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Afﬁf!e history: Surgical planning of percutaneous interventions has a crucial role to guarantee the success of minimally
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related to the planning phase and to augment the information used in the definition of the optimal
trajectory. In this survey, we include 113 articles related to computer assisted planning (CAP) methods
and validations obtained from a systematic search on three databases. First, a general formulation of the
Msc: problem is presented, independently from the surgical field involved, and the key steps involved in the

:}2?3 development of a CAP solution are detailed. Secondly, we categorized the articles based on the main
65D05 surgical applications, which have been object of study and we categorize them based on the type of
65D17 assistance provided to the end-user.
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1. Introduction

Minimally Invasive Surgeries (MIS) are commonly accepted as
representing a group of surgical procedures “associated with a lower
post-operative patient morbidity compared with a conventional ap-
proach for the same operation” (Ochsner (2000)). In general, MIS
procedures present for the patient a reduced number of cuts, a
faster healing time, reduced pain and bleeding after the operation,
limited scarring and shorter hospitalization (Mack (2001)). There-
fore, they have known a growing interest in the past decades, in
the medical community but as well in the field of computer sci-
ence, where the development of multiple computer-assisted tech-
niques has seen a proportional growth.

Many MIS are performed accessing patient’s body through one
or more small incisions or a natural cavity and require the inser-
tion of surgical instrumentation. In some interventions, the sur-
geon has the possibility to insert an endoscope, which provides a
direct visual feedback of the operating scenario (e.g. laparoscopy).
In case of endovascular procedures, the surgical instrumentation
is inserted through a catheter, which limits the movements to the
main vascular tree, Such procedures are also supported by intraop-
erative fluoroscopy, ultrasound imaging or tracking methods, which
provide a continuous feedback to the surgeon about the catheter
position.

Percutaneous keyhole surgeries (e.g. tumour ablation) and
stereotactic procedures (e.g. keyhole neurosurgery) usually do not
provide a clear view of the surgical scenario, and the positioning of
the instruments requires to be accurately planned to guarantee an
effective and safe procedure. Therefore, preoperative surgical plan-
ning has a crucial role. However, it can be complex and time con-
suming due to the numerous aspects that have to be taken into
account. Surgeons have to accurately study the patient’s anatomy
and define one or more trajectories along which inserting the tool
to maximize the efficacy of the intervention while ensuring the
safety of the patient.

Most of existing commercial Computer Assisted Planning (CAP)
solutions limit the user to an interactive definition of the tra-
jectories by navigating the preoperative images and do not
provide suggestions or quantitative information regarding the
safety of the trajectory path, the access point or the target
coverage.

In the recent years, different research groups have focused
their efforts on the development of semi-automated or auto-
mated planners and decision support systems to assist surgeons
during this phase. Fig. 1 reports the number of publications
per year that focused on surgical planning assistance for per-
cutaneous interventions and were published in the last two
decades (search details are described in appendix). To the best
of our knowledge, available literature reviews in keyhole surgery
are mainly focused on methods to model needle-tissue interac-
tion (Abolhassani et al. (2007)) or on specific procedures (e.g.
Schumann et al. (2010b); Zhang et al. (2019) entirely focused on
percutaneous liver tumour ablation). Despite the growing interest
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Fig. 1. Graph reporting the number of publications per year in surgical planning
assistance solutions.

to this topic, a comprehensive literature review which analyzes the
decision-making process of surgical planning from a methodolog-
ical point of view, providing a generalization of the problem and
enhancing differences and similarities of the methods proposed is
still lacking.

In this work, we provide a generalized view of the surgical
planning problem related to keyhole procedures and, indepen-
dently from the application, we describe the necessary steps to
model] the intervention, the approaches used to assist the sur-
geon in the decision process of planning straight trajectories, and
the experiments carried out to verify the clinical effectiveness
(Section 2).

In Section 3, we classify the different algorithms based on the
type of assistance provided to the final user, focusing on the tech-
nical aspects of their implementation.

In Section 4, we report all the clinical applications that have
been object of study for the development of surgical assistance
tools, describing their clinical aspects and identifying the anatomi-
cal site involved.

From our systematic search, we included a total of 113 articles
related to planning assistance solutions in different keyhole surg-
eries.

This review is intended for researchers and engineers from uni-
versities and companies approaching the surgical planning in per-
cutaneous surgeries. It provides a panorama on different surgical
interventions, enhancing the transversality of the methods pro-
posed in literature, which may be translated to new surgical fields.
Along the article, we link the reader to additional papers regard-
ing more specific topics, such as segmentation methods for spe-
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Table 1
Common requirements for the modelling of percutaneous
surgical planning interventions.

Constants Variables  Objectives  Operators

Organs Avoid Distance

Tissues EP Reach Angle

Functional areas TP Maximize Coverage
Minimize

cific anatomies and optimization strategies providing technical and
practical tips that can help in the development of surgical planning
assistance methods.

2. General problem formulation

Planning a keyhole intervention is a complicated and time con-
suming task, where multiple requirements need to be considered
simultaneously. Depending on the surgical application, clinicians
may have to define the optimal access path to reach a target, the
optimal set of parameters to perform an ablation and/or the best
target point position to place an implant or to perform a biopsy.
The requirements to meet safety and efficacy vary depending on
the surgical intervention, the anatomical zone, and the medical
workflow.

An accurate specification of the characteristics of the interven-
tion, or clinical requirements, is the preliminary step to model
the decision process that guides the planning procedure. Usually
this phase requires a strict collaboration with, at least, one clin-
ical group and to interact with surgeons with expertise in plan-
ning such interventions. Understanding the entire surgical work-
flow, from the preoperative image acquisition to the postoperative
follow-up, can be useful to decompose the surgical procedure in
different phases and provide additional information about how the
procedure is performed, the hardware used and the type of imag-
ing available.

A straight trajectory can be defined as a set of 3D Euclidean co-
ordinates, corresponding to an Entry Point (EP) and a Target Point
(TP) in the image space, that completely identify the path of a
surgical instrument. They constitute the variables of the problem.
The planning is the choice of the trajectory that best fits all the
predefined clinical requirements. This is usually achieved using an
optimization model that tries to calculate this path by translating
clinical requirements into geometric constraints to be satisfied and
optimized. A geometric constraint is the combination of constants
and variables using operators to describe relative geometric rela-
tions between them, the constants being the anatomical structures
of interest extracted from the preoperative images. For instance,
an optimal surgical path will usually try to avoid all the dangerous
structures and maximize its distance from them, to allow for suffi-
cient space around those obstacles and account for the dimensions
of the tool and possible insertion errors. The trajectory direction
must also often follow other practical considerations regarding its
feasibility on the considered anatomical structures, such as slip-
pery organs boundaries or specific anatomical Regions Of Interest
(ROIs) that have to be crossed a certain way. Similarly, depending
on the type of application, a trajectory planning algorithm should
account for the effects and characteristics of the instrument in-
serted. For example, in the case of percutaneous thermal ablations,
the probe and TP positions are chosen based on the coverage of
the targeted structure by the ablation volume. Most of the clinical
requirements can be translated using a limited set of geometrical
variables, constants and operators that will represent the majority
of the constraints. Table 1 provides a summary of the most com-
mon ones.
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Independently from the application, we can identify four main
components when designing a planning assistant:

1. Image processing: it defines the processing of patient’s pre-
operative images such as multimodal image registration and
segmentation of relevant anatomical structures. Generally, this
preliminary processing is needed to obtain the structures of
interest reported in Table 1 as constants.

2. Formalization: it defines the objectives of a planning strategy
and how to combine the operators, constants and variables to
represent the surgical rules.

3. Optimization strategy: it defines the way in which the different
constraints should be taken into account and how to explore
the available solution space in order to reach the optimal ones.

4, Performance metrics and experimental design: it defines a set of
experiments and the validation protocol to compare the results
proposed by a planning assistant with respect to the real clini-
cal benchmark. Depending on the maturity level of the system,
different experiments can be performed to test and improve the
implemented strategy.

As will be detailed in Section 3, planning assistant solutions
may have different autonomy levels depending on the type of as-
sistance provided to the user. However, the steps listed above are
common for the majority of the articles reported in this review,
and may be applied to different typology of CAP solutions. In the
following sections we describe each component in detail, provid-
ing to the reader an overview of the methods and mathemati-
cal formulation at the base of planning assistance solutions. In
Section 2.1, we provide a brief generic overview on the type of
images commonly used in MIS, and focus on the image process-
ing required to obtain the planning constants described in Table 1.
In Section 2.2 we provide a formalization of the planning problem,
presenting examples of typical operators and how different authors
have represented a clinical requirement as a geometric constraint.
In Section 2.3, we provide a formalization of the planning problem
as an optimization procedure, with an overview on the strategies
and methods used in literature. Finally, in Section 2.4, we classify
the different types of experiments used to validate a planning as-
sistance, enhancing their respective advantages and drawbacks.

2.1. Image processing

Acquired medical images vary according to the type of infor-
mation the surgeons have to visualize, and can be categorized
into two main groups: structural imaging, aiming to visualize the
patient anatomy, and functional (or physiological) imaging, which
measures changes in the metabolism, oxygenation, blood flow or
chemical components of a target tissue. At least one structural im-
age (usually a Computed Tomography (CT) or Magnetic Resonance
Imaging (MRI)) must be acquired based on the type of tissues
and organs intended to visualize. In some cases, a second acqui-
sition with the use of contrast medium is performed to enhance
additional structures (e.g. vessels) that were not visible with the
normal acquisition. Especially in neurosurgery, functional imaging
(mostly functional MRI (fMRI)) and Diffusion Tensor Imaging (DTI)
are widely used to map the functionality and connectivity of the
different brain areas. Accordingly, the segmentation of all the rele-
vant structures, that will be used as constants, is a required step
to correctly quantify the risk associated to a specific trajectory.
Anatomical segmentation is a very wide topic and there are many
different methods proposed in the literature which varies based
on the anatomical structure and specific image modalities. Some
of them are very specific for a target anatomy, while others are
more generic and can be interactively used to segment a variety
of structures. The description of the different segmentation meth-
ods is out of the scope of this review. Nevertheless, we provide
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a generic categorization based on the interaction level required to
the user:

» manual segmentation: the user delineates and labels the rele-
vant structures through the use of a CAP workstation or similar
software;

interactive segmentation: generic algorithm where the user pro-
vides limited and simple input to segment a structure (e.g.
thresholding or region growing);

automated methods: pipelines of algorithms aiming to segment
specific organs or structures in full autonomy. This includes
for instance atlas-based methods, machine learning and deep
learning techniques.

Depending on the anatomical complexity of the surgical site, a
combination of those methods may be used. More detailed infor-
mation is provided in Section 4.

2.2. Formalization

Once the critical or targeted structures have been identified and
segmented, operators should be chosen to specify the relative posi-
tion of the trajectory, e.g. the distance or the angle, the positioning
or the coverage of the target. Some of them require preprocessing
steps to be performed on the images.

The distance from critical structures is one of the main oper-
ators commonly considered in percutaneous interventions, deter-
mining the minimum or maximum distance at which an instru-
ment can be placed from a critical structure. By providing a binary
mask of all relevant anatomical regions, an efficient way to com-
pute distances is through the use of distance Euclidean transform
algorithms: De Momi et al. (2014) and Scorza et al. (2017a) com-
puted a distance map volume based on the method proposed by
Danielsson (1980), while Noble et al. (2010a) used a fast march-
ing algorithm based on Sethian (1999) to compute the distance
from surrounding surfaces and binary structures. Other authors
(Schumann et al. (2010a, 2015)) combined different anatomical
structures such as lungs, bones, cartilages and vessels into a sin-
gle mask and then computed the Euclidean distance transform.
Such approaches are computationally convenient since they re-
quire to compute the distance once at the beginning, with re-
spect to a binary mask provided by the user. Similarly, Shamir
et al. (2010b, 2012) used a set of distance maps to build a so-
called risk volume, asking the surgeons to define a risk for each
segmented structure. This approach allows to aggregate structures
with the same risk in a unique mask, reducing the number of
distance maps to be computed. Zelmann et al. (2015) used the
distance map to provide a preferential sampling of target points
around the center of the target structure. Segmented structures
are commonly transformed into triangular meshes (Lorensen and
Cline (1987)) to work with their surface representation. Therefore,
different authors (e.g. Sparks et al. (2017b); Navkar et al. (2010);
Rincdn-Nigro et al. (2013)) exploited mesh properties to efficiently
compute intersections and distances by the construction of bound-
ing boxes and bounding volume hierarchies (Karras (2012)). In
Wicker and Tedla (2004); Mendel et al. (2013), a more geomet-
rical approach is computed to determine safe corridors based on
specific anatomical considerations on the structure to operate (e.g.
vertebras or pelvis).

The operator angle has different possible usages in trajec-
tory planning: Scorza et al. (2017a), Sparks et al. (2017a), and
Baegert et al. (2007b) computed the angle between the trajectory
and the surface normal of an organ, to avoid tangential trajec-
tories that can be too slippery; Essert et al. (2010, 2012a) com-
puted the angle between the trajectory and the main axis of the
targeted structure, to provide the correct alignment at the target
point; Seitel et al. (2011) computed the angle of the trajectory with

Medical Image Analysis 67 (2021) 101820

respect to one of the main anatomical planes, to ensure a good vi-
sualization during the intervention.

The target coverage indexes are generally computed as the over-
lapping region between two volumes. The first volume represents
the targeted structure, while the second volume simulates the ef-
fect of a surgical instrument to predict its efficacy. Examples of
simulated volumes are the ablation volume (Baegert et al. (2007c)),
or the recording capacity of an electrode (Zelmann et al. (2015);
Sparks et al. (2017b)).

Finally, the accurate positioning of a target is a fundamental re-
quirement, which is generally influenced by all the previous vari-
ables. However, some applications as for example deep brain stim-
ulation often uses functional data to provide additional information
and define the target position of the tool inserted (D'Haese et al.
(2005, 2012); Guo et al. (2007); Dergachyova et al. (2018)).

2.3. Optimization strategy

The optimization strategy is an approach to find the best values
of EP and TP, based on an evaluation of the constraints and their
associated objectives. Thanks to the previous formalization step,
we can consider the optimization process as independent from the
specific anatomy or the surgical procedure. The surgical planning
process can be modeled as a constrained optimization problem,
subject to a series of so-called hard (strict) and soft constraints
(Essert et al. (2012b)) defined as:

« Hard (or strict) constraints: set of binary conditions that must be
satisfied to generate the space of possible solutions (e.g. critical
structure avoidance);

« Soft constraints: set of requirements that must be satisfied at
best, usually defined by numerical cost functions (e.g. maximize
the distance from vascular structures)

While hard constraints determine the available space of so-
lutions, soft constraints guide the optimization strategy in the
search for the optimum values. Depending on the complexity of
the problem, it may be necessary to model it by defining one
aggregative cost function (single-objective approach) or multiple
independent cost functions (multi-objective approach). Some au-
thors modelled the surgical problem by a so-called constrained
single-objective optimization problem, constituted by a single cost
function subject to a set of equality and inequality constraints.
However, such approaches usually focus on specific parts of the
whole planning problem such as the coverage at the target point
(Lung et al. (2004); Deng and Liu (2007)) or distance to a critical
structure (Ahmadi et al. (2009); Herghelegiu et al. (2011)).

However, in the majority of the cases, surgical trajectory plan-
ning requires to be modeled as a constrained Multi-Objective Op-
timization (MOQ) problem, defined as:

minimize F(x) = [fi(X), L(X). ..., fn(x)]"

subject to:
Gi(x) <0 wherei=1,....M
Hj(x) =0 where j=1,... E

where F(x) represents a vector of N objective functions, G;(x)
and H;(x) express the set of M and E inequality and equal-
ity constraints, respectively. The vector of decision variable is
X e 9%, where k represents the number of independent vari-
ables. Satisfying equality and inequality constraints defines the
so-called feasible design space (or feasible decision space or
constraint set) x={x|G;(x) <Owithi=1,....M and H;@x)=
0 with j=1,...,E}. The corresponding feasible criterion space (or
feasible cost space or attainable set) Z = {F(x) | x € x} determines
all the possible solution points with respect to the cost func-
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tions (Marler and Arora (2004)). The definition of optimal so-
lution in MOO problems leads to the concept of Pareto Opti-
mality (Vilfredo Pareto, 1906), defined as the vector of solution
a € xifdb € x|F(b) < Fla)andfi(a) < fi(b) for, at least, one cost
function. Explicitly, Pareto optimal solutions represent all the solu-
tion vectors in the criterion space Z that cannot be improved with
respect to one cost function without deteriorating the value of an-
other cost function (Pareto front). Several methods were developed
and studied for the exploration of the criterion space and the iden-
tification of the optimal solutions in different engineering fields
(Cui et al. (2017)), and, as proposed in Marler and Arora (2004), we
can identify two main categories: scalarization methods and vector
optimization methods. Scalarization methods reduce the problem to
a single equation, composed by the independent cost functions op-
portunely weighted. The most common approach in surgical plan-
ning, probably because of its simplicity and intuitiveness, is the
weighted sum method?, mathematically expressed as:

N
F(x) =Y o= fi(x) (1)

i=1

with 0 < w; < 1 and Z{il w; = 1. The weights have to be defined
a priori, based on the importance of each constraint. Similar
techniques have been used by Schumann et al. (2010a) and
Helck et al. (2016), where the authors used a weighted
product method to combine the cost functions, or in
Noble et al. (2010a) where each cost function is represented
through a logarithmic scale in order to make comparable very
different values.

Shamir et al. (2010a, 2012); Trope et al. (2015); De Ledn-
Cuevas et al. (2017) used a single cost function based on the
distance to critical structures. However, they gave them different
weights based on the suggestions of clinicians. While this tech-
nique may be very effective from a practical point of view, es-
pecially because surgeons are usually able to express the prior-
ity of each constraint, the definition of those weights may not be
straightforward. The majority of the approaches define them em-
pirically based on surgeons’ suggestions and iterative experiments.
Zelmann et al. (2015) used a questionnaire filled by three clin-
icians to define the weights and hard constraints values, while
Liu et al. (2014) extrapolated them by studying iterative experi-
ments on 10 trajectories by two surgeons and trying to identify
their preference. Essert et al. (2010, 2015) presented a method for
the optimal definition of weights by the analysis of retrospective
Manually Planned (MP) trajectories, and reverse-engineering of the
weights.

Another method to weigh multiple criteria is the analytic hi-
erarchy process (Saaty (2008)), that has been used by Solitro and
Amirouche (2016). The method consists in the definition of a pair-
wise comparison matrix, which determines the relative importance
of a criterion with respect to another and is used to compute the
real weights.

Scalarizing approximations, as well as single cost function
problems, are usually solved by means of classical optimiza-
tion approaches, that can be grouped between gradient-based and
gradient-free methods (Andersson (2000)). Gradient-based meth-
ods require the analytical expression of the cost function deriva-
tive (or its approximation), which is used at each iteration to
determine the search direction and explore the criterion space

2 Weighted sum method: Butz et al. (2000); Baissalov et al. (2001);
Ren et al. (2013); Baegert et al. (2007a); Essert et al. (2010, 2012a);
Noble et al. (2010a); Bériault et al. (2011, 2012b, 2012a); Liu et al. (2012); De Momi
et al. (2012, 2014); Scorza et al. (2017a, 2018); Zelmann et al. (2013, 2015);
Becker et al. (2013); Liu et al. (2014); Zombori et al. (2014); Nowell et al. (2016);
Sparks et al. (2017a,b); Vakharia et al. (2018a,b); Knez et al. (2018b); Altrogge et al.
(2006, 2007); Hamzé et al. (2015)
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to reach the optimal solution. The gradient-descent method has
been used in Altrogge et al. (2006), and a multi-scale version by
Altrogge et al. (2007). Chen et al. (2006) used an unconstrained
steepest descent algorithm, while Baissalov et al. (2001) used a
modified version with limited memory of the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm.

However, since the definition of the cost-function derivative
is not always straightforward, gradient-free optimization algo-
rithms are more commonly used. Such algorithms treat the cost
function as a black-box and implement different strategies usu-
ally based on the perturbation of their independent variables to
explore the solution space. At each iteration, the cost function
value is computed and the perturbation strategy updated to min-
imize this value. Hence, the Nelder-Mead algorithm (also known
as downhill simplex or AMOEBA) (Nelder and Mead (1965)) has
been used in Villard et al. (2005); Baegert et al. (2007c,a); Essert
et al. (2010, 2012a); Xiaozhao et al. (2016); Hamzé et al. (2015);
Knez et al. (2015), and the Powell algorithm (Powell (1964)) in
Noble et al. (2010a); Butz et al. (2000). Since each algorithm imple-
ments a different optimization scheme, Villard et al. (2004) tested
the previous optimization methods and the Simulate Annealing al-
gorithm (Kirkpatrick et al. (1983)) and compared the results on
their specific application. Jaberzadeh and Essert (2016) compared
the usage of seven gradient-free optimization methods, studying
their advantages and drawbacks applied to the cryosurgery abla-
tion of liver tumours. These approaches are computationally effi-
cient, but are sensitive to their initial position and require a suit-
able initialization. Many authors® preferred to use an Exhaustive
search method (also called Brute force method), consisting in the
exploration of the whole search space.

Contrary to scalarization methods, vector optimization ap-
proaches consider each cost function as independent, and try to
find the optimal set of solutions lying on the Pareto front. The
algorithms in this category are usually based on a a posteriori
definition of preferences and explore the available criterion space
to identify the optimal solutions lying on the Pareto front. In
surgical planning domain, only few studies have explored dom-
inance based optimization methods, which rely on the concept
of Pareto dominance: a solution vector a dominates b (a<b) if
Ab e x|fib) < fi(a). In other words, we can not improve our so-
lution without deteriorating at least one cost function. A compari-
son between a weighted sum method and a Pareto-based approach
has been presented in Hamzé et al. (2016), showing that the lat-
ter is able to propose additional solutions that could not be found
with the weighted sum approach, and that those are relevant so-
lutions often chosen by the experts. Pareto dominance methods
shows to be very effective in the case of non-convex optimiza-
tion problems, where the search space can be discontinuous and
contain many local minima, such as surgical planning problems.
Seitel et al. (2011) proposed Pareto-optimal solutions by listing
only the best trajectory for each cost function, representing the
so-called Pareto-frontier. Schumann et al. (2015) extended this con-
cept by locally approximating the Pareto front at different starting
points through an hyperboxing Pareto-approximation method pre-
sented in Teichert (2014). A genetic algorithm approximation has
been proposed in Ren et al. (2014), where the authors defined a
binary expression of chromosomes to represent the planning prob-

3 Exhaustive search: Wicker and Tedla (2004); Ahmadi et al. (2009);
Shamir et al. (2010a); Seitel et al. (2011); Bériault et al. (2011, 2012b, 2012a);
Herghelegiu et al. (2011); Lee et al. (2011b, 2012); Liu et al. (2012, 2014);
De Momi et al. (2012, 2014); Mendel et al. (2013); Zelmann et al. (2013, 2015);
Becker et al. (2013); Zombori et al. (2014); Trope et al. (2015); Solitro and
Amirouche (2016); Ebert et al. (2016); Hamzé et al. (2016); Nowell et al. (2016);
De Ledn-Cuevas et al. (2017); Sparks et al. (2017a,b); Favaro et al. (2017); Scorza
et al. (2017a, 2018); Vakharia et al. (2018a); Li et al. (2019a); Marszalik and
Raczka (2019)
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lem, updated based on an exponential fitness function which ac-
count for different clinical requirements.

While the majority of methods exploits optimization theory as
the engine of CAP solutions, a different approach has been recently
presented by Zhang et al. (2019), where the authors modeled the
surgical planning problem as a Markov Decision Process (MDP) to
be solved through a reinforcement learning approach. Even though
they presented only preliminary results based on simulation, it
may represent a different and interesting area of research for the
future.

2.4. Performance metrics and experimental design

The validation of surgical planning assistance algorithms is a
complex task, since there are not unique solutions or standard-
ized performance metrics to identify the optimal trajectory. Actu-
ally, this definition is very subjective, based on the experience of
each surgeon, the quality of available images, and the specific case
that is being studied. Accordingly, there are no standardized met-
rics available to evaluate the performance of a surgical planning
assistant.

The solutions proposed are therefore usually evaluated by two
main approaches, based on the type of computed indexes:

» Quantitative validation: a set of relevant objective metrics are
compared with respect to the minimum requirements, or with
respect to manually planned (MP) trajectories. There is no need
to directly involve the medical staff for this type of evaluation.

 Qualitative validation: one or more clinicians assess the trajecto-
ries proposed by the system, providing direct feedback on their
clinical feasibility, ratings, rankings, or other subjective infor-
mation.

Since in most of the cases a global and unique ground truth
does not exist, the quantitative validation usually compares the
value of each relevant constraint that takes a role in the opti-
mization process with respect to its initial value or, if available,
the corresponding value of a MP trajectory. However, the direct
comparison of manual and proposed trajectories may be mislead-
ing, considering that the manual solution may not be the most
optimal. Additionally, while this approach provides objective and
reliable metrics on the algorithm performances, it assumes that
the optimization model and identified cost functions are correctly
modelling the problem and the segmentation of the constants is
completely reliable. Consequently, a quantitative validation is not
able to detect incorrect solutions with respect to additional clinical
criteria which may have not been included or segmentation issues
(e.g. unsegmented vascular structures or lack of accuracy).

This problem is overcome by a qualitative validation, that di-
rectly involves the final user to rate the proposed solutions on the
basis of his/her experience. In this case, the user is assessing the
proposal globally, and typically many different issues may arise
due to sub-optimal or erroneous segmentation, missing or erro-
neous representation of an objective. On the other hand, qualita-
tive validation may lack of objectivity, since there may be a high
variability between surgeons regarding the definition of the “opti-
mal solution” (as demonstrated in Vakharia et al. (2018b)) and the
inter and intra-operator variability should be taken into account (as
in Knez et al. (2018a)).

In order to perform these validations, three main categories of
experimental setups can be used, depending on the type, com-
pleteness and realism of available input data:

1. Simulations: the algorithms are tested on synthetic data or data
obtained from retrospective preoperative images (e.g. a tumour
volume). However, these experiments usually lack of realism
since, even if target regions and obstacles may have been ob-
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tained by clinical images, they usually test algorithms in a sim-
plified and controlled environment, with no ground truth to
compare with and where the proposed solution is directly as-
sessed by the user;

2. Retrospective study: the algorithm is tested on image datasets
of past cases and the results are validated with respect to the
surgeon choice (being quantitative, qualitative or both);

3. Prospective study: the algorithm is used on new patient cases
as an alternative to the traditional planning method. The solu-
tion proposed is directly assessed by the user and, if possible,
compared with traditional planning methods.

Table 2 reports the articles grouped based on the validation ex-
periments presented. Qualitative validations are also divided be-
tween single surgeons evaluation, multiple surgeons from the same
institution or external raters.

The use of these different setups also often depends on the de-
gree of readiness of the prototype, algorithms and systems that are
to be tested. The readiness can be categorized following the Tech-
nology Readiness Level (TRL) scale proposed in Mankins (1995). In
the current usage described in Héder (2017), the TRL scale ranges
from 1 (Basic Principles Observed and Reported) to 9 (actual sys-
tem proven in operational environment). Most published surgical
planning assistance algorithms and tools can be considered in the
3 (experimental proof of concept) to 7 (system prototype demon-
stration in operational environment) range.

Simulations are usually used at the preliminary stage of the
proof of concept (Table 2-a). Constraints values are computed and
compared with the corresponding minimum values defined for the
application (e.g. minimum acceptable distance from a vessel). The
algorithms and systems tested through such experiments usually
go from TRL 3 to 4.

A widely used experiment, that does not require to directly
involve the medical staff, is the retrospective quantitative valida-
tion (TRL 4 to 5), where past cases are used to test the be-
haviour of the system and the trajectories planned by the clin-
icians represent the ground truth (Table 2-b). Because of the
drawbacks of quantitative evaluation, retrospective qualitative stud-
ies are an alternative or complement closer to the clinical sce-
nario, where the system is directly evaluated by one or more
clinicians (TRL 4 to 6). The experimental design may vary de-
pending on the case and the availability of the medical staff: in
Becker et al. (2012); Schumann et al. (2010a); Lee et al. (2011b,
2012); Zelmann et al. (2015), a single surgeon compared the fea-
sibility of the trajectories with respect to the clinical practice,
while in Schumann et al. (2015); Bériault et al. (2011, 2012a);
Trope et al. (2015); Nowell et al. (2016) multiple surgeons from
the same center reviewed and evaluated the proposals. In De Momi
et al. (2012, 2014); Seitel et al. (2011) the authors asked the raters
to express a preference with respect to MP trajectories, comparing
the proposal with the past clinical practice. Liu et al. (2012) fo-
cused the validation in understanding if the weights used in
the optimization process effectively captured the clinician’s pref-
erences: after calibrating such parameters on a reduced train-
ing set, raters were asked to pick up between a MP trajectory
and the one optimized by the system, blinded to their iden-
tity. Similarly, Becker et al. (2013) asked a clinician to rate tra-
jectories coming from different sets, some manually defined by
other surgeons, others automatically computed by their system. In
Sparks et al. (2017b) a blind surgeon rated the trajectories pro-
posed by their system, without knowing the origin of the plan.
Most of the previous qualitative validation experiments reported
also present a quantitative comparison with MP trajectories.

Liu et al. (2014) defined their validation as pseudo-prospective
(TRL 6), since even if they used retrospective data, they planned
the trajectories as if they were new patients. Two surgeons ad-
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Table 2

Summary table grouping articles based on the validation experiment performed.
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Quantitative

Qualitative

Simulation

Retrospective

Baegert et al. (2007a, 2007b, 2007¢); Baissalov et al. (2001);
Belbachir et al. (2018); Chen et al. (2006); Deng and Liu (2007);
Dodd et al. (2001); Favaro et al. (2017); Gao et al. (2014);

Jiang et al. (2009); Kang et al. (2012); Lim et al. (2013);

Liu et al. (2016); Lung et al. (2004); Marszalik and Raczka (2019);
Ren et al. (2013, 2014); Tanaka et al. (2008a,b); Villard et al. (2003,
2004, 2005); Zhang et al. (2018)

Altrogge et al. (2007); Butz et al. (2000); Chen et al. (2017);

De Ledn-Cuevas et al. (2017); D'Haese et al. (2005);

Ebert et al. (2016); Essert et al. (2010, 20123, 2015);

Goerres et al. (2017a); Guo et al. (2007); Hamzé et al. (2016);

Han et al. (2019); Khlebnikov et al. (2011); Knez et al. (2015, 2016a,

2016b, 2018b, 2019); Li et al. (2019a); Linte et al. (2015);

!

Single surgeon: Becker et al. (2012, 2013); Lee et al. (2011b, 2012);
Schumann et al. (2010a); Seitel et al. (2011); Sparks et al. (2017b);
Zelmann et al. (2015);

Multiple surgeons: Bériault et al. (2011, 2012a);

Brunenberg et al. (2007); De Momi et al. (2012, 2014);

Marcus et al. (2019); Mendel et al. (2013); Noble et al. (2010a);
Nowinski et al. (2000); Scorza et al. (2017a, 2018); Shamir et al.
(2010b, 20104, 2012); Sparks et al. (2017a); Vakharia et al. (2018a);
Vijayan et al. (2019); Wimmer et al. (2014); Zelmann et al. (2013);

Zhai et al. (2008); Zombori et al. (2014)
Prospective !

Khlebnikov et al. (2011); Liu et al. (2012); Navkar et al. (2010);
Nowell et al. (2016); Schumann et al. (2013, 2012, 2015);

Seitel et al. (2011); Shamir et al. (2011); Trope et al. (2015);
External raters: Liu et al. (2014); Knez et al. (2018a); Vakharia et al.
(2018b, 2019b)

D'Haese et al. (2005); Berber (2015); Bériault et al. (2012b);
Helck et al. (2016); Vakharia et al. (2019a)

justed the weights by iterative experiments on a subset of 10 tra-
jectories, and the validation was performed by a third clinician
from another institution. Using an external rater as a reviewer
for the proposed solution adds information regarding the gener-
alizability of the optimization model. Vakharia et al. (2018b) per-
formed a qualitative validation with 5 external raters from differ-
ent institutions, to which MP trajectories and optimized ones were
blindly presented. It is interesting to note that this study showed
that a relevant percentage of MP trajectories was considered as
unfeasible by other clinicians, enhancing the fact that the surgical
planning problem cannot be reduced to a unique optimal solution.
Similarly, Vakharia et al. (2019b) presented solutions to blinded ex-
ternal raters for evaluation. In Knez et al. (2018a), two independent
surgeons planned the same set of trajectories manually two times,
allowing to estimate for intra and inter raters variability, and the
results were compared to automatically computed trajectories.
While retrospective qualitative validations are very effective
to understand the capability of the method to reflect the clini-
cal practice, the limitation lies in their retrospective nature. Dur-
ing the trajectory ratings, clinicians do not usually remember the
whole clinical history of the patient and usually base the evalua-
tion only on anatomical and bio-mechanical considerations. Such
bias is intrinsically avoided in a prospective study (TRL > 7),
were the planning assistance is used on new patients cases, con-
sidering all the clinical aspects involved and usually compared
with traditional planning method. These studies need to be ap-
proved by an ethical committee, and require the medical staff to
use the new system for planning future interventions and com-
pare its benefits with respect to traditional planning methods.
D’Haese et al. (2005) reported a complete study which included
retrospective and prospective validation experiments. The latter
has been performed on 12 patients, and the clinicians compared
the proposed solution to the planned one and judged if it was ac-
ceptable or not. Berber (2015) presented a prospective study on a
pilot group of 5 patients, were the surgeons directly used the pro-
posed software to plan the surgery. Bériault et al. (2012b) demon-
strated how their solution influenced the surgeon’s decision mak-
ing for 7 out to 8 cases, when comparing with the traditional
planning method. Helck et al. (2016) included 33 patients in their
study along a year and evaluated the whole workflow, includ-
ing the implemented segmentation methods. The semi-automatic
proposals were rated by surgeons and, if found comparable to
the expert solution, an equivalent trajectory was used. Recently,
Vakharia et al. (2019a) presented a prospective study for the eval-

uation of CAP assistance with respect to traditional manual plan-
ning. The CAP platform was used to generate automated proposals,
but also to modify the trajectories when necessary to meet surgeon
criteria. Manual planning was conducted in parallel, and the plan
with the lowest risk score was finally implanted. Planning times
were reported, showing that CAP can considerably speed up the
process.

The TRLs reported here are purely indicative, however we as-
sume that experiments closest to the clinical practice present ro-
bust and more advanced prototypes, at least at an algorithmic
level.

3. Planning assistance

A planning assistance solution is designed in order to fulfil the
constraints and requirements of a specific clinical application and
the respective anatomical zone involved. However, most of the pro-
posed solutions can be easily modelled to be applicable for differ-
ent clinical scenarios.

In this section, we classified the articles based on the type of
assistance provided to the user and the amount of information the
user has to give in the initialization step ahead of the optimization
process. The articles have been grouped in Table 3, following the
section structure.

The methods are presented in increasing order of automation
and autonomy. In Section 3.1, we provide an overview of the meth-
ods and algorithms that augment the surgical scenario by display-
ing additional metrics and guide the surgeon during the choice of
the optimal trajectory. In Section 3.2, we present works mainly fo-
cused on the definition and optimization of the target position and
the coverage of a Volume of Interest (VOI). Section 3.3 presents
the algorithms that automatically define an optimal path to reach
a target, focusing on the initialization method used.

3.1. Interactive planning

An interactive preoperative planning process consists in several
tasks: accurately identify the most relevant target point, choose an
entry point and its corresponding trajectory, verify that the chosen
trajectory is as safe as possible, and that it will allow to produce
an appropriate effect while avoiding side effects. Various research
groups have covered those aspects and proposed from the simplest
information display system to the most complex information-based
decision-making assistance tool.
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Table 3

Classification of planning methods based on the assistance type provided to the user.
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1. Interactive planning
1.a Display of risk information:

Nowinski et al. (2000); Gerber et al. (2014); Wimmer et al. (2014); Herghelegiu et al. (2012); Klein et al. (2009); Linte et al. (2015)

1.b Effect Visualization (on target point):

Berber (2015); Golkar et al. (2018); Essert et al. (2019); Villard et al. (2003); Zhai et al. (2008)

1.c Path Identification:

Becker et al. (2012); Baegert et al. (2007b,a); Bakhshmand et al. (2017); Brunenberg et al. (2007); Gao et al. (2014); Navkar et al. (2010);
Khlebnikov et al. (2011); Rincén-Nigro et al. (2013); Shamir et al. (2010b, 2011, 2012); Schumann et al. (2012, 2013, 2015); Solitro and Amirouche (2016)

2. Automated targeting

Altrogge et al. (2006, 2007); Baissalov et al. (2001); Butz et al. (2000); Chen et al. (2006); Deng and Liu (2007); D'Haese et al. (2005, 2012); Dodd et al. (2001);
Guo et al. (2007); Jaberzadeh and Essert (2016); Lung et al. (2004); Ren et al. (2013); Tanaka et al. (2008a,b); Yang et al. (2010)

3. Autonomous Path Planning
3.a Automated EP definition:

Ahmadi et al. (2009); Al-Marzouqi et al. (2007); Baegert et al. (2007c); Belbachir et al. (2018); Chen et al. (2017); De Leén-Cuevas et al. (2017);
Dergachyova et al. (2018); Ebert et al. (2016); Essert et al. (2010, 2012a, 2015); Hamzé et al. (2016); Helck et al. (2016); Herghelegiu et al. (2011);
Knez et al. (2019); Li et al. (2019a); Lim et al. (2013); Liu et al. (2016); Marcus et al. (2019); Marszalik and Raczka (2019); Nowell et al. (2016);
Ren et al. (2014); Schumann et al. (2010a); Seitel et al. (2011); Shamir et al. (2010a); Sparks et al. (2017a,b); Trope et al. (2015); Vakharia et al. (2018a, 20193,
2019b); Villard et al. (2004, 2005); Yaniv et al. (2009); Zhang et al. (2018); Zombori et al. (2014)

3.b Search space reduction:

Becker et al. (2013); Bériault et al. (2011, 2012a, 2012b); Daemi et al. (2015); De Momi et al. (2012, 2014); Essert et al. (2012b); Favaro et al. (2017); Goerres
et al. (2017b,a); Han et al. (2019); Jiang et al. (2009); Kang et al. (2012); Knez et al. (2015, 2016a, 2016b, 2018b, 2018a); Lee et al. (2011b, 2012); Liu et al.
(2012, 2014); Mendel et al. (2013); Noble et al. (2010a); Scorza et al. (20173, 2018); Vijayan et al. (2019); Wicker and Tedla (2004); Xiaozhao et al. (2016);

Zelmann et al. (2013, 2015)

3.1.1. Display of risk information

Highly complex clinical scenarios have steered the interest of
some research groups towards the optimal and advanced repre-
sentation of information with the aim of facilitating the decision-
making process. Such approaches do not suggest any solution au-
tonomously, but quantitative information regarding the risk and
the surrounding anatomical structures is displayed.

In 2000, Nowinski et al. (2000) proposed a pioneer planning
assistant which allowed a multi-atlas visualization to define the
target point, continuous navigation and mensuration. The provided
tools helped the surgeons to precisely identify the target and the
surrounding structures, allowing them to measure distances di-
rectly on the medical scan.

To provide relevant information about risks and facilitate the
interactive search for an optimal trajectory, Gerber et al. (2014);
Wimmer et al. (2014) proposed a software that displayed a real-
time feedback regarding the distance from the surrounding criti-
cal structures, while the surgeon was planning the trajectory. The
target point was chosen by the surgeon at the beginning and the
user interactively moved the entry point over the entry surface.
The software computed the predicted error along the trajectory,
and showed it as a 2D model around the path as additional infor-
mation. The main purpose of this approach is to help the surgeon
assess the trajectories during the exploration.

Klein et al. (2009) proposed a simulation software for pedicle
screw insertion for teaching purposes. The user can plan the trajec-
tories on the patient data, and the software is able to automatically
compute a set of metrics regarding the quality of pedicle screw in-
sertion. A similar solution is presented in Linte et al. (2015).

The second one is to color-code the information.
Herghelegiu et al. (2012) developed a biopsy planner for neu-
rosurgical exploration which provided a color-coded stability
map that identifies the possible entry regions able to reach a
pre-defined target. Additionally, they included a distance graph,
displaying the distance with respect to any critical structures along
all the trajectory points.

3.1.2. Identification and display of relevant paths

However, a rapid identification of a safe and effective path is of-
ten a key requirement in many keyhole applications. Towards this
end, various techniques based on access maps or lists have been
proposed, with the objective of providing a rapid glance at the pos-
sible entry points and their respective qualities.

Baegert et al. (2007b) used a surface-based ray-casting tech-
nique to determine all the possible access zones on the pa-
tient’s skin surface. The zones were iteratively subdivided at
the borders in order to obtain a precise cartography of the
possibilities.

Navkar et al. (2010) used a surface-based rendering technique
to compute a series of access maps (a Direct Impact map, a
Proximity map and a Path Length map) which were projected on
the outer surface and could be used by the surgeon to identify
the most feasible entry points. With the advances of technology,
Rincén-Nigro et al. (2013) extended this approach by exploiting
specific algorithms optimized for Graphical Processor Unit (GPU).
In particular, they used acceleration spatial data structures based
on bounding volume hierarchy (BVH) to efficiently represent the
critical structure meshes, which provided a rapid computation of
the risk access maps.

An alternative, and less binary, approach was proposed by
Khlebnikov et al. (2011). They used a crepuscular rays analogy and
implemented a voxel-based ray casting solution exploiting GPU
performances to compute all available safe paths as well as danger-
ous paths. They provided a two steps planning system: first, they
used a multi-volume rendering to provide an overview of all avail-
able paths through a 3D representation; second, they provided a
2D slice visualization for accurate planning using cutting planes on
the desired orientation, with a color-coded scheme to identify the
available paths.

Similarly, Schumann et al. (2012) used a direct volume ren-
dering techniques to build a risk structure map based on a user-
defined target point and the segmentation masks of critical struc-
tures. Therefore, a cube map (Greene (1986)) was used to store all
the paths which intersect risky structures, consisting in six pro-
jections obtained by placing a perspective camera centered at the
target point. This technique allowed to exploit high performance
shaders developed for computer graphic purposes, that exploits
GPU architecture to speed up the computation. Finally, they pro-
jected the result of the accessible paths into the 2D views nav-
igated by the surgeon, mapping the available access points by a
color-coded scheme.

With respect to the previous works, Shamir et al. (2010b,
2012) computed a risk-volume by asking the surgeons to assign
a risk factor to each segmented structure, based on the expected
damage in case of intersection with the clinical probe. Therefore,
a risk value is assigned to each voxel based on the risk factor
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and its distance from the closest structure, and all the possible
access paths are computed. Each vertex of the outer surface is
colored accordingly, providing the surgeon an easy way to select
the optimal trajectory. When the surgeon has picked-up one, a
risk map containing all relevant values is displayed and updated
in real time in case of manual modification, providing a contin-
uous quantitative feedback. During the interactive analysis of the
trajectories, a geometrical model named safety zone sleeve is vi-
sualized and corresponds to the positioning uncertainty worst-
case scenario estimated, based on localization and target errors.
Shamir et al. (2011) extended the previous method by introducing
an augmented reality system, which presents the quantified trajec-
tories on a 3D physical model, allowing the surgeon to plan the
trajectory in the physical space.

Similarly, a color-coded risk map for the selection of optimal EP
is provided in Bakhshmand et al. (2017), where the authors used
functional and structural images to estimate the eloquence damage
caused by the access paths.

While all the previous works focused their assistance in aug-
menting the information presented to the surgeon, other methods
extended the assistance to a preliminary computation of qualities,
that were displayed to the user. Brunenberg et al. (2007) proposed
a method which computed all available paths to reach the target
based on the distance from critical structures. The list of available
paths is organized based on the distance from those structure,
allowing the user to filter the available trajectories based on those
distances and increase the search performances. The same year, in
an extension of their previous works, Baegert et al. (2007a) pro-
posed an approach where the access zones were color-coded
according to their degree of satisfaction of the different surgical
constraints for abdominal interventions. An elegant solution was
provided in Schumann et al. (2013), where the user defined a set
of relevant variables and compute all available paths. The authors
used a direct volume rendering technique to generate cylindrical
projection derived by a cube map, by positioning a perspective
camera at the target point. A cylindrical projection is generated
for each considered parameter (insertion depth, distance from
critical structures, vertical angulation and in-plane angle), and the
available trajectories are presented with a parallel coordinate plot,
allowing the user to filter them based on the criterion values.
Schumann et al. (2015) extended the previous method by normal-
izing and weighting the cylindrical projection, obtaining a single
map that was used to define a set of seeds to be used as initial
points for optimal trajectories computations. Such seed trajectories
were used to run local optimizations and returning a solution
which approximates the Pareto-front, avoiding to fall in local
minimum due to the non-convexity of the optimization problem.
The solution set can be navigated by the use of Pareto-sliders (one
for each criterion).

Gao et al. (2014) implemented a solution for access path de-
termination based on the visibility of the target point: with re-
spect to the previous approximation, they generate a set of grid
points uniformly distributed on a sphere surface and positioned
a virtual camera at each vertex, with the focal point set to the
target. The results can be navigated by the use of scatter and
parallel coordinates plots. A similar application is presented by
Becker et al. (2012), which presented their result by color-coding
the resulting trajectories, which can be interactively chosen by
the surgeon. Solitro and Amirouche (2016) proposed an interac-
tive method for pedicle screw planning, which required the sur-
geon to identify the pedicle sections by manually positioning two
planes. Pedicles ROIs are subsequently discretized for trajectory
computation, which are filtered based on computed geometrical
and clinically insertion parameters. The optimal trajectories are ob-
tained by the AHP method, and the final one is selected by the
user.
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3.1.3. Visualization of the effect

Other information can be relevant to select a trajectory. One
good example is the prediction of the effect that will be resulting
from the chosen tool position.

In Zhai et al. (2008), GPU-accelerated algorithms were used
to process and visualize the ablation necrosis zone while the
surgeon interactively adjusts the trajectory. The simulated necro-
sis zone is generated in real-time for each candidate trajec-
tory. Berber (2015) presented an ablation system which auto-
matically estimates the parameters needed to generate a spe-
cific ablation volume, while the trajectory is planned by the sur-
geon to guarantee structure avoidance and correct positioning.
Villard et al. (2003) developed a simulator accounting for defor-
mation of the ablation zone caused by surrounding vessels, and
approximated the heat-sink phenomenon by stopping it in pres-
ence of large vessels. The resulting necrotic zone is represented
through a deformed ellipsoid, following the vessel's shape. More
recently, several works on the precise modeling of thermal abla-
tion in the context cryoablation using GPU have been proposed,
taking into account surrounding cooling structures such as vessels
Golkar et al. (2018); Essert et al. (2019).

The objective of such works is to confirm that a complete ab-
lation is possible with a particular trajectory during the trial-and-
error interactive process, and that the surrounding structure will
not interfere and cause incomplete destruction. Other approaches
of effect simulation were used in a more automatic framework, as
presented in the next section.

3.2. Automated targeting

In most of the methods mentioned above, the target point was
either manually chosen by the surgeon or arbitrarily defined as the
center of mass of a structure indicated by the surgeon as the tar-
get. The automatic identification of the correct target and the po-
sitioning of probes in the optimal configuration has also been an
object of study, especially for thermal ablation applications. Many
works have completely focused on the analysis of the target region,
identifying the best configuration for probe positioning or the set
of parameters aimed to create the expected ablation zone.

Some of the algorithms proposed to simulate the ablation vol-
ume through simple geometries. Butz et al. (2000) simulated the
ablation zone through ellipsoidal volumes, which were used to effi-
ciently position one or multiple probes by optimizing the coverage
of the target volume, and reducing the overlapping with the sur-
rounding healthy tissue. Similarly, Dodd et al. (2001) analyzed the
overlapping of different configurations of spherical probes, by sim-
ulating with 1, 6, 14, and cylindrical simulated ablation volumes
respectively. In Ren et al. (2013), first the surgeon interactively se-
lects a set of entry points considering the avoidance of critical
structure. Subsequently, based on the tumour VOI, the branch and
bound method (integer programming) is used to first compute the
minimum number of trajectories to cover the target volume, and
secondly to compute the minimal number of ablation along the
trajectories.

While in the previous articles the ablation zone is simulated
by geometrical primitives, other solutions used the bio-heat trans-
fer equation (Pennes (1948)) to model the cooling/heating ef-
fects on the surrounding tissues. The latter is used to simu-
late the temperature distribution in a living tissue influenced by
the blood flow effects, represented as a heat sink and sources.
Such equation is usually applied through a finite element model
(FEM) representing the probe, which estimates the ablation ef-
fect and, subsequently, the volume of ablated tissue. Based on
that, Baissalov et al. (2001) compared three different objective
functions and applied a so-called Bounded and Limited memory
BFGS (L-BFGS-B) method for multiple cryo-probes optimization.



D. Scorza, S. El Hadji, C. Cortés et al.

Lung et al. (2004) developed an optimization algorithm based on
a force field analogy, where they compute the bio-heat equation
at each iteration and applied forces to the different cryo-probes to
reach the correct temperature configuration at the target volume.

Altrogge et al. (2006, 2007) focused on the optimal place-
ment of ablation probes, computing the estimated electric po-
tential and the heat distribution at target zone and minimizing
a temperature-based objective function. Tanaka et al. (2008a,b);
Yang et al. (2010) developed a more mechanical approximation
method to deal with the overlapping of multiple probes. They rep-
resented the elliptical ablation volumes (bubbles) for each probe,
and applied a bubble-packing algorithm where van der Waals'-like
forces are simulated to move these bubbles until a minimum force
configuration is found.

The usage of FEM model to run the heat-transfer simulation to
define the ablation zone increases the time required to run the op-
timization. Consequently, Chen et al. (2006) presented a more effi-
cient solution for modelling the RFA heat transfer, without the ne-
cessity of re-meshing when the position of the probe is updated,
while Jaberzadeh and Essert (2016) explored different optimization
algorithms and hybrid methods to provide a precise solution in a
feasible time span.

D'Haese et al. (2005, 2012) focused their work on the preopera-
tive selection of optimal target points on a deformable atlas, which
is registered to new patient’s medical scans defining the target
points of the procedure. The system presented is focused on DBS
surgery, reporting also additional functionalities regarding target
region segmentation and statistical maps of high implants efficacy.
Similarly, Guo et al. (2007) used two classes of probabilistic maps
to identify the most effective target point, generating a final prob-
abilistic map by the usage of Kriging interpolation Van Beers and
Kleijnen (2004).

3.3. Autonomous path planning

Most authors have tried to completely reproduce the trajectory
planning problem by developing algorithms which automatically
propose the optimal computed trajectory or set of trajectories to
the surgeon.

Different algorithms and modalities have been proposed, some
of which are able to autonomously compute the optimal path by
only knowing the target point (Section 3.3.1), while others require
the user to select approximated entry points or take advantage of
the anatomical region knowledge (Section 3.3.2).

3.3.1. Automated EP definition

Most of the approaches that required a precise definition of tar-
get points, i.e. the coordinates of the target or a complete VOI def-
inition, used techniques similar to the ones described in the previ-
ous sections,

Villard et al. (2004) used a voxel-based ray casting procedure
to detect the surrounding structures, and optimized the number
and position of multiple ablation probes based on the coverage
of the target VOI. Since the algorithm is initialized by the defini-
tion of the tumour VOI and the outer surface, Villard et al. (2005);
Baegert et al. (2007c) computed and stored all the accessi-
ble paths into cube maps to reduce the possible search space,
while Baegert et al. (2007a) applied the surface-based render-
ing algorithm presented in Baegert et al. (2007b). In particular,
Baegert et al. (2007c) did not consider only one point inside the
VOI as the target, but they computed the cube maps at each voxel
on the VOI boundary in order to define the accessible paths. After
removing non-reachable solutions, they optimized the trajectory to
maximize the coverage of tumour volume while reducing the ab-
lation of surrounding healthy tissues. Since they applied a numer-
ical optimization strategy by the use of Nelder Mead algorithm, a
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semi-exhaustive initialization algorithm identifies all the available
connected zones on the outer surface as starting points for the op-
timization.

Herghelegiu et al. (2011) presented an automated version of
Herghelegiu et al. (2012), where the algorithm defined the avail-
able paths with the use of a stability map and suggested the best
trajectory by ranking them on the base of the distance from critical
structures. Similarly, Ahmadi et al. (2009) implemented a system
which uniformly distributed 40 thousands points on the outer sur-
face and defined the optimal trajectory based only on a distance
from vessels criterion.

Seitel et al. (2011) used the Z-buffering algorithm implemented
in computer graphics by placing a perspective camera at the cen-
ter of the tumour VOI to determine the accessible entry zone
by deleting the outer surface vertices occluded by surrounding
structures. Subsequently, soft constraints regarding the trajectory
length, the distance from critical structures and the insertion an-
gle are computed and a Pareto-based optimization scheme is ap-
plied to determine Pareto-optimal solutions. Similar approaches
were used for Deep Brain Stimulation (DBS) (Section 4.1) applica-
tion by Essert et al. (2012a), where they reduced the search space
entry zones by the exploitation of GPU rendering algorithm, gener-
ating cube maps view from the target point. Essert et al. (2010,
2012a) deeply analyzed the rules guiding DBS intervention and
developed a generic approach based on a meta-language for the
translation of such rules into geometrical constraints. While the
previous works were based only on structural and anatomical con-
straints, Dergachyova et al. (2018) extended such methods to ac-
count for anatomo-clinical atlases for the selection of the optimal
target point.

Schumann et al. (2010a); Helck et al. (2016) computed cylindri-
cal projections to build different maps according to the criterion
considered, which were merged to a weighted product computing
directly hard and soft constraints, ranking the available trajectories.
GPU architecture has been exploited also in the development of
Epinav (Zombori et al. (2014); Sparks et al. (2017b)), a StereoElec-
troEncephaloGraphy (SEEG) (Section 4.1) automated planner which
used BVH organization for the computation of intersection and dis-
tances with respect to critical structure surfaces and requires only
the definition of the TPs. The GPU acceleration allows the usage
of an exhaustive search method and to efficiently remove unfeasi-
ble EPs for each trajectory, based on the hard constraints provided.
In Sparks et al. (2017a), the authors extended their initialization
method by introducing a user-defined choice of a spatial prior in-
side the target region. In Vakharia et al. (2018a), the previous al-
gorithm was used for the ablation planning of specific target zones
(amygdalohippocampal complex), modelling the ablation zone by
a trajectory dilation of 15 mm but limiting the entry region by
suggestion of expert clinicians. A machine learning approach for
studying the optimal parameters, including entry and target zones,
is presented in Li et al. (2019a).

As in the interactive planning section, other authors imple-
mented their algorithms without exploiting rendering techniques
or GPU architectures. Yaniv et al. (2009) presented a multi-purpose
system based on the Image Guided Surgery Toolkit (IGSTK), where
they developed also an automated planning algorithm for tumour
ablation in the lung. The whole pleura surface is used as initial
entry region, and the number of trajectories and ablation is op-
timized by a branch and bound method as in Ren et al. (2013).
Ebert et al. (2016) implemented an automated planning soft-
ware for post-mortem robotic biopsy applications, where mul-
tiple trajectories are planned serially to reach different targets.
The search space is reduced by the application of hard con-
straints regarding the occlusion by bony structures, and the op-
timization is based on the end-effector angle to reach the target.
Liu et al. (2016) introduce in their work the “collision-free reachable
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workspace”, where the optimization method to find optimal trajec-
tories takes into account the workspace of the robot used by in-
cluding it kinematics in the computation. A similar work is pro-
posed in Belbachir et al. (2018), where the available search space
is defined on the whole patient skin, taking into account only the
points that were reachable by the robot.

Shamir et al. (2010a) implemented an automated version which
ranked the trajectory incrementally based on the risk score. As in
the interactive versions (Shamir et al. (2010b, 2012)), they com-
puted a risk volume based on the risk assigned by the surgeon
to each critical structure and, for each computed trajectory, they
presented a risk card reporting additional information. In a fol-
lowing publication, Trope et al. (2015) studied the efficacy of the
automatic method with respect a traditional planning and an aug-
mented version of their software. The same risk volume compu-
tation has been exploited by De Ledn-Cuevas et al. (2017), which
introduced the usage of fuzzy logic to better transmit to the sur-
geon the associate risk of a trajectory.

Lim et al. (2013); Ren et al. (2014) used a Genetic Algorithm
to compute the optimal trajectories for ablation procedures. They
implemented a fitness function based on the number of tra-
jectories, the number of ablation spheres, the tumour coverage
and surrounding structures which identify the optimal paths to
reach the targets. The user is able to modify a set of coefficients
which guide the importance of each constraint by a specific cost
function.

3.3.2. Search space reduction

While the previous algorithms automatically explored the
whole search space with respect to the defined target, Bériault
et al. (2011, 2012a, 2012b); Zelmann et al. (2013, 2015); Liu
et al. (2012, 2014) defined a set of entry regions on an atlas
head surface, in accordance with the DBS intervention standards.
Therefore, they registered the atlas to the new patient scan, re-
ducing the available entry zone to the one previously defined.
De Momi et al. (2012, 2014); Scorza et al. (2017a) implemented
an automated planning algorithm for SEEG in which the sur-
geon roughly initialized each trajectory by placing entry and tar-
get points. Such points were used to generate initial entry and
target search space for each trajectory, and the reduced search
space allowed the usage of an exhaustive search method in a fea-
sible time. Using a similar approach, Favaro et al. (2017) imple-
mented a proof-of-concept automated planner for straight trajec-
tories tested on a sheep brain scan. The algorithm presented by
Noble et al. (2010a) required a manual initialization of entry and
target points, or they could alternatively be estimated by an at-
las registration procedure as in Al-Marzouqi et al. (2007). The
method presented by Becker et al. (2013) implemented a multi-
port automated planner for skull-base applications that optimized
the set of the three best trajectories to reach a predefined tar-
get. Again, the clinician had to roughly select a set of obvious ini-
tial candidate entry points. Some of these techniques implied a
small interaction of the user and a decreased autonomy of the sys-
tem, but they provide high-quality initial guesses for the optimiza-
tion procedure and, at the same time, reduce the computational
time.

A very different approach was applied by Kang et al. (2012) for
bone tumor ablation, where the authors presented a system able to
construct a statistical patient atlas registered through a deformable
2D-3D registration method to build the patient specific model.
Therefore, they were able to optimize the ablation plan based on a
tumor coverage criterion.

Automated planning algorithms focused on screw insertion
were strictly bounded to the anatomical characteristics of the sur-
gical site. The majority of the related articles were focused on the
spine and required a characterization of the pedicular regions to
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run the optimization and find the optimal implant size and ori-
entation. Wicker and Tedla (2004) applied a set of geometric as-
sumptions to extract anatomical information from the segmented
patient images. By correctly orienting each vertebra, they scanned
each slice along the anterior-posterior direction looking for chords
identifying four intersections defining the pedicle regions. Once the
pedicles were identified, the authors could estimate the minimum
pedicle width by simply computing the Euclidean distance be-
tween intersected points, and build a set of 3D coordinates as the
mean points along the pedicle. Finally those points were fitted by
a least square algorithm to identify the trajectory. Lee et al. (2011b,
2012) also used a set of geometrical considerations by comput-
ing vertebra symmetry axis and planes, but their method provided
the definition of an optimal trajectory by imposing a safe margin
with respect to the pedicle boundaries and maximized the inser-
tion depth to improve the so-called fastening strength between
the screw and vertebra interface (Krag et al. (1988)). The use of
symmetry planes also allowed to avoid collisions between screws
of the same vertebra. Daemi et al. (2015) developed an algorithm
which considered similar constraints, linking the fastening strength
to the trajectory length. Xiaozhao et al. (2016) also used a set of
geometric considerations with respect to the anatomical vertebra
planes, and searched for the optimal solution by maximizing the
fastening strength computed at the screw boundaries. Knez et al.
(2015, 2016a) based the planning of screw on the parametric mod-
eling of pedicles as previously mentioned in Section 4.3. The screw
is modeled as a cylinder positioned to cross the mid-coronal plane
of the pedicle and its position is optimized with respect to the ax-
ial and sagittal angles. Trajectory and size of the final screw are
estimated taking into account the 3D vertebra and pedicle mod-
els previously obtained, and maximizing the fastening strength
based on the image intensities underlying the screw boundaries
(similar as in Xiaozhao et al. (2016)). Knez et al. (2018b) mod-
ified the computation of the fastening strength to include addi-
tional clinical parameters, aggregated through a weighted sum ap-
proach, related to the spine curvature and following the guidelines
of the most commonly used straight-forward insertion technique
(Lehman Jr et al. (2003)).

Mendel et al. (2013) used a similar method for the estimation of
sacro-iliac screws, which analyzed the voxel-intensity sequence by
scanning a correctly oriented CT scan, and defined the maximum
screw width and the optimal trajectory.

While all the previous algorithms focused on the optimiza-
tion of trajectories based on anatomical constraints, in the last
years other approaches tried to approximate solutions by intro-
ducing additional knowledge based on the analysis of past cases.
For both spinal (Goerres et al. (2017a); Vijayan et al. (2019)) and
pelvis screw (Goerres et al. (2017b); Han et al. (2019)) place-
ment applications, the authors proposed planning methods based
on the construction of a statistical shape model containing tra-
jectory annotations. The atlas is constructed from different seg-
mented datasets, containing annotation of expert clinicians re-
garding screw trajectories. An active shape model registration
method is used to register a new CT volume without requiring
any previous segmentation, and the optimal trajectory is com-
puted. Following a similar idea, Scorza et al. (2018) proposed a
method for the analysis of retrospective trajectories, and their
accumulation in an average brain space based on their spatial
position and the anatomical regions crossed. The latter focused
on SEEG surgical practice, and the trajectory atlas is shown to
be helpful in the initialization of optimization algorithms (e.g.
Scorza et al. (2017a)). Atlas based methods represent an alterna-
tive approximation to surgical planning problems, based on the
idea of encapsulating expert knowledge which may contain addi-
tional consideration rather than only anatomical or bio-mechanical
constraints.
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a,b,cd Hierarchical Chart - Anatomical District, Organ and Clinical Application

e f

Fig. 2. The figure reports the articles found by the systematic search, associated to the anatomical district and the application described. On the right, the pie-charts presents
the distribution of our results with respect to the anatomical district, the organ and the intervention.

2 Biopsy: Ahmadi et al. (2009); Bakhshmand et al. (2017); De Le6n-Cuevas et al. (2017); Favaro et al. (2017); Herghelegiu et al. (2011, 2012); Marcus et al. (2019);
Marszalik and Raczka (2019); Navkar et al. (2010); Nowinski et al. (2000); Rincén-Nigro et al. (2013); Shamir et al. (2010a, 2010b, 2011, 2012); Trope et al. (2015)

b DBS: Bériault et al. (2011, 2012b, 2012a); Brunenberg et al. (2007); Dergachyova et al. (2018); D'Haese et al. (2005, 2012); Essert et al. (2010, 2012a, 2012b, 2015);
Guo et al. (2007); Hamzé et al. (2015, 2016); Liu et al. (2012, 2014)

¢ SEEG: De Momi et al. (2012, 2014); Scorza et al. (2017a, 2018); Nowell et al. (2016); Sparks et al. (2017a,b); Vakharia et al. (2018b, 2019a); Zelmann et al. (2013, 2015);
Zombori et al. (2014)

4 LiTT or other type of ablation: Li et al. (2019a); Vakharia et al. (2018a, 2019b)

€ ENT: Al-Marzougqi et al. (2007); Gerber et al. (2014); Noble et al. (2010a); Wimmer et al. (2014)

f Maxillo: Becker et al. (2012, 2013); Gao et al. (2014)

£ Generic - Ablation: Butz et al. (2000); Ebert et al. (2016); Khlebnikov et al. (2011); Lim et al. (2013); Ren et al. (2013, 2014); Yaniv et al. (2009) CRYO: Essert et al. (2019);
Golkar et al. (2018)

h SP: Daemi et al. (2015); Goerres et al. (2017a); Klein et al. (2009); Knez et al. (2015, 2016a, 2016b, 2018a, 2018b, 2019); Lee et al. (2011b, 2012); Linte et al. (2015);
Solitro and Amirouche (2016); Vijayan et al. (2019); Wicker and Tedla (2004); Xiaozhao et al. (2016); Zhang et al. (2018)

1 SP: Goerres et al. (2017b); Han et al. (2019); Mendel et al. (2013)

J Biopsy: Belbachir et al. (2018); Helck et al. (2016); Schumann et al. (2010a, 2012, 2013)

k RFA: Altrogge et al. (2006, 2007); Baegert et al. (2007c, 2007a, 2007b); Chen et al. (2006, 2017); Dodd et al. (2001); Schumann et al. (2015); Seitel et al. (2011); Villard
et al. (2003, 2004, 2005); Yang et al. (2010)

I MWA/CRYO: Berber (2015); Jaberzadeh and Essert (2016); Liu et al. (2016); Zhai et al. (2008)

™ CRYO: Baissalov et al. (2001); Lung et al. (2004); Tanaka et al. (2008a,b) OTHER: Jiang et al. (2009); Deng and Liu (2007)

" Bone ablation: Kang et al. (2012).

4. Clinical applications of screws into a bony structure, which could be potentially lo-
cated everywhere in the body. However, the majority of them ad-

Our systematic search revealed that various clinical applications dresses the problem of vertebral fixation for spinal fusion, and
have been subjects of study in the development of trajectory plan- only a few articles (Mendel et al. (2013); Goerres et al. (2017h);
ning assistance systems for the percutaneous insertion of one or Han et al. (2019)) are on pelvis screw placement applications. Fi-
more needle-shaped instruments. All the articles included in the nally, the systematic search revealed some interesting works re-

review have been classified “per application” and “per anatomi- garding Maxillo and ENT surgery (6%), for the safe access of inter-
cal district”. A schematic representation of the classification is re- nal parts of the ear or skull-base puncture for biopsies.

ported on Fig. 2. Almost 45% of the works have been focusing While each surgical application has its own requirements, in
on neurosurgical applications, distributed into Deep Brain Stim- Table 4 we formalize them following the taxonomy reported
ulation (DBS, 14%), StereoElectroEncephaloGraphy (SEEG, 10%), or in Table 1, Section 2. As expected, the variability relies mostly
generic interventions such as biopsies (15%) and Laser intersti- on the constants (the relevant anatomical structures), and how
tial Thermal Treatments (LiTT, 4%) focused on the ablation of spe- they are considered in the surgical process. Objectives and op-
cific brain zones or tumoral masses. Abdominal procedures rep- erators are usually the same, combined differently with the
resent almost 30% of the articles found, the majority being hep- relevant organs and tissues to match the specific applications
atic interventions (20%). Most of them are related to tissue abla- requirements.

tion techniques, representing almost 32% of the articles, and di- In the next sections, we provide an overview of the main iden-

vided between Radio-Frequency Ablation (RFA, 17%), Cryoablation tified clinical applications. In particular, for each application we re-
(CRYO, 7%), Microwave ablation (MWA, 3%) and LiTT (4%). Screw port a brief description of the clinical requirements to be consid-
placement (SP, 18%) papers focus on the percutaneous insertion ered for the development of an advanced CAP system, as well as
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Table 4

We report the main applications found, organized based on the requirements presented in Section 2. Constants, operators and objectives may not apply to all the articles, but represent the most common requirements for each

application.

Head

Abdominal

Bony

Neuro

Maxillo-ENT

Keyhole and Ablation

Spine

SEEG

DBS

Keyhole

Brain, Skull/Skin, Vessels, Sulci, Ventricles, functional cortex and brain parcellation

Cochlea, facial nerve,
external auditory

canal, ossicles
EP, TP

Ribs, Spine, Liver, Spleen,

Tumour, Vessels

Vertebra Body, Vertebra
Pedicle, Cortical Bone,

Other screw
EP; TP

Gray matter, Hippocampus,

Amygdala, Insula, Other

electrodes

Amigdala, Globus Pallidus
(GPi), Subthalamhic
Nucleus (STN)

Tumour

Constants

EP; TP ; Ablation volume

EP; TP

Variables

Vessels, Ventricles, Sulci

functional cortex

Objectives - Operators

Ossicles, facial nerve,

Vessels, Ribs

Pedicle and Vertebra body

boundaries

Other electrodes

Avoid

external auditory canal

Cochlea

Tumour

functional cortex

Amigdala, GPi, STN

Tumour

Reach

Distance from vessels, sulci

Tumour coverage

Tumour coverage

Cortical bone coverage;

Trajectory length

GM coverage

functional coverage

Maximize

Angle to skull/skin normal, Trajectory length

Healthy tissue coverage;
Angle to tumour axis;
Trajectory length

/

Angle to tumour axis

Minimize
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the segmentation methods used by the authors to account for the
surrounding anatomical structures.

4.1. Neurosurgery

Several neurological disorders, such as Parkinson's disease,
epilepsy or tumors, happen to be resistant to drug therapy and
thus require to be approached surgically through minimally inva-
sive procedures for advanced investigation, e.g. biopsy and diag-
nosis, or treatment. These procedures are not trivial as they re-
quire precise targeting of lesions or anatomical landmarks with
a probe or a needle inside the brain. An incorrect positioning of
the surgical tool can result in severely harmful neurological com-
plications, e.g. ineffective treatment, intracranial hemorrhage, tem-
porary or permanent neurological deficit. Hence, they require an
intensive pre-operative planning to identify specific critical struc-
tures to avoid and/or to target.

We identified three major types of neurosurgical applications
that use preoperative CAP: (1) DBS, that requires the implanta-
tion of electrodes to release electrical impulses in specific brain re-
gions, generally called deep brain nuclei, and reduce the symptoms
due to movement disorders, e.g. Parkinson’s Disease; (2) SEEG,
which consists in implanting several multi-lead intra-cerebral elec-
trodes recording electrical signals in order to identify the epilep-
togenic zone of the brain that requires to be surgically resected
(Talairach and Bancaud (1973)); and (3) biopsy or generic stereo-
tactic techniques that require the insertion of a needle-shaped in-
strument for tumor/lesion histological analysis or ablation. Fig. 3
presents an example of DBS (left) and SEEG (right) implant sites,
with the main anatomical regions to be considered.

Considering the main objective of the above mentioned appli-
cations, it is possible to highlight some differences which also in-
fluence the constraints that must be fulfilled. DBS aims at target-
ing a specific anatomical structure: a key requirement to guaran-
tee the efficacy of the treatment is the optimal selection of the
stimulation point. In fact, according to different studies, the symp-
tom improvement strongly depends on how accurately the stimu-
lated brain area is targeted (Maks et al. (2009); Tisch et al. (2007);
Herzog et al. (2004); Saint-Cyr et al. (2002)). Changing the lo-
cation of the active contact within or around the nucleus may
provide different positive or negative clinical outcomes. The sig-
nal coverage of some brain tissues can even cause severe side ef-
fects (Mikos et al. (2011)). Based on this observation, the solu-
tions provided by D'Haese et al. (2005, 2012); Guo et al. (2007);
Dergachyova et al. (2018) used functional data to optimize the
target positioning of the inserted tool. Moreover, the anatomical
structures to be targeted are only a few millimeters long, which
makes targeting accuracy even more crucial. Other structures such
as thalamus, amygdala or hippocampus can be used as an electro-
physiological landmark when targeting, for example, the subthala-
mic nucleus (STN) and thus require to be segmented.

In SEEG, the goal of intracerebral electrode implantation is to
maximally record EEG from a given volume. Electrode arrange-
ments are planned in order to both maximize cortical coverage
and pass through safe, avascular planes. For example, in case of
mesial temporal lobe epilepsy, which is the most common type
of refractory epilepsy, the main suspected regions are hippocam-
pus (HC), the amygdala (AG) or the temporal neocortex. There-
fore, it is important to guarantee not only the accurate record-
ing from deep structures, but also a good coverage of the sur-
rounding cortical regions. This could be obtained by ensuring elec-
trodes pass through the maximal amount of gray matter (GM),
since it is generally the component of brain tissue that gener-
ates seizures (Zelmann et al. (2015)). SEEG is also the only neu-
rosurgical procedure that requires the planning of multiple elec-
trodes simultaneously, which increases the algorithm complexity
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Fig. 3. Example of DBS (left) and SEEG (right) implants. DBS usually requires the implant of an electrode connected to a stimulation device for the electrical inhibition of
specific brain zones such as the subthalamic nucleus or the globus pallidus. On the contrary, SEEG requires to implant multiple intra-cerebral electrodes, aiming at recording
the electrical activity of different cortical and deep-located regions. Insertion EPs are commonly located on gyri, while sulci zones are avoided.

and requires specific solution to manage different possible combi-
nations of trajectories (De Momi et al. (2014); Scorza et al. (2017a);
Sparks et al. (2017b)). Nonetheless, CAPs solutions for SEEG are
mostly fully automated, reducing as much as possible the interac-
tion with the user and trying to directly propose a set of optimal
trajectories.

Precise targeting of a lesion or tumour is also a fundamen-
tal requirement for biopsies and general stereotactic neurosurgi-
cal procedures, but on the other hand these applications demand
a careful assessment of the functionality of the tissue surround-
ing the target. Mapping the brain activity and connectivity around
the targeted lesion can reduce the likelihood of adverse outcomes
of the stereotactic procedure. To this end, no-go zones could be
defined to avoid severe cognitive, perceptual, motor, or language
deficits by including and processing multiple brain imaging modal-
ities (e.g. fMRI and DTI), as proposed by Bakhshmand et al. (2017);
Trope et al. (2015); Ahmadi et al. (2009). Biopsy applications usu-
ally require the planning of a single or reduced number of trajec-
tories, the TP could be located in very different brain regions and
the surgical tool is usually more invasive than, for example, SEEG
electrodes. Therefore, many authors* proposed an interactive as-
sistance type, augmenting the information provided to the surgeon
without directly propose an optimal trajectory.

In general, all the previously described procedures share also
other common constraints and requirements that guarantee the
safety of the procedure. In particular, some anatomical structures
must be avoided, such as:

« vessels, to avoid intracranial bleeding;

« ventricles, to prevent leakage of cerebrospinal fluid (CSF);

« sulci, to decrease the probability of hitting vessels, as they can
be located at any depth within a sulcus.

One of the major risks related to these procedures is in-
tracranial hemorrhage (Benabid et al. (2009); Mullin et al. (2016);
Li et al. (2019b)). To prevent that risk, 3D visualization and assess-
ment of the cerebrovascular tree play an important role. In general,
vessel segmentation methods can be divided into four categories:
vessel enhancement, machine learning, deformable models, and
tracking methods (Moccia et al. (2018)). Manual, semi-automatic
and fully automated thresholding approaches are the most widely

4 Shamir et al. (2010b, 2010a, 2012); Navkar et al. (2010); Rincén-

Nigro et al. (2013); Bakhshmand et al. (2017); Herghelegiu et al. (2011)
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used methods when angiography data are available®. Otherwise,
vessel enhancement filters are also popular approaches®. Sparks
et al. (2017a,b); Nowell et al. (2016) integrated in their CAP solu-
tion a multi-scale, multi-modal tensor voting algorithm proposed
by Zuluaga et al. (2015). Shamir et al. (2011) used an Expecta-
tion Maximization algorithm initialized by thresholding and post-
processed by multi-scale vesselness filter (Frangi et al. (1998)) ap-
plied to Magnetic Resonance Angiography (MRA). Level set is then
applied for vessel boundary extraction. Scorza et al. (2017b) pro-
posed a 2D automatic vessel segmentation based on Gaussian
mixture model (GMM) and Markov random field (MRF) that can
be applied directly to the Maximum Intensisty Projection (MIP)
image, in order to identify only vessels around the electrode.
Trope et al. (2015); Shamir et al. (2012) employed the method
proposed by Freiman et al. (2012), which combines an auto-
matic watershed-based method for large vessel segmentation, and
a graph-based method for small vessel segmentation and post-
processing. It exploits an edge weighting function that adaptively
couples the voxel intensity, an intensity prior, and a local vessel-
ness shape prior.

Structural brain segmentation has a large literature and many
different algorithms and software have been released for the
analysis of MRI images. As a consequence, some of them have
been used to generate the required brain structures that must
be considered during surgical planning. Bériault et al. (2012b,
2011, 2012a); Zelmann et al. (2013) used a set of different al-
gorithms based on probabilistic and multiple templates based
segmentation (Collins et al. (1999, 1995, 1994)) for the iden-
tification of left and right caudate, cortical GM, ventricles and
sulci. FreeSurfer (FS) is another well-known open source software
tool the analysis and processing of brain images (Fischl (2012)).
It offers different functionalities for image registration, skull
stripping, cortical surface reconstruction and anatomical labelling
among others (Fischl et al. (2002)). The results of the FS pipeline
have been used as inputs for the automated planning algorithms
in De Momi et al. (2012, 2014); Scorza et al. (2017a, 2018);
Sparks et al. (2017b). Essert et al. (2012b) used FS specifically
for the volumetric segmentation of the ventricular system, while

5 De Ledn-Cuevas et al. (2017); Liu et al. (2014, 2012); De Momi et al. (2012,
2014); Scorza et al. (2017a); Herghelegiu et al. (2011, 2012); Navkar et al. (2010)

6 Zelmann et al. (2015, 2013); Bériault et al. (2012a, 2012b, 2011);
Brunenberg et al. (2007); Ahmadi et al. (2009)
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the scalp and cortical sulci were automatically segmented by
through BrainVISA (Riviére et al. (2009)) anatomical segmentation
pipeline (Mangin et al. (2004)). In Essert et al. (2012a) the cortical
sulci were automatically segmented using an algorithm based on
curvature information (Le Goualher et al. (1997)).

In Sparks et al. (2017b,a); Nowell et al. (2016); Vakharia et al.
(2018b,a); Li et al. (2019a), Geodesic Information Flows (GIF) pre-
sented by Cardoso et al. (2015) is used to perform brain par-
cellation using the Brain Collaborative Open Labeling Online Re-
source (Brain-COLOR) atlas (Klein and Tourville (2012)) and de-
fine the anatomical labels of the cortex, GM and sulci. The brain
atlas contains 142 possible regions. In Dergachyova et al. (2018);
Essert et al. (2015); Hamzé et al. (2015), the preprocessing of
the images was performed using the pyDBS pipeline, a fully-
integrated and automatic image-processing workflow for planning
and postoperative assessment of DBS interventions as described in
D’Albis et al. (2015). pyDBS includes denoising, bias correction on
MRI, CT image registration to preoperative MRI, automatic segmen-
tation and 3D mesh reconstructions. In particular, after an inter-
active localization of the Anterior Commissure (AC) and Posterior
Commissure (PC), which are essential anatomical landmarks, the
pipeline performs an intensity-based segmentation of the scalp,
brain, and cortical sulci, as well as an atlas-based segmentation of
the brain ventricles and basal ganglia.

4.2. Abdominal surgery and ablation techniques

The placement of needle-shaped instruments in a minimally in-
vasive image-guided framework is a typical intervention performed
in the abdominal region, e.g. liver, kidney, or prostate, for biopsies
or minimally invasive tumor therapies. Percutaneous tissue abla-
tion procedures are widely used for the local treatment of primary
and metastatic tumors. These procedures aim to destroy the patho-
logical tissue by creating a necrotic zone in the target area. The
pre-operative planning of the intervention consists in finding an
optimal path that guarantees both the complete ablation of the tar-
get volume and a minimum amount of affected healthy tissue and
damage to adjacent vital structures.

Tissue ablation procedures might require one or more ablations
to be planned in order to guarantee that the target volume is com-
pletely destroyed. In fact an incomplete ablation might increase the
risk of tumor recurrence. The two major causes which can hinder
a complete ablation are the following: i) difficulty in reaching the
entire target volume due to technological constraints and ii) dif-
ficulty in releasing efficiently the ablative effect to the entire tar-
geted region because of the perfusion of nearby vessels and capil-
lary level microperfusion which interferes with the ablative effect.
The articles reported in Table 3-1.b focus mainly on the simulation
of the ablation zone, considering the surrounding anatomy. On the
other hand, the ablative effect could affect unforeseen locations,
leading to unwanted ablation of healthy tissue. Hence, an ablation
procedure is considered successful if the whole target volume and
the additional safety margin are covered by the coagulation and
overtreatment is minimized.

In this review we considered only energy-based ablation mech-
anisms in which the ablation instrument is used to destroy the
tissue in the target volume by changing the temperature within
that region. Hyperthermic ablation, such as RFA and MWA, heats
up the target region and causes an acute coagulative necrosis.
The first technology uses alternating current of radiofrequency
waves flowing from the electrode tip through the surrounding tis-
sue, while MWA uses electromagnetic waves to implement ther-
mal ablation. Within the electromagnetic field, polar molecules
such as water continuously realign to the continuously chang-
ing waves. This oscillating movement generates the heating ef-
fect. All tissue within the electromagnetic field is heated simul-
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Hepatic vein

Liver

Portal vein

Fig. 4. Example of liver percutaneous needle insertion. The main vascular trees cor-
responding to the hepatic vessels are represented. In the case of biopsy, a single
trajectory should be planned to reach the tumour region, avoiding ribs and vessels.
In the case of an ablation procedure, depending on the tumour size, it could be
necessary to plan more than a single path to guarantee the complete of ablation of
the targeted volume.

taneously, which reduces treatment times in comparison to RFA
(Huang et al. (2014); Yu et al. (2011); Gravante et al. (2008);
Martin et al. (2010); Yushkevich et al. (2006)). Hypothermic ab-
lation cools the target tissue which leads to the breakdown of
cellular metabolism, formation of ice crystals and osmotic shock.
Cryoablation, also referred to as cryosurgery, is the only hypother-
mic modality. It utilizes percutaneously placed instruments called
cryoprobes to decrease drastically the temperature in the target re-
gion in order to achieve cell death. All thermal ablation interven-
tions are negatively affected by the blood vessel perfusion: nearby
macroscopic vessels (larger than 1 mm in diameter) cause the so-
called heat/cold sink effect which consists in the dispersion and
removal of the heat/cold. This effect will reduce and deform the
boundary of the expected coagulation region.

In the case of hepatic interventions, the lung or the costo-
diaphragmatic recess should be avoided in order to prevent a
pneumothorax. Blood vessels should also be avoided: hepatic and
superior epigastric vessels should not be crossed in order to pre-
vent bleeding and pain. Bone structures such as the ribs repre-
sent an obstacle that prevents to reach the target. Furthermore,
nerves beneath the ribs can cause considerable pain and neuro-
logical deficits if injured. Fig. 4 shows example trajectories aimed
to reach a deep-seated location in the liver.

In terms of the feasibility of the procedure, the chosen path
should consider four key factors:

« the length of the chosen path should be as short as possible in
order to minimize the deviation from the planned path during
the intervention;

the angle between the path and the axial plane (vertical angu-
lation) should be as low as possible, in-plane trajectories being
easier to perform;

« the in-plane orientation (i.e., left, anterior, right, posterior) of
the selected access paths has to conform to the standard local
clinical workflow;

the collision with the scanner should be avoided, and the com-
fort of the patient and of the interventional radiologist should
be promoted.

It has been widely noted that the success of these proce-
dure hinges greatly on its pre-operative planning (Baegert et al.
(2007b,c)), which requires the identification of the anatomical
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Fig. 5. Example of pedicle screw insertion. The screw is inserted to a previously
drilled canal in the pedicle region. The screw must be correctly positioned to avoid
the breach of the anterior cortical bone and pedicles boundaries.

structures in the abdominal cavity and the location of the tumor
for its histopathological evaluation or for its ablative treatment.
The identification and reconstruction of extra-hepatic structures
(including the ribs, celiac artery/vein, spine, lung, stomach, and
spleen) and intrahepatic tissues (including the liver, liver vessels,
and liver tumor) is of utmost importance for the pre-operative
planning of these procedures. Chen et al. (2017) segmented
liver, bone, skin and hepatic tumors by a region-appearance-
based adaptive variational model proposed in Peng et al. (2014).
Thresholding and region growing techniques were used in
Helck et al. (2016); Ebert et al. (2016); Schumann et al. (2015).
Ren et al. (2014) applied a semi-automatic segmentation method
using the ITK-SNAP program’s geodesic active contour method
(Yushkevich et al. (2006)) to identify the key structures including
the tumor and structures that should not be traversed such as the
ribs, liver vasculature, and adjacent critical anatomical structures.

4.3. Spinal fusion

Vertebral fixation is a surgical procedure for the treatment of
different types of spinal column disorders including neurological
deficits or severe pain caused by ruptured or slipped discs, degen-
erative disc disease, vertebral fracture, stenosis, spondylolisthesis,
and spinal disc herniation. The spinal fixation is used for fusing
together and/or mechanically immobilizing vertebrae of the spine.
One of the most used techniques is the pedicle screw placement.
It consists in the insertion of screws from the posterior side, by
drilling a canal into the vertebra pedicle (Manbachi et al. (2014)).
During the procedure, however, clinically relevant screws that
are 4.5-8.0 mm in diameter, should be inserted into the lumbar
pedicle of the vertebra, which only has a diameter of about 6-
10 mm. Failure in doing so may cause unrecoverable damage to
the spinal cord, resulting in serious injury to the patient (Di Sil-
vestre et al. (2007)).

Determining the proper size and orientation of pedicle screws
in an operating room environment is challenging. If a mistake is
made in selecting an appropriate size and/or orientation of the
pedicle screw, the consequences for the patient may be severe and
cause great injury. In fact, fracturing the pedicle can damage nerve
roots, the dural sac, vascular structures, and pleura, while medial
breach of the spinal canal is particularly dangerous and can cause
paralysis. Fig. 5 shows a graphical representation of a pedicle screw
insertion procedure.

Surgical planning algorithms for pedicle screw insertion are
bounded to the specific anatomy of the vertebra, and require
the identification and segmentation of the different vertebral seg-
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Semicircular Canals

Cochlear nerve

External auditory canal

Fig. 6. Example of cochlear implant surgery. The drilled trajectory must reach the
entrance of cochlea without damaging the surrounding structures. In the anatomical
image are reported some of the most sensitive anatomical structures.

ments. Most of the solutions provided fall into automated planning
algorithms, taking advantage of the reduced variability in the ver-
tebra anatomy. Some authors working on trajectory planning have
also proposed their own pipelines for the segmentation of those
structures: Wicker and Tedla (2004); Xiaozhao et al. (2016) ap-
plied a thresholding method for the segmentation of a single ver-
tebral spine segment, exploiting the large gap between bone and
soft tissue intensity values. Further surface extraction was per-
formed via edge detection technique such as sobel, prewitt filters.
Lee et al. (2011a) proposed a method for the identification of the
vertebra, of the center point of the spinal canal and the spinal
pedicle, based on a three-steps algorithm which included i) a dy-
namic thresholding, ii) an edge matching step and iii) a connected
component analysis to isolate only-spine regions from the rest of
the structures. A morphological thinning operator was applied to
identify the spinal canal, which allowed for the subsequent identi-
fication of pedicles. This methodology has been used in Lee et al.
(2011b, 2012). Knez et al. (2018a, 2018b, 2016a, 2015, 2016b) used
a parametric modelling based on superquadrics. The 3D vertebral
body shape model was represented in the form of an elliptical
cylinder, and deformed by introducing additional shape parame-
ters and aligned to the observed vertebral body in the CT image
by maximizing the similarity between the 3D model and the cor-
responding anatomy. A analog procedure was applied to obtain the
3D pedicle models.

4.4. Maxillo-facial and ENT surgery

Articles focused on Maxillo and ENT surgery constitute a
minor part of the results. However, they follow the general
principles related to surgical planning modelling. While only
Gao et al. (2014) focused on cranio-facial surgery, the remain-
ing articles present methods for lateral skull based interventions
(Becker et al. (2013, 2012)), which include cochlea implant surgery
(Wimmer et al. (2014); Gerber et al. (2014); Noble et al. (2010a);
Al-Marzouqi et al. (2007)). The minimally invasive percutaneous
access to the cochlea requires the drilling of a small tunnel from
the outer surface of the mastoid, passing through the facial re-
cess and reaching the cochlea without damaging any sensitive sur-
rounding structure as the facial nerve, the external of the auditory
canal, the chorda tympani and the ossicles (the malleus, incus and
stape). Fig. 6 reports an example of cochlear implant.

From the mastoid surface to the cochlea, all of the above men-
tioned critical structures are contained within a region which
ranges between 1.0 - 3.5 mm in diameter (Noble et al. (2010a)),
through which the trajectory must also pass. Previous studies
demonstrated that a drilling accuracy of at least 0.5 mm would
be sufficient to safely drill through the facial recess without caus-
ing any damage to surrounding structures (Schipper et al. (2004)).



D. Scorza, S. El Hadji, C. Cortés et al.

Table 5

Medical Image Analysis 67 (2021) 101820

Combination of words used in the systematic review. The words within each group where searched with an 'OR’ connection, while be-

tween groups we applied an "AND’ connection.

group 1 group 2

group 3 group 4

Automat(ic, ed) Computeri(s/z)ed
Computer - assisted, aided

surgical surgery percutaneous needle(s)
screw(s) keyhole biopsy(ies) probe(s)

plan planning trajectory -ies path(s)

Therefore, the identification and segmentation of those anatomical
regions is mandatory for the development of automated surgical
planning algorithms.

In Becker et al. (2013, 2012), a simple thresholding method was
used for the segmentation of the cranial bone. However, all the
internal structures were manually labelled from the analysis of CT
images. In Gerber et al. (2014), the authors used semi-automatic
methods, manual thresholding and morphological operators. In
Wimmer et al. (2014) the ossicles, the cochlea, the vestibulum,
and the semicircular canals were segmented using a region grow-
ing algorithm, and manual refinement to remove outliers in the
bony labyrinth. With the exception of Noble et al. (2010a), which
localized the relevant structures using an atlas-based strategy
(Dawant et al. (1999); Rohde et al. (2003)) and specific segmenta-
tion pipelines (Noble et al. (2008, 2009, 2010b)), all the reported
works require the manual intervention of the user.

5. Conclusions

An extended overview of surgical planning assistance methods
focused on percutaneous keyhole interventions based on the in-
sertion of needle-shaped tools has been presented. The systematic
review included 113 articles, which have been classified and ana-
lyzed from different perspectives. To the authors’ knowledge, this
is the first systematic literature review that covers needle-shaped
trajectory planning assistance from a methodological point of view,
without focusing on a single clinical application.

The problem has been presented from a general perspective,
describing the principal phases guiding the modelling of percu-
taneous applications: image processing (Section 2.1), formalization
(Section 2.2), optimization (Section 2.3) and experimental design and
validation (Section 2.4). Along the description of each phase, we
provided practical examples by including the references to the ar-
ticles.

Focusing on optimization schemes, the review revealed that
the majority of the works represented the surgical planning prob-
lem with an aggregative approach, probably because of its in-
tuitiveness in defining the importance of each constraint. Only
few works have explored Pareto-based (Seitel et al. (2011);
Schumann et al. (2015); Hamzé et al. (2016)) and evolutionary ap-
proaches (Lim et al. (2013); Ren et al. (2014)), which are stated
to be more efficient in the resolution of non-convex optimiza-
tion problems. The great number of solutions exploiting exhaus-
tive search methods suggests that CAP applications have no strict
optimization requirements, and brute force methods are an effi-
cient approximation. However, we consider that Pareto-based op-
timization represents an interesting research area for the future,
that could provide more effective and efficient solutions.

We classified the validation experiments based on the type of
evaluation performed and the data used, providing a brief descrip-
tion and references of the most relevant experiments. In many
cases, the authors passed through many different validation steps
(e.g. authors’ of Epinav™, which represent the most advanced
platform in terms of validation experiments), indicating how sur-
gical planning modelling consists in a long and iterative process.

7 Zombori et al. (2014); Sparks et al. (2017a,b); Nowell et al. (2016); Vakharia
et al. (2018a, 2018b, 2019a, 2019b); Li et al. (2019a)
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However, using the validation provided as an indicator of the TRL,
only few systems can be considered close to their inclusion in
the clinical practice. In Vakharia et al. (2018b, 2019a), the au-
thors demonstrated the enormous variability in the definition of
a safe and optimal trajectory, at least in the SEEG domain. The
same problem has been reported for other neurosurgical scenarios,
which represent almost 50% of the available literature. There are
no standard rules to directly compare the quality of the proposed
assistance, that is also greatly influenced by the different medical
workflows of clinical centers (which include medical image scans,
segmentation methods, the hardware used for the interventions
and others). Additionally, every group appears to use its own so-
lution regarding the segmentation of relevant structures, prevent-
ing a direct comparison between planning algorithms in terms of
quantitative analysis.

Different clinical applications have been found from the litera-
ture research, presented in Section 4. While each clinical interven-
tion has its own requirements, it can be stated that they share a
common base and many of the algorithms could be easily adapted
to other domains. Actually, a general framework (similar to the
one proposed in Baegert et al. (2007c)) could provide a solution
adaptable to many of the interventions reported. Accordingly, in
Section 3 we presented many similar algorithms applied to dif-
ferent applications (especially abdominal and neurosurgical proce-
dures).

In our opinion, a fundamental requirement of those systems is
their usability: accurate anatomical segmentation seems to be one
of the major problems directly bounded to the anatomy of interest
and by which the results of a planning assistant are deeply influ-
enced. While neurosurgical and abdominal applications can take
advantage of a wide literature on segmentation algorithms, spine,
maxillo and ENT applications may require to implement their own
solutions. Especially the latter, which requires the precise segmen-
tation of small anatomical parts, did not present a robust segmen-
tation pipeline and manual intervention was often required, which
may prevent those systems to be widely used in the near future.

Finally, all the articles reported in this work assume perfectly
straight needle trajectories, with no deformation occurring during
the insertion. This specific problem has been addressed only in
Hamzé et al. (2015) and would certainly deserve more attention.

Appendix - Systematic search

We searched for publications on the topic of automatic plan-
ning in surgery on PubMed, Scopus, ISI Web of Science, in date
24/10/2019. The research included all the different combination of
4 groups of words, reported in Table 5.

The choice of such strict queries was determined by the spe-
cific topic covered by the review. To guarantee that all the relevant
works were considered, we reviewed the bibliography of each pa-
per contained in the study for additional citations.

Inclusion/Exclusion Criteria

In the review, we included all the papers that described a soft-
ware application able to assist the surgeons during the planning
phase of percutaneous surgeries. Automated, semi-automated or
interactive approaches aiming to simplify the trajectory definition
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Fig. 7. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram for the systematic identification, screening and included articles in the review.

have been considered. We intended as assistance all software so-
lutions able to provide a quantitative feedback regarding the safety
and effectiveness of the trajectory, or methods aimed to optimize
specific parameters of the surgery based on clinical considerations.
The search was limited to the last 19 years (from 2000) and only
papers written in English were taken into account. We voluntarily
discarded all the articles focused on steerable needles or describ-
ing the modeling approaches about needle-soft tissue interaction.
We considered those works to be related on the implementation
of new prototypes for robotic surgery, or to provide a realistic sim-
ulation between tissues and needles. The aim of this survey was to
revise the actual state of art in modeling and automatization of the
preoperative planning phase based on the clinical requirements of
percutaneous procedures.

The results of the literature search are presented in Fig. 7, rep-
resented in a workflow diagram as proposed by the PRISMA state-
ment (Moher et al. (2009)).
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