more accurate, exploration strate-

gies. The total number of planned trajectories was 24 in case

of SP and 26 for both the M and MP methods. In fact, the SP

did not find any suitable solution for two pairs of entry/target

areas, due to the highlighted limitation of dependence upon

the planning order. The MP planning took approximately

10 min per patient.

Figure 2 shows the output of the automatic planned elec-

trodes trajectories displayed in the 3D visualization environ-

Table 2 User defined parameters

Symbol Quantity Value

θv Minimum allowed

distance between the

electrode and the

closest vessel

1.6 mm (first 25 mm of

electrode insertion)/

1 mm (depth vessel

avoidance)

θd Minimum allowed

distance between two

electrodes

3.3 mm [9]

θa Threshold angle 40◦ [9]

θs Maximum

allowed cortex

curvature value

0.15

Fig. 2 Output of the automatic planner. Electrodes trajectories are dis-

played (in purple) in the 3D visualization environment, where medical

images can be overlaid. The 3D environment can be interactively navi-

gated

ment and on the 2D overlaid orthogonal views. The user can

navigate and explore each trajectory using the surgeon eye

projection.

Quantitative evaluation

The comparison between the manual planning and the two

automatic planners is shown in Fig. 3, which displays (a)

the Euclidean distance from the closest vessel along the first

25 mm of insertion and (b) the trajectory incidence angle

for each patient and for each trajectory. Trajectories of all

three patients were the observation units. Trajectories com-

puted using the MP had a greater distance from vessels along

the first 25 mm of electrode insertion with respect to the M

(p = 0.009). There is not any significant difference between

the two automatic algorithms. Moreover, no statistically sig-

nificant difference was computed considering the trajectory

incidence angle. Nevertheless it should be kept into account

that the SP was not able to suitably plan all the required

trajectories (see Table 3, 24/26 and 72/78).
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Fig. 3 Comparison between the manual planning (M) and the two auto-

matic planning methods (SP and MP) considering the minimum vessel

distance and the insertion angle for 26 trajectories. Median values and

inter-quartile range (25th and 75th percentiles, vertical bars) are shown.

Horizontal bars indicate statistical significant difference (p < 0.05)

Table 3 Number of preferred and discarded trajectories for the manual

planning (M) and the two automatic planning methods (SP and MP)

Test M SP MP

Number of preferred trajectories

Self-test 7/26 9/24 10/26

Out-test 30/78 39/72 22/78

Number of discarded trajectories

Self-test 7/26 2/24 2/26

Out-test 19/78 8/72 11/78

Qualitative evaluation

Since the proportion of discarded trajectories and patient

ID were found to be two independent classification crite-

ria (two-tailed Fisher exact test: p = 0.27), all trajectories

were grouped together. Thus, the trajectories were the units

of observation (26 trajectories).

The number of globally preferred trajectories and the num-

ber of discarded trajectories are reported in Table 3, consid-

ering self-test and out-test preferences. In general (Table 3),

automatically computed trajectories were preferred in 40 %

of the cases during self-test and 30 % during out-test. The

SP discarded trajectories are only 8 out of 72 (11.1 %) tested

trajectories, and the MP discarded trajectories are 11 out of

78 (14.1 %). No significant difference was found among the

evaluation, whether it was self-test or out-test and among the

evaluated method (p = 0.38 for preferred trajectories and

p = 0.9 for discarded trajectories, respectively).

Figure 4 by the four neurosurgeons, in terms of percent-

ages of trajectories that were judged as good, acceptable or

discarded. Figure 4, on the left, shows the mean percentage

values, averaging for the 3 self-tests (3 neurosurgeons judg-

ing each one of the three patients) and, on the right, the mean

percentage values, averaging for the nine out-tests (four neu-

rosurgeons judging all the three patients, except the three self-

planned) considering the following evaluation parameters

(a) depth vessel avoidance;

(b) vessel avoidance at the entry point;

(c) adherence to the epileptologist plan at the entry point;

Fig. 4 Qualitative analysis results of the manual planning (M) and the

two automatic planning methods (SP and MP) (a) depth vessel avoid-

ance; (b) vessel avoidance at the entry point; (c) adherence to the epilep-

tologist plan at the entry point; (d) adherence to the epileptologist plan at

the target point and (e) incidence angle. On the left, self-tests results, on

the right out-test results. Mean values are shown, vertical bars indicate

the standard deviation”
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Table 4 Surgeons agreement indexes of the manual planning (M) and

the two automatic planning methods (SP and MP) using Fleiss’kappa

analysis

Test M SP MP

Evaluation parameter

Vessel avoidance (depth) Fair (0.29) Fair (0.34) Fair (0.30)

Vessel avoidance (entry) Poor (−0.04) Fair (0.26) Fair (0.37)

Plan adherence (entry) Moderate (0.52) No No

Plan adherence (target) Fair (0.27) Fair (0.21) Slight (0.08)

Incidence angle Slight (0.16) Fair (0.20) Fair (0.21)

(d) adherence to the epileptologist plan at the target point

and

(e) incidence angle.

In case of self-test, each surgeon is in general confirming

the manual choices (75 % of the cases considering the ves-

sel avoidance at the entry region), and in about 70 % of the

cases, the automatically planned trajectories are also con-

sidered good. The same numbers are also confirmed during

the out-test evaluation (80 % approximately). The automatic

plan is judged as a good plan considering vessel avoidance

in deep brain regions, and that is particularly evident in case

of self-test.

Fleiss’ kappa analysis (Table 4) shows that, as far as the

most important qualitative measure is concerned, i.e., vessel

avoidance at the entry point, there is a poor agreement of the

surgeons judging the manual method performances, despite

it is the best in the number of “good” trajectories. Surgeons’

agreement in judging the MP method, when the plan adher-

ence is concerned, is inferior with respect to both the M and

the SP methods.

Discussion

This study reports on a new automatic method for assist-

ing neurosurgeons in SEEG planning, optimizing the entire

batch of electrode trajectories on the basis of user-defined

constraints and thus assisting the decision-making process.

The new MP presented in this study is a software tool for auto-

matic intracerebral trajectory planning dedicated to SEEG,

optimizing all the trajectories considering their positions rel-

ative to each other. To the best of our knowledge, this is

the first attempt of implementing such a feature, and this is

the most obvious strength of this study. Moreover, we per-

formed both quantitative and qualitative clinical validation of

the MP, comparing its output with the SP (an older and sim-

pler version of the automatic planner) and, most important,

with the usual manual planning performed by three experi-

enced neurosurgeons. The most important limit of this study

is the small sample size, due to the hard time-consuming val-

idation protocol, although the interesting sample is the one of

the trajectories. The number of evaluated patients was kept

low in order to have all the neurosurgeons evaluate the tra-

jectories chosen by others, which is a time-consuming task,

not performed in clinical practice. Such an evaluation gave

us the possibility to understand the agreement ratio between

neurosurgeons and with the planners. Nevertheless, the num-

ber of evaluated trajectories (i.e., 26) gives enough statistical

power for the quantitative analysis (greater than 90 % using

a T student test).

Another important limit is that the quality of 3D-DSA

images visualization is slightly different for M and the auto-

matic planners (SP and MP). As said, the M method used the

Voxim environment, while the SP and MP were both run in

3D Slicer development environment.

For the qualitative comparison, there are a total of 26 man-

ually planned trajectories. The planners were run once to

compute 26 and 24 trajectories. Each surgeon was presented

with a total (26 manual + 24 SP + 26 MP) trajectories to

evaluate for a total of (104 manual + 96 SP + 104 MP) trajec-

tories. Of the total counts, the self-test includes (26 manual +

24 SP + 26 MP) 76 trajectories and the out-tests include (78

manual + 72 SP + 78 MP) 228 trajectories. As far as the quan-

titative analysis is concerned, the two automatic methods (SP

and MP) electrode trajectories obtained increased distance to

the closest blood vessel at the EP with respect to manually

planned trajectories of approximately 1.5 mm, considering

that the median localization error at the cortical entry point

is reported to be 0.78 mm [7]. Both SP and MP performed

equally well when finding a solution (SP was not always suc-

cessful). The slight improvement in the vessel distance at the

EP obtained using the MP method is likely due to the cost

function optimization method, which optimizes the best tra-

jectories configuration, rather than computing each trajectory

separately and checking for collisions (which put importance

on the order of planning). Nevertheless, the improvement of

the MP over the SP is not significant, likely due to the rela-

tively small sample size (i.e., 26 trajectories were analyzed).

Cardinale et al. [7] reported on a multivariate analysis sug-

gesting that the skull incidence angle, among other variables,

significantly affects the localization error in SEEG implanta-

tions (the closer to the orthogonality, the smaller the error). In

the present study, both MP and SP succeeded in optimizing

the incidence angle, even if the angles were not significantly

lower when compared to M. With respect to the SP, the MP

allows for a spatial optimization, which results in finding pos-

sible solutions for all the planned trajectory configurations,

as demonstrated by the achieved results since the SP was not

able to find solutions for 2 trajectories.

Similarly to the present study, Shamir et al. [27,28] retro-

spectively evaluated their results on the quantitative parame-

ters in a series of eight patients that underwent DBS. Some

other groups made also a qualitative evaluation of their auto-

matic planner. Bériault et al. [4] evaluated the results of their

123



Int J CARS (2014) 9:1087–1097 1095

automatic planner not only on the basis of the cost function

minimization, but also considering qualitative criteria. Liu

et al. [22] reported on the qualitative evaluation performed

by two neurosurgeons on 20 DBS trajectories: automatically

computed trajectories were preferred in 25 % of the cases.

Accordingly, we performed also a qualitative evaluation of

our automatic planners.

In terms of clinical usability, the MP outperforms the SP

since all the possible trajectory configurations are computed

and saved in a priority list. If the surgeon is not satisfied with

some trajectories, those can be excluded by the final set and

another configuration can be almost immediately computed.

Also, as reported in [11], automatic planning allows for a sig-

nificant reduction in the planning time, where the MP halves

the computational time with respect to the SP.

In general, automatic methods optimization criteria and

weights are defined a priori by the end-users. In [27], the

authors proved the inter-users validity of user-defined opti-

mization weight criteria, proving the method valuable clini-

cal assistance. Indeed, they performed the test on two users

and 20 trajectories, and they found that differences of weights

preferences between neurosurgeons were not significant. We

proposed a qualitative evaluation aimed at verifying the con-

sistency of each neurosurgeon manual plan, blindly com-

pared with automatically computed trajectories (self-test)

and also the agreement between different neurosurgeons,

blindly comparing trajectories manually planned by other

neurosurgeons with the ones automatically planned (out-

test). Our analysis is therefore a comprehensive assessment of

the best planning strategy. We did not find any inconsistency

between the self-test and the out-test, independently on the

neurosurgeon level of experience. This is likely due to the fact

that all the neurosurgeons belong to the same hospital team.

Even if the planner optimized only three of the evalu-

ated criteria (a)-(b)-(e), the neurosurgeons evaluated also the

adherence to the epileptologist input (c)-(d). In general, auto-

matically computed trajectories were preferred in 30–40 % of

the cases during self-test and during out-test, which is greater

than what found in [22] for the specific DBS target.

Even if there is no unanimous acceptance of the k val-

ues interpretation, the use of kappa statistics to assess exam-

iner agreement for categorical outcomes has grown exponen-

tially. Our analysis, based on the three classification criteria

(good, acceptable and discarded) of the three proposed meth-

ods performed by four surgeons, suggested that there is a

general agreement among the four experts, even if some dis-

agreement appear when judging manual trajectories and the

automatic methods adherence at the entry point. It has to be

underlined that, even if the categories “good” and “accept-

able” were considered separated, the qualitative judgment

could be overlapping.

The automatic method thus proved to be an useful pro-

posal for definitive neurosurgical SEEG planning. In case

of automatic planning, the reasons for discarding computed

trajectories were:

1. the amount of the crossed gray matter was too limited or

2. vessels, not visible from the automatic tree segmentation,

were hit.

When neurosurgeons manually plan using the Voxim appli-

cation, they use, in fact, the native angiography dataset, not

the binarized one. Future implementation plans are directed

toward the usage of maximum intensity projection technique

(MIP) [21] that allows increasing the vessels tree visibility

for the input dataset for the distance map creation.

Do these results mean that the automatic planners planned

better than the neurosurgeons? The answer is yes, but lim-

ited to the parameters that were included in the algorithm. It

has to be underlined that in SEEG procedures the target is not

just the TP itself, but also the whole trajectory. SEEG differs,

in fact, from DBS and biopsy procedures, where the interest

is focused mostly on the deep target. The multi-lead elec-

trodes record brain activity of white and gray matter along

the whole trajectory that lies between EP and TP. The neu-

rosurgeon could prefer a trajectory, which is closer to ves-

sels when considering other optimization criteria, such as

the maximization of the number of intracortical contacts.

Depending on the structures to be explored (whether it is

on the external or in the internal cortex), the weight of ves-

sel distance should change: in case the neurosurgeon wants

to maximize the number of recording contacts in the gray

matter on the external cortex, he/ she could release the con-

straint that penalizes trajectories too close to vessels at the

entry area. In some particular situations, such as in case of

nodular heterotopia, the deep target region is small and well

specified: In that case, the single planner strategy should be

adopted for sampling the signals coming from the nodule

and for thermocoagulating it after the multi-lead electrode

implantation, while the multi-planner can be used for plan-

ning trajectories that have to cross extranodular structures.

The first gives information on the seizure origin, the latter

gives information on the seizure diffusion. Another possibil-

ity is to use in MP different optimization thresholds for the

electrode that must hit the target.

In the future, more constraints will be included in the

algorithm, and the end-user will be able to set more para-

meters. For example, we are going to develop a tool to set

the proportion of gray/white matter to be explored. We will

also implement a list of parcellated cortical areas [12] to

be chosen on the basis of the electro-clinical context. Being

modular in the required input information and based on

open source libraries, the presented methodology could be

easily extended to other clinical centers, performing SEEG

planning. Moreover, further developments will be aimed at

extending the planner concepts to other keyhole procedures,
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potentially performed using robots as alignment tools, such

as drug delivery procedures.

Conclusion

Both the automatic planners proved to be clinically valuable

for assisting SEEG planning and potentially other neurosur-

gical procedures such as stereotactic procedures for DBS and

brain biopsies. The MP method outperformed the SP in terms

of computed feasible trajectories since the potential entry

areas were automatically computed considering the cortex

curvature. Such methods are not replacing the manual neu-

rosurgeon plan, rather can be used as possible suggestion of

new safe trajectories, which take into account user-defined

specific constraints. In fact, in our experience, some automat-

ically computed trajectories were even preferred to manual

ones.

In the time being, the time needed for performing the

SEEG planning will be likely reduced implementing such

an automatic planner in the routine workflow.
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