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Purpose: The Baker’s cysts appear within the popliteal fossa along with the progression of degenerative changes. Removal of
its contents through aspiration is often a necessary complement to treatment at various stages of the development of gonarthritis.
Methods: The paper presented a procedure for needle automatic needle path planning in cyst aspiration in transverse plane. The
method was based on optimization and used a custom objective function, which utilized cost maps obtained from preprocessed, seg-
mented images of the knee. The optimization was carried out with Differential Evolution. Furthermore, a preliminary sensitivity
analysis was carried out. The obtained paths were compared to the reference paths proposed by an experienced surgeon. Results: The
procedure was tested on 165 numerical simulations. In all of the obtained paths, the needle successfully avoided crucial objects, such
as veins, arteries and nerves. Furthermore, the overall travel distance in the joint was also minimized. When compared to the refer-
ence from the surgeon, 90% of the paths were almost the same or only slightly different. Furthermore, the remaining 10% of the
generated paths were viable but different. Conclusion: Based on the obtained results, the proposed solution could be a viable solution

for planning the aspiration of Baker’s cyst.
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1. Introduction

Osteoarthritis was for many years the most com-
mon joint disease in adults worldwide. Its incidence
rises with age. Clinically significant changes from the
epidemiological point of view most often concern the
spine, hip and knee joints [26]. The ongoing and in-
creasing epidemic of arthritis for several decades was
one of the reasons why the WHO organized “Decade of
the Bones and Joints: 2000-2010”. Standard methods of
gonarthritis treatment are: pharmacotherapy, rehabilita-
tion treatment, supplementation of hyaluronic acid de-
rivatives, orthobiologics, arthroscopic procedures, osteo-
tomies, unicompartment and total knee arthroplasty

(4], [8], [14], [19].

The so-called Baker’s cysts appear within the
popliteal fossa along with the progression of degen-
erative changes [1]. Removal of Baker’s cyst or its
contents is often a necessary complement to treatment
at various stages of the development of gonarthritis.
The need to remove the cyst most often results from
the limitation of the range of motion in the knee joint
and the symptoms of compression on the structures of
the popliteal fossa [36], [40]. The range of motion
could be further reduced by osteoarthritis and coxar-
thritis [13], [37]. Baker’s cysts are most often located
in the posteromedial region of the knee between the
medial belly of the gastrocnemius muscle and semi-
membranosus tendon [12]. The Baker’s cyst forms
through a connection between the knee joint and a bursa
[12]. It has been known for many years that the most
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frequently associated pathologies are meniscal lesions
(lesions of the medial meniscus in 82% of the cases
and of lesions of the lateral meniscus in 38%) and
degenerative changes of the articular cartilage [18].

Differential diagnostics include an interview, physi-
cal examination and radiological diagnostics. It is
imperative to pay attention to Foucher’s sign during
the physical examination. The Baker’s cyst decreases
with 45 degrees of knee joint flexion [7]. Ultrasound
examination and MRI are useful in radiological diag-
nostics. Ultrasonography allows us to evaluate fluid
the tumor content and cyst location [6], [31]. An ac-
curate and comparable study can be done by MRI [16],
[31]. Effective treatment should be causal and include
treatment of the osteoarthritis. The aspiration and pos-
sible, additionally, local injection of corticosteroids
is an emergency action, decompressing the compres-
sion symptoms within the popliteal fossa as it presents
a high rate of recurrence of the cyst [15], [27]. So it
only makes sense as a temporary measure and is not
a complete, proper treatment. However, such action is
needed in the case of pressure symptoms or as an ad-
junct to causal treatment.

In recent years, a paradigm shift can be observed
in robotics and specifically in computer aided surgery,
as seen in the growing number of research papers in
this field [22], [28]. This interest can be explained by
the increasing shortages in the health sector combined
with the ageing of the world population. The focus is
now put on autonomous and semi-autonomous surgery
as it can potentially offload surgeons. The current re-
search is mostly focused on: presurgery planning [3],
[25], guided surgery [32], [34] and tele-surgery [29].
A crucial aspect of planning for autonomous or semi-
autonomous surgical procedures is the path planning
for medical instruments. While there are many meth-
ods available for path planning in 2D and 3D space
for robotic applications [2], [10], [30], [33], the prob-
lem is still complex when considering surgical proce-
dures. Such techniques have been employed in endo-
vascular surgery [17], surgeon training systems [30]
and steerable needle insertion [38]. Nevertheless, to the
best of our knowledge these approaches have not been
applied in modeling knee joint surgery, or specifically
for needle path planning in cyst aspiration.

The aim of this study was to develop a method for
optimal needle path planning in Baker’s cyst aspira-
tion in the transverse plane. Based on the segmented
image of the knee, the procedure estimated the target
aspiration point, preprocessed the images and com-
puted the cost map. Then, the optimal needle aspira-
tion path in the transverse plane, which included aspi-
ration point and angle, was obtained using numerical

optimization with Differential Evolution (DE). The re-
sults were then critically compared to the reference
paths proposed by an experienced surgeon.

2. Method

Based on the segmented two-dimensional input
image of the knee joint in the transverse plane. First,
a cost map for path optimization and an estimate for
the target point were obtained. After that, the optimal
needle aspiration point and angle in the transverse plane
were obtained using DE. The most important aspects of
the procedure were explained in the following para-
graphs.

2.1. The input data set

The input to the proposed procedure was a seg-
mented image of the knee in the transverse plane. This
was in line with medical practice, as cyst aspiration is
often carried out in the transverse plane or a plane
close to it. In the images, each region of the knee had
a separate color (Fig. 1a). Along with these images,
a weight matrix was supplied. The weight matrix con-
tained the weights of the regions, i.e., numerical values
representing the cost of traversing the knee regions (the
higher the number, the more costly/dangerous the re-
gion was).

The segmented image contained separate regions
for:
bones,
muscle tissue,
fat tissue along with skin,
nerves,
veins and arteries,
cyst,
operational space.

The weights for each region were consulted with
a clinician (the second author) based on medical prac-
tice. The veins, arteries and nerves were assigned the
maximal value of 100.0, while the operational space
was set to 0.0. The muscle tissue and the fat were
considered fairly safe to transverse with weights set
to 20.0 and 1.0, respectively. The bones had their weight
set at 2.0 — in practice, the search was constrained to
the posterior part of the knee and the possibility of
reaching the bones was limited. Also, higher weight
for the bones caused numerical problems in some
cases. The cyst’s weight was set to 0.0, because the
cost of traversing the cyst was directly included in
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Fig. 1. a) A sample segmented knee image along with the needle path provided by the surgeon,
b) a cost map generated from the image using the proposed method (brighter colors signify regions more costly to traverse)

the objective function, described in the following sec-
tions.

In this study, the images were manually segmented
by an experienced clinician. Each region of the knee
was assigned a different, unique color. Furthermore,
each image also contained a needle path proposed the
surgeon based on clinical practice. This path can be
used as a reference when assessing the results ob-
tained from the procedure.

2.2. Obtaining the cost map

In typical path planning problems the domain is
usually partitioned into two sets: the collision-free and
the collisive set. A path, which contains collisions is
often considered unfeasible. Therefore, the main aim
for the search procedure is to find a path, which does
not contain any collisions (and then potentially opti-
mize it). The approach used in this study was based on
slightly different assumptions. The domain was treated
as one set, in which every point was accessible but also
had a traversion-cost assigned to it. This meant that,
even theoretically, there could not be a collision-free
path, however, the paths could still be compared — the
one with the lower cost of traversability was consid-
ered better. This soft approach to path planning is less
common in mobile robotics but it can be useful in
medical problems. In order to perform to such an op-
timization, a cost map, which contains the traversion-
cost for every point, was needed. The process of ob-
taining it was described below.

As mentioned before, the input data set to the pro-
cedure consisted of segmented images of seven re-

gions in the knee. These images represented the Baker’s
cyst as well as other regions of the knee with different
weights. The preconditioning of the images was per-
formed in three steps. Firstly, the color image was
transformed into monochrome, in which pixels of dif-
ferent regions had their value based on the previously-
mentioned region weights (Section 2.1). This step
return a preliminary cost map for path planning. In
order to add customizability to this model as well in-
crease the safety of the procedure, the obtained map
was additionally blurred with Gaussian filtering. The
obtained blurred image was then added with a weighted
sum to the original map, creating a final customizable
representation of the collision space. This procedure
resulted in a basin-like collision-space, in which even
the vicinity of important and delicate elements was
costly to traverse. It is worth emphasizing that the
parameters used for obtained could be customized. In
the latter part of the study, the sensitivity of the pro-
cedure to these elements was also analyzed. The proc-
ess of obtaining the final cost map was summarized in

Eq. (1):
cost _map fin = cost _map;,,;

+ s[gaussian _ filter(cost _map,,;, 0)], )

where: cost_mapyg, — the final cost map representing
the collision space, cost_map;,; — the initial cost map,
s — the scale factor, which determines how blurred the
final image was, gaussian_filter() — the Gaussian filter
(blur) function, which depends on one parameter, the
standard deviation o.

A sample image presenting a final cost map obtained
with the proposed method was presented in Fig. 1b.
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2.3. The vector of decision variables

The vector of decision variables x represented the
two-dimensional path for the needle in the transverse
plane and was written as follows:

X = ['xtarget yturget g]T > (2)

where: Xiurger (Viarger) — the x (v) coordinate of the target
point for the aspiration in the transverse plane; 6 — the
approach angle for the needle in the transverse plane.

It contained three components, two of which were
the coordinates of the target point for the aspiration.
The third element of x represented the angle of ap-
proach for the needle. In total, the path of the needle
aspiration in the transverse plane was simplified into
three variables. Some additional constraints were put
on the target point. Namely, within the objective func-
tion it was bound to be relatively close to the center of
the largest empty circle (LEC) inside the cyst based
on [9].

2.4. The objective function

In this study, the objective function was composed
of two separate criteria and computed using a weighted
average.

The first criterion signified the number of weighted
collisions between the needle and the knee. Comput-
ing the collisions with the previously obtained colli-
sion map was a multi-stage process. Firstly, a binary
image of the needle swiped through its path was ob-
tained. The image was of the same resolution as the
collision map. The needle was simplified into a rec-
tangular shape, which was oriented and located based
on the vector of decision variables, while taking into
account the size of the collision map and its edges.
The value of 1 was assigned to pixels representing the
needle, while the background was set to 0. Then, a mul-
tiplication operation was performed between the ob-
tained needle image and the final cost map. This re-
sulted in an image, where only the parts covered by
the needle had values higher than 0. In order to com-
pute the traversion-cost for needle, a simple sum op-
eration was performed on the final image. This value,
the collision sum — collision_sum, constituted the first
part of the objective function:

f(x)=w, -collision _sum+ w, - dist, 3)

where: collision_sum — the sum of collisions between
the needle and the final cost map, dist — the second
criterion based on a nonlinearly scaled distance be-

tween the target point and the LEC center, w;/w, — the
weights of the subobjectives.

The first criterion — collision _sum — took the travel
distance and cost for the needle into account. Never-
theless, it was also necessary to explicitly include the
aspiration point in the objective, to make sure that the
algorithm took its location into account, while mini-
mizing the traversion-cost. This was done using a sec-
ond criterion — dist (Eq. (3)), which was formulated as
a nonlinear distance between the target point and the
center of the LEC inside the cyst, which was com-
puted using the method presented in [9]. Our initial
simulations suggested that simply adding the Euclidean
distance as the second criterion was not enough to en-
sure that the target would be inside the cyst. Therefore,
nonlinear scaling was used on the distance. For dis-
tances smaller than 70% of the radius of the LEC r;gc,
the distance scaled linearly. Nevertheless, if the dis-
tance exceeded 70% of r;zc, it was squared and multi-
plied by 5. This returned a much higher value and in
practice worked similarly to a penalty function, which
ensured that the target would not be outside the cyst.
The actual value of the criterion was calculated based
on the following formula:

dist =
lf dlSttarget—LECcenter <0.7- TiEc» then: dlsz’l”ge’*LEccem‘f’
p g . F ot 2
U( dlSttarget—LECcenter <0.7- TEc then:5- dlSttarget*LECCfm"”

“4)
where: dist — the value of the second criterion in the
objective function, distsger.reccener — the Euclidean dis-
tance between the target point and the center of the
LEC inside the cyst, r zc — the radius of the LEC in-
side the cyst.

As mentioned before, the two subobjectives — col-
lision sum and dist — described in the previous para-
graphs formed the final objective function with weighted
sum as can be seen in Eq. (3).

2.5. The optimization procedure

The optimization routine used in this paper is DE
[35]. DE is a modern representative of a large group
of metaheuristic optimization algorithms referred to as
evolutionary computation, which also include differ-
ent algorithms used in varied applications [2], [10],
[11], [23]. In DE, the optimization proceeds by iter-
ating over a set of solutions and is gradually improved
using differential operators, which mix and mutate the
solutions. Its main advantages over other optimization
methods are: global search and no need for differenti-
able objective function.
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2.6. The sensitivity analysis

In order to verify the behavior of the proposed
procedure a preliminary sensitivity analysis was car-
ried out. The path planning procedure was repeated
15 times for each of the studied 11 cases. The first
variant (id = 1, Table 1) was finetuned manually, so
that the returned paths would be clinically viable and
it served as a basis for other variants. In every itera-
tion, one of the parameters of the procedure was
modified to check the sensitivity of the method to that
parameter.

The parameters included the weights of the col-
lisive regions, the scaling and blur factor for preproc-
essing the images, the weights of the objective func-
tion and selected aspects of DE, namely: population
size and number of generations. After each run, the
script logged the values of the objective function for
the generated path and the path proposed by the sur-
geon as well as a visual representation of the paths on
the cost map.

The weights for the operational tissue and fat were
set at 0 and 1 respectively and due to their lower sig-
nificance the surgical procedure — they were not in-
cluded in the analysis. As the cyst was already in-
cluded in the second subobjective of the objective
function, its weight was also set to 0 and not modified
during the test.

In order to numerically compare the paths proposed
by the surgeon to the ones generated by the procedure,
the following relative indicator was computed for each
case within each procedure variant (3):

rel _diff =[(f(x,) = f(x,))/ f(x,)]-100%, (5)

where: rel_diff — the indicator of the relative difference
between the path from the surgeon and the generated
one; this indicator was computer for each case within
each variant of the procedure (in total: 165 times),
J(x5)/f (xg) — the value of the objective function for the
path, which was proposed by the surgeon/generated
by the procedure.

3. Results

The proposed method was tested using 11 seg-
mented images of the knee over 15 different variants
of the procedure. All of the 165 of the paths generated
by the procedure were safe and viable. When com-
pared to the reference paths proposed by the surgeon,
three different trends were observed. Namely, the path
obtained with the procedure could be:

e almost the same as the reference path (45% of the
results),

e slightly different from the path proposed by the
surgeon (45% of the results),

e significantly different from the path proposed by

the surgeon (10%).

In almost half of the studied cases, the difference
between the path proposed by the surgeon and the
computer-generated one was negligible or the paths
were highly similar. An example of such a case was
presented in Fig. 2. Both paths were safe — all of the
important structures were avoided with safe distance,

Table 1. The variants of the procedure tested during the preliminary analysis of sensitivity, where: id — the id number
of the procedure variant, max_gen — number of generations in DE, pop_size — number of solutions in each generation,
wy and w, — the weights of the subobjectives in the objective function, s and ¢ — the parameters used to obtain the final cost map
(Section 2.2), wy/w,,/w,/w, , — the weight for the bone/muscle/nerves/veins and arteries used for computing the final cost map
(Sections 2.1 and 2.2)

id max_gen pop_size Wi Wy scale sigma wp W W, Wy g
1 60 180 1 15 6 11 2 20 100 70
2 30 180 1 15 6 11 2 20 100 70
3 90 180 1 15 6 11 2 20 100 70
4 60 90 1 15 6 11 2 20 100 70
5 60 270 1 15 6 11 2 20 100 70
6 60 180 5 15 6 11 2 20 100 70
7 60 180 10 15 6 11 2 20 100 70
8 60 180 1 15 3 11 2 20 100 70
9 60 180 1 15 9 11 2 20 100 70
10 60 180 1 15 6 6 2 20 100 70
11 60 180 1 15 6 16 2 20 100 70
12 60 180 1 15 6 11 2 60 100 70
13 60 180 1 15 6 11 42 20 100 70
14 60 180 1 15 6 11 2 20 60 70
15 60 180 1 15 6 11 2 20 100 30
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while the overall travel distance was also minimized.
The target points in both approaches were close to the
center of the largest empty circle for the cyst or its
widest cross-section. Furthermore, both paths would
be easy to execute in an actual clinical scenario.

Fig. 2. An example of a generated path (green color)
that was almost the same as the path
proposed by the surgeon (red color)

Fig. 3. An example of a generated path (green color)
that was slightly different from the path
proposed by the surgeon (red color)

In Figure 3, a trend is shown, in which the paths of
the surgeon differed from the generated ones, but only
very slightly. It can be seen that the paths were con-
ceptually similar, the only observable difference was
in travel distance over muscle tissue. In this case, the
path obtained from the procedure was less invasive
— or, in other words, shorter within the knee joint.

Fig. 4. An example of a generated path (green color)
that was significantly different from the path
proposed by the surgeon (red color)

An example of a case in which the path obtained
with the procedure differed significantly from the one
proposed by the surgeon was presented in Fig. 4.

A summary of the obtained results was presented
in Table 2. In general, in all of the studied cases the
value of the objective function was lower for the gen-
erated path when compared to the path given by the
surgeon. This suggested that the computed paths were
more optimal in terms of the assumed objective — 80%
better on average.

Table 2. A summary of the results obtained from each variant
of the procedure, when the generated paths were compared
to the reference provided by the surgeon with the relative
difference indicator (Eq (3) in Section 2.4), where min, max,
avg indexes stand for minimal, maximal and average values

id rel_diffyin [%] | rel_diffya [%] | rel_diffa,s [%]
1 27.13 99.77 80.31
2 26.81 99.77 80.10
3 27.47 99.77 80.31
4 27.72 99.77 80.20
5 27.72 99.77 80.35
6 24.93 99.81 79.33
7 25.14 99.82 79.87
8 28.51 99.87 81.62
9 27.64 99.77 79.70
10 23.20 99.90 83.31
11 24.80 99.72 78.23
12 18.95 99.89 79.07
13 27.41 99.77 81.06
14 23.38 99.79 79.77
15 27.95 99.77 80.08

4. Discussion

Based on the obtained results, it could be con-
cluded that the first and the second trend validated the
proposed procedure. Nevertheless, in terms of nov-
elty, the most interesting cases were found in the third
trend, in which the approach proposed by the surgeon
differed significantly from the path that was gener-
ated. Within this trend, the generated paths minimized
the travel among all of the soft tissues — this included
the fat tissue and the muscle tissue as well. On the
other hand, the paths proposed by the surgeon were
mostly focused on avoiding the arteries and nerves
based on the premise that muscle and fat tissue dam-
age can be neglected. However, it should be men-
tioned, that in both of these approaches, the needle did
not penetrate the arteries and nerves. The paths pro-
posed by the surgeon also took into account the prac-
tical aspects of positioning the patient during surgery.
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The proposed angles of approach would be easier to
execute with the available medical equipment. Never-
theless, the generated paths could be seen as interesting
and potentially viable. However, additional constraints
regarding the operational space should be included in
the optimization.

In terms of the objective function, the raw numeri-
cal values suggested that the paths obtained with the
proposed procedure were more optimal than the refer-
ence, it would be difficult to ascertain whether the
assumed objective contained all of the aspects impor-
tant in surgical procedures. Therefore, these results
should be interpreted with caution.

On the other hand, it could be seen that the pa-
rameters of the procedure had a significant effect on
the output. This suggested that a further study with
a more complete sensitivity analysis should be carried
out. Based on the current results, it can be seen that
the variant 11 returned the closest results to the refer-
ence provided by the surgeon. In this case, the value
of the standard deviation for the Gaussian blur was
increased and the resulting cost map had softer transi-
tions between regions. On the other hand, the biggest
difference between the paths proposed by the surgeon
and the generated ones was obtained with the variant 10,
in which the standard deviation was decreased. This
showed that the image preprocessing phase highly
impacted the results. The problem should be studied
more within a comprehensive sensitivity analysis. Po-
tentially, by tuning the parameters, the procedure could
be able to either fully mimic the surgeon or focus on
obtaining viable and unconventional approaches, which
might be used in surgical planning.

In terms of the path planning approach, it can be
seen that typical approaches to path planning in surgi-
cal procedures often include Rapidly-exploring Ran-
dom Trees (RRT) [5], [38], graph-based approaches (for
instance: Dijkstra’s algorithm) [30] or simple motion
planners, usually based on user input or image proc-
essing [20], [21], [39]. However, the studies in which
they are employed usually involve entire robotic sys-
tems for autonomous surgery or surgery planning and
the test cases are based on simplified phantoms or
computer generated environments, in which the col-
lisive elements do not have a variable cost assigned to
them. In this study, actual segmented images of the
knee were employed and processed into cost maps.
Furthermore, the results were compared to reference
provided by a surgeon. To the best of our knowledge,
such an approach was not undertaken before for medi-
cal path planning in knee surgery. On the other hand,
the cases in this study did not account for tissue de-
formation, nevertheless, this problem is often solved

by continuous path re-planning under magnetic reso-
nance or ultrasound [38]. The proposed method could
be also seen as a subset of reinforcement learning. With
a wider database of reference paths, the procedure itself
could be optimized to reproduce the output of an expe-
rienced surgeon. In such a case, the planned paths could
be superimposed onto the image in head-mounted dis-
plays in augmented reality surgical systems [24].

5. Conclusions

In this paper, a procedure for automatic needle
path planning in Baker’s cyst aspiration was proposed
and tested using 165 numerical simulations. In all of
the 165 obtained paths, the needle successfully avoided
crucial objects, such as nerves, veins and arteries.
Furthermore, the overall travel distance in the joint
was also minimized.

In general, the obtained results suggested a high
correlation between the software and the approach of
an experienced surgeon. Nevertheless, in some cases,
the path generated by the procedure differed from the
one proposed by the surgeon. In such cases, while both
paths were technically feasible, the surgeon’s path
would be easier to execute during actual surgery. Based
on the analysis of such cases, we believe that additional
constraints should be imposed on the objective function
to include the ease of executing the approach.
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