
 

 

DOI: 10.37190/ ABB-02157-2022-02 1 

 2 

Differential evolution and cost-maps for needle path planning in Baker’s cyst aspiration 3 

 4 

Adam Ciszkiewicz1*, Jacek Lorkowski2, Grzegorz Milewski3 5 

 6 

1.Faculty of Mechanical Engineering, Cracow University of Technology, Cracow, Poland 7 

 8 

2. Department of Orthopaedics, Traumatology and Sports Medicine, Central Clinical Hospital 9 

of the Ministry of the Interior and Administration in Warsaw, Warsaw, Poland 10 

 11 

3. Faculty of Mechanical Engineering, Cracow University of Technology, Cracow, Poland 12 

 13 

*Corresponding author: Adam Ciszkiewicz, Faculty of Mechanical Engineering, Cracow 14 

University of Technology, Cracow, Poland, email address: adam.ciszkiewicz@pk.edu.pl 15 

 16 

Submitted:23rd November 2022 17 

Accepted: 26th January 2023 18 

 19 

  20 



 

 

1. Introduction 21 

Osteoarthritis was for many years the most common joint disease in adults worldwide. Its 22 

incidence rises with age. Clinically significant changes from the epidemiological point of 23 

view most often concern the spine, hip and knee joints [26]. The ongoing and increasing 24 

epidemic of arthritis for several decades was one of the reasons why the WHO organized 25 

“Decade of the Bones and Joints: 2000-2010’’. Standard methods of gonarthritis treatment 26 

are: pharmacotherapy, rehabilitation treatment, supplementation of hyaluronic acid 27 

derivatives, orthobiologics, arthroscopic procedures, osteotomies, unicompartment and total 28 

knee arthroplasty [4], [8], [14], [19]. 29 

The so-called Baker's cysts appear within the popliteal fossa along with the progression of 30 

degenerative changes [1]. Removal of Baker's cyst or its contents is often a necessary 31 

complement to treatment at various stages of the development of gonarthritis. The need to 32 

remove the cyst most often results from the limitation of the range of motion in the knee joint 33 

and the symptoms of compression on the structures of the popliteal fossa [36], [40]. The range 34 

of motion could be further reduced by osteoarthritis and coxarthritis [13], [37]. Baker's cysts 35 

are most often located in the posteromedial region of the knee between the medial belly of the 36 

gastrocnemius muscle and semimembranosus tendon [12]. The Baker’s cyst forms through a 37 

connection between the knee joint and a bursa [12]. It has been known for many years that the 38 

most frequently associated pathologies are meniscal lesions (lesions of the medial meniscus in 39 

82% of the cases and of lesions of the lateral meniscus in 38%) and degenerative changes of 40 

the articular cartilage [18].  41 

Differential diagnostics include an interview, physical examination and radiological 42 

diagnostics. It is imperative to pay attention to Foucher's sign during the physical 43 

examination. The Baker's cyst decreases with 45 degrees of knee joint flexion) [7]. 44 

Ultrasound examination and MRI are useful in radiological diagnostics. Ultrasonography 45 

allows us to evaluate fluid the tumor content and cyst location [6], [31]. An accurate and 46 

comparable study can be done by MRI [16], [31]. Effective treatment should be causal and 47 

include treatment of the osteoarthritis. The aspiration and possible, additionally, local 48 

injection of corticosteroids is an emergency action, decompressing the compression symptoms 49 

within the popliteal fossa as it presents a high rate of recurrence of the cyst [15], [27]. So it 50 

only makes sense as a temporary measure and is not a complete, proper treatment. However, 51 

such action is needed in the case of pressure symptoms or as an adjunct to causal treatment. 52 

In recent years, a paradigm shift can be observed in robotics and specifically in computer 53 

aided surgery, as seen in the growing number of research papers in this field [22], [28]. This 54 
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interest can be explained by the increasing shortages in the health sector combined with the 55 

ageing of the world population. The focus is now put on autonomous and semi-autonomous 56 

surgery as it can potentially offload surgeons. The current research is mostly focused on: 57 

presurgery planning [3], [25], guided surgery [32], [34] and tele-surgery [29]. A crucial aspect 58 

of planning for autonomous or semi-autonomous surgical procedures is the path planning for 59 

medical instruments. While there are many methods available for path planning in 2D and 3D 60 

space for robotic applications [2], [10], [30], [33], the problem is still complex when 61 

considering surgical procedures. Such techniques have been employed in endovascular 62 

surgery [17], surgeon training systems [30] and steerable needle insertion [38]. Nevertheless, 63 

to the best of our knowledge these approaches have not been applied in modeling knee joint 64 

surgery, or specifically for needle path planning in cyst aspiration. 65 

The aim of this study was to develop a method for optimal needle path planning in Baker’s 66 

cyst aspiration in the transverse plane. Based on the segmented image of the knee, the 67 

procedure estimated the target aspiration point, preprocessed the images and computed the 68 

cost map. Then, the optimal needle aspiration path in the transverse plane, which included 69 

aspiration point and angle, was obtained using numerical optimization with Differential 70 

Evolution (DE). The results were then critically compared to the reference paths proposed by 71 

an experienced surgeon.  72 

 73 

2. Method 74 

Based on the segmented two-dimensional input image of the knee joint in the transverse 75 

plane. Firstly a cost map for path optimization and an estimate for the target point were 76 

obtained. After that, the optimal needle aspiration point and angle in the transverse plane were 77 

obtained using DE. The most important aspects of the procedure were explained in the 78 

following paragraphs. 79 

 80 

2.1. The input data set 81 

The input to the proposed procedure was a segmented image of the knee in the transverse 82 

plane. This was in line with medical practice, as cyst aspiration is often carried out in the 83 

transverse plane or a plane close to it. In the images, each region of the knee had a separate 84 

color – see Fig. 1a. Along with these images, a weight matrix was supplied. The weight 85 

matrix contained the weights of the regions - i.e. numerical values representing the cost of 86 

traversing the knee regions (the higher the number, the more costly/dangerous the region 87 

was). 88 



 

 

The segmented image contained separate regions for: 89 

• bones, 90 

• muscle tissue, 91 

• fat tissue along with skin,  92 

• nerves, 93 

• veins and arteries, 94 

• cyst, 95 

• operational space. 96 

The weights for each region were consulted with a clinician (the second author) based on 97 

medical practice. The veins, arteries and nerves were assigned the maximal value of 100.0, 98 

while the operational space was set to 0.0. The muscle tissue and the fat were considered 99 

fairly safe to transverse with weights set to 20.0 and 1.0 respectively. The bones had their 100 

weight set at 2.0 - in practice the search was constrained to the posterior part of the knee and 101 

the possibility of reaching the bones was limited. Also, higher weight for the bones caused 102 

numerical problems in some cases. The cyst's weight was set to 0.0, because the cost of 103 

traversing the cyst was directly included in the objective function, described in the following 104 

sections.  105 

 106 

Fig. 1. a) A sample segmented knee image along with the needle path provided by the 107 

surgeon; b) a cost map generated from the image using the proposed method (brighter colors 108 

signify regions more costly to traverse). 109 

 110 

In this study the images were manually segmented by an experienced clinician. Each 111 

region of the knee was assigned a different, unique color. Furthermore, each image also 112 



 

 

contained a needle path proposed the surgeon based on clinical practice. This path would be 113 

used as a reference when assessing the results obtained from the procedure. 114 

 115 

2.2. Obtaining the cost map 116 

In typical path planning problems the domain is usually partitioned into two sets: the 117 

collision-free and the collisive set. A path, which contains collisions is often considered 118 

unfeasible. Therefore, the main aim for the search procedure is to find a path, which does not 119 

contain any collisions (and then potentially optimize it). The approach used in this study was 120 

based on slightly different assumptions. The domain was treated as one set, in which every 121 

point was accessible but also had a traversion-cost assigned to it. This meant that, even 122 

theoretically, there could not be a collision-free path, however, the paths could still be 123 

compared - the one with the lower cost of traversability was considered better. This soft 124 

approach to path planning is less common in mobile robotics but it can be useful in medical 125 

problems. In order to perform to such an optimization, a cost map, which contains the 126 

traversion-cost for every point, was needed. The process of obtaining it was described below. 127 

As mentioned before, the input data set to the procedure consisted of segmented images of 128 

seven regions in the knee. These images represented the Baker’s cyst as well as other regions 129 

of the knee with different weights. The preconditioning of the images was performed in three 130 

steps. Firstly, the color image was transformed into monochrome, in which pixels of different 131 

regions had their value based on the previously-mentioned region weights (see the section 132 

2.1). This step return a preliminary cost map for path planning. In order to add customizability 133 

to this model as well increase the safety of the procedure, the obtained map was additionally 134 

blurred with Gaussian filtering. The obtained blurred image was then added with a weighted 135 

sum to the original map, creating a final customizable representation of the collision space. 136 

This procedure resulted in a basin-like collision-space, in which even the vicinity of important 137 

and delicate elements was costly to traverse. It is worth emphasizing that the parameters used 138 

for obtained could be customized. In the latter part of the study, the sensitivity of the 139 

procedure to these elements was also analyzed. The process of obtaining the final cost map 140 

was summarized with the following equation (1): 141 

 142 

cost_mapfin = cost_mapini + s[gaussian_filter(cost_mapini, σ)]    (1) 143 

 144 

where: cost_mapfin – the final cost map representing the collision space, cost_mapini – the  145 

initial cost map, s – the scale factor, which determines how blurred the final image was, 146 



 

 

gaussian_filter() – the Gaussian filter (blur) function, which depends on one parameter, the 147 

standard deviation σ. 148 

 149 

A sample image presenting a final cost map obtained with the proposed method was presented 150 

in Fig 1b. 151 

 152 

2.2. The vector of decision variables 153 

The vector of decision variables x represented the two-dimensional path for the needle in the 154 

transverse plane and was written as follows: 155 

 156 

        x = [xtarget   ytarget   θ]T        (2) 157 

  158 

where: xtarget (ytarget) – the x (y) coordinate of the target point for the aspiration in the 159 

transverse plane; θ – the approach angle for the needle in the transverse plane. 160 

 161 

It contained three components, two of which were the coordinates of the target point for the 162 

aspiration. The third element of x represented the angle of approach for the needle. In total, 163 

the path of the needle aspiration in the transverse plane was simplified into three variables. 164 

Some additional constraints were put on the target point. Namely, within the objective 165 

function it was bound to be relatively close to the center of the largest empty circle (LEC) 166 

inside the cyst based on [9]. 167 

 168 

2.3. The objective function 169 

In this study, the objective function was composed of two separate criteria and computed 170 

using a weighted average. 171 

The first criterion signified the number of weighted collisions between the needle and the 172 

knee. Computing the collisions with the previously obtained collision map was a multi-stage 173 

process. Firstly, a binary image of the needle swiped through its path was obtained. The 174 

image was of the same resolution as the collision map. The needle was simplified into a 175 

rectangular shape, which was oriented and located based on the vector of decision variables, 176 

while taking into account the size of the collision map and its edges. The value of 1 was 177 

assigned to pixels representing the needle, while the background was set to 0. Then, a 178 

multiplication operation was performed between the obtained needle image and the final cost 179 

map. This resulted in an image, where only the parts covered by the needle had values higher 180 



 

 

than 0. In order to compute the traversion-cost for needle, a simple sum operation was 181 

performed on the final image. This value, the collision sum – collision_sum, constituted the 182 

first part of the objective function: 183 

 184 

        f(x)  = w1 ⋅ collision_sum + w2 ⋅ dist       (3) 185 

 186 

where: collision_sum – the sum of collisions between the needle and the final cost map, 187 

dist – the second criterion based on a nonlinearly scaled distance between the target point and 188 

the LEC center, w1/w2 – the weights of the subobjectives. 189 

 190 

The first criterion – collision_sum – took into account the travel distance and cost for the 191 

needle. Nevertheless, it was also necessary to explicitly include the aspiration point in the 192 

objective, to make sure that the algorithm took its location into account, while minimizing the 193 

traversion-cost. This was done using a second criterion – dist – (see Eq (3)), which was 194 

formulated as a nonlinear distance between the target point and the center of the LEC inside 195 

the cyst, which was computed using the method presented in [9]. Our initial simulations 196 

suggested that simply adding the Euclidean distance as the second criterion was not enough to 197 

ensure that the target would be inside the cyst. Therefore, nonlinear scaling was used on the 198 

distance. For distances smaller than 70% of the radius of the LEC rLEC, the distance scaled 199 

linearly. Nevertheless, if the distance exceeded 70% of rLEC, it was squared and multiplied by 200 

5. This returned a much higher value and in practice worked similarly to a penalty function, 201 

which ensured that the target would not be outside the cyst. The actual value of the criterion 202 

was calculated based on the following formula: 203 

 204 

arg arg

2

arg arg

0.7 , :

0.7 , : 5

t et LECcenter LEC t et LECcenter

t et LECcenter LEC t et LECcenter

if dist r then dist
dist
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− −

− −

 
= 

  
    (4) 205 

 206 

where: dist – the value of the second criterion in the objective function, disttarget-LECcenter – 207 

the Euclidean distance between the target point and the center of the LEC inside the cyst,   208 

rLEC – the radius of the LEC inside the cyst. 209 

 210 

As mentioned before, the two subobjectives – collision_sum and dist – described in the 211 

previous paragraphs formed the final objective function with weighted sum as see Eq (3).  212 



 

 

 213 

2.4. The optimization procedure 214 

The optimization routine used in this paper is DE [35]. DE is a modern representative of a 215 

large group of metaheuristic optimization algorithms referred to as evolutionary computation, 216 

which also include different algorithms used in varied applications [2,10,11,23]. In DE the 217 

optimization proceeds by iterating over a set of solutions and is gradually improved using 218 

differential operators, which mix and mutate the solutions. Its main advantages over other 219 

optimization methods are: global search and no need for differentiable objective function.  220 

 221 

 222 

 223 

2.4. The sensitivity analysis 224 

In order to verify the behavior of the proposed procedure a preliminary sensitivity analysis 225 

was carried out. The path planning procedure was repeated 15 times for each of the studied 11 226 

cases. The first variant (id = 1, see Table 1)  was finetuned manually, so that the returned 227 

paths would be clinically viable and it served as a basis for other variants. In every iteration, 228 

one of the parameters of the procedure was modified to check the sensitivity of the method to 229 

that parameter. 230 

The parameters included the weights of the collisive regions, the scaling and blur factor for 231 

preprocessing the images, the weights of the objective function and selected aspects of DE, 232 

namely: population size and number of generations. After each run, the script logged the 233 

values of the objective function for the generated path and the path proposed by the surgeon 234 

as well as a visual representation of the paths on the cost map.  235 

 236 

Table 1. The variants of the procedure tested during the preliminary analysis of sensitivity, 237 

where: id – the id number of the procedure variant, max_gen – number of generations in DE, 238 

pop_size – number of solutions in each generation, w1 and w2 – the weights of the 239 

subobjectives in the objective function, s and σ – the parameters used to obtain the final cost 240 

map (see the section 2.2), wb/wm/wn/wv,a – the weight for the bone/muscle/nerves/veins and 241 

arteries used for computing the final cost map (see the section 2.1 and 2.2). 242 

 243 

 244 

 245 

 246 



 

 

id max_gen pop_size w1 w2 scale sigma wb wm wn wv,a 

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 

 247 

 248 

The weights for the operational tissue and fat were set at 0 and 1 respectively and due to their 249 

lower significance the surgical procedure – they were not included in the analysis. As the cyst 250 

was already included in the second subobjective of the objective function, its weight was also 251 

set to 0 and not modified during the test. 252 

In order to numerically compare the paths proposed by the surgeon to the ones generated 253 

by the procedure the following relative indicator was computed for each case within each 254 

procedure variant (3):  255 

 256 

        rel_diff = [(f(xs) – f(xg)) / f(xg)] ⋅ 100%      (4) 257 

 258 

where: rel_diff – the indicator of the relative difference between the path from the surgeon 259 

and the generated one; this indicator was computer for each case within each variant of the 260 

procedure (in total: 165 times), f(xs) / f(xg) – the value of the objective function for the path, 261 

which was proposed by the surgeon / generated by the procedure. 262 

 263 

3. Results 264 

The proposed method was tested using 11 segmented images of the knee over 15 different 265 

variants of the procedure. All of the 165 of the paths generated by the procedure were safe 266 

and viable. When compared to the reference paths proposed by the surgeon, three different 267 

trends were observed. Namely, the path obtained with the procedure could be: 268 

• almost the same as the reference path (45% of the results), 269 



 

 

• slightly different from the path proposed by the surgeon (45% of the results), 270 

• significantly different from the path proposed by the surgeon (10%). 271 

•  272 

 273 

Fig. 2. An example of a generated path (green color) that was almost the same as the path 274 

proposed by the surgeon (red color). 275 

 276 

In almost half of the studied cases the difference between the path proposed by the surgeon 277 

and the computer-generated one was negligible or the paths were highly similar. An example 278 

of such a case was presented in Fig. 2. Both paths were safe – all of the important structures 279 

were avoided with safe distance, while the overall travel distance was also minimized. The 280 

target points in both approaches were close to the center of the largest empty circle for the 281 

cyst, or its widest cross-section. Furthermore, both paths would be easy to execute in an actual 282 

clinical scenario. 283 

 284 

Fig. 3. An example of a generated path (green color) that was slightly different from the 285 

path proposed by the surgeon (red color). 286 

 287 

In Fig. 3 a trend, in which the paths of the surgeon differed from the generated ones, but 288 

only very slightly. It can be seen that the paths were conceptually similar, the only observable 289 

difference was in travel distance over muscle tissue. In this case, the path obtained from the 290 

procedure was less invasive – or, in other words, shorter within the knee joint. 291 



 

 

An example of a case, in which the path obtained with the procedure differed significantly 292 

from the one proposed by the surgeon was presented in Fig. 4. 293 

 294 

Fig. 4. An example of a generated path (green color) that was significantly different from 295 

the path proposed by the surgeon (red color). 296 

 297 

A summary of the obtained results was presented in Table 2. In general, in all of the 298 

studied cases the value of the objective function was lower for the generated path when 299 

compared to the path given by the surgeon. This suggested that the computed paths were more 300 

optimal in terms of the assumed objective – 80% better on average.  301 

 302 

Table 2. A summary of the results obtained from each variant of the procedure, when the 303 

generated paths were compared to the reference provided by the surgeon with the relative 304 

difference indicator (see Eq (3) in the section 2.4), where min, max, avg indexes stand for 305 

minimal, maximal and average values.  306 

id rel_diffmin [%] rel_diffmax [%] rel_diffavg [%] 

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 



 

 

 307 

4. Discussion 308 

Based on the obtained results it could be concluded that the first and the second trend 309 

validated the proposed procedure. Nevertheless, in terms of novelty, the most interesting cases 310 

were found in the third trend, in which the approach proposed by the surgeon differed 311 

significantly from the path that was generated. Within this trend, the generated paths 312 

minimized the travel among all of the soft tissues – this included the fat tissue and the muscle 313 

tissue as well. On the other hand, the paths proposed by the surgeon were mostly focused on 314 

avoiding the arteries and nerves based on the premise that muscle and fat tissue damage can 315 

be neglected. However, it should be mentioned, that in both of these approaches, the needle 316 

did not penetrate the arteries and nerves. The paths proposed by the surgeon also took into 317 

account the practical aspects of positioning the patient during surgery. The proposed angles of 318 

approach would be easier to execute with the available medical equipment. Nevertheless, the 319 

generated paths could be seen as interesting and potentially viable. However, additional 320 

constraints regarding the operational space should be included in the optimization. 321 

In terms of the objective function, the raw numerical values suggested that the paths 322 

obtained with the proposed procedure were more optimal than the reference, it would be 323 

difficult to ascertain whether the assumed objective contained all of the aspects important in 324 

surgical procedures. Therefore, these results should be interpreted with caution. 325 

On the other hand, it could be seen that the parameters of the procedure had a significant 326 

effect on the output. This suggested that a further study with a more complete sensitivity 327 

analysis should be carried out. Based on the current results, it can be seen that the variant 11 328 

returned the closest results to the reference provided by the surgeon. In this case the value of 329 

the standard deviation for the Gaussian blur was increased and the resulting cost map had 330 

softer transitions between regions. On the hand the biggest difference between the paths 331 

proposed by the surgeon and the generated ones was obtained with the variant 10, in which 332 

the standard deviation was decreased. This showed that the image preprocessing phase highly 333 

impacted the results. The problem should be studied more within a comprehensive sensitivity 334 

analysis. Potentially, by tuning the parameters, the procedure could be able to either fully 335 

mimic the surgeon or focus on obtaining viable and unconventional approaches, which might 336 

be used in surgical planning. 337 

In terms of the path planning approach, it can be seen that typical approaches to path 338 

planning in surgical procedures often include Rapidly-exploring Random Trees (RRT) [5], 339 

[38], graph based approaches (for instance: Dijkstra’s algorithm) [30] or simple motion 340 



 

 

planners, usually based on user input or image processing [20], [21], [39]. However, the 341 

studies, in which they are employed usually involve entire robotic systems for autonomous 342 

surgery or surgery planning and the test cases are based on simplified phantoms or computer 343 

generated environments, in which the collisive elements do not have a variable cost assigned 344 

to them. In this study, actual segmented images of the knee were employed and processed into 345 

cost maps. Furthermore, the results were compared to reference provided by a surgeon. To the 346 

best of our knowledge, such an approach was not undertaken before for medical path planning 347 

in knee surgery. On the other hand, the cases in this study did not account for tissue 348 

deformation, nevertheless, this problem is often solved by continuous path re-planning under 349 

magnetic resonance or ultrasound [38]. The proposed method could be also seen as a subset of 350 

reinforcement learning. With a wider database of reference paths, the procedure itself could 351 

be optimized to reproduce the output of an experienced surgeon. In such a case, the planned 352 

paths could be superimposed onto the image in head-mounted displays in augmented reality 353 

surgical systems [24].  354 

 355 

5. Conclusion 356 

In this paper a procedure for automatic needle path planning in Baker’s cyst aspiration was 357 

proposed and tested using 165 numerical simulations. In all of the 165 obtained paths, the 358 

needle successfully avoided crucial objects, such as nerves, veins and arteries. Furthermore, 359 

the overall travel distance in the joint was also minimized. 360 

In general, the obtained results suggested a high correlation between the software and the 361 

approach of an experienced surgeon. Nevertheless, in some cases, the path generated by the 362 

procedure differed from the one proposed by the surgeon. In such cases, while both paths 363 

were technically feasible, the surgeon’s path would be easier to execute during actual surgery. 364 

Based on the analysis of such cases, we believe that additional constraints should be imposed 365 

on the objective function to include the ease of executing the approach. 366 

 367 
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