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a b s t r a c t 

Background and objective: Sacral nerve stimulation (SNS) is a minimally invasive procedure where an 

electrode lead is implanted through the sacral foramina to stimulate the nerve modulating colonic and 

urinary functions. One of the most crucial steps in SNS procedures is the placement of the tined lead 

close to the sacral nerve. However, needle insertion is very challenging for surgeons. Several x-ray pro- 

jections are required to interpret the needle position correctly. In many cases, multiple punctures are 

needed, causing an increase in surgical time and patient’s discomfort and pain. In this work we propose 

and evaluate two different navigation systems to guide electrode placement in SNS surgeries designed to 

reduce surgical time, minimize patient discomfort and improve surgical outcomes. 

Methods: We developed, for the first alternative, an open-source navigation software to guide electrode 

placement by real-time needle tracking with an optical tracking system (OTS). In the second method, we 

present a smartphone-based AR application that displays virtual guidance elements directly on the af- 

fected area, using a 3D printed reference marker placed on the patient. This guidance facilitates needle 

insertion with a predefined trajectory. Both techniques were evaluated to determine which one obtained 

better results than the current surgical procedure. To compare the proposals with the clinical method, 

we developed an x-ray software tool that calculates a digitally reconstructed radiograph, simulating the 

fluoroscopy acquisitions during the procedure. Twelve physicians (inexperienced and experienced users) 

performed needle insertions through several specific targets to evaluate the alternative SNS guidance 

methods on a realistic patient-based phantom. 

Results: With each navigation solution, we observed that users took less average time to complete each 

insertion (36.83 s and 44.43 s for the OTS and AR methods, respectively) and needed fewer average 

punctures to reach the target (1.23 and 1.96 for the OTS and AR methods respectively) than following the 

standard clinical method (189.28 s and 3.65 punctures). 

Conclusions: To conclude, we have shown two navigation alternatives that could improve surgical out- 

come by significantly reducing needle insertions, surgical time and patient’s pain in SNS procedures. We 

believe that these solutions are feasible to train surgeons and even replace current SNS clinical proce- 

dures. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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econstruction Radiograph; OTS, Optical Tracking System; SNS, Sacral Nerve Stimu- 

ation. 
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. Introduction 

Sacral neuromodulation or sacral nerve stimulation (SNS) is a 

inimally invasive procedure where an electrode lead is implanted 

hrough the sacral foramina to stimulate the nerve modulating 

olonic and urinary functions [1] . SNS has been considered a valid 

lternative during the past two decades when conventional treat- 

ents have failed in treating bowel dysfunction pathologies [2] . 
under the CC BY-NC-ND license 

https://doi.org/10.1016/j.cmpb.2022.106991
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cmpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2022.106991&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jpascau@ing.uc3m.es
https://doi.org/10.1016/j.cmpb.2022.106991
http://creativecommons.org/licenses/by-nc-nd/4.0/


Rafael. Moreta-Martínez, I. Rubio-Pérez, M. García-Sevilla et al. Computer Methods and Programs in Biomedicine 224 (2022) 106991 

T

t

o

m  

t

I

t

t

o

t

t

a

w

i

q

m

a

r

m

p

i

[

w

t

i

h

p

s

d

t

[

p

u

f

b

o

r

e

e

f

b

a

[

v

f

t

m

r

fi

i

f

d

[

A

a

g

I

w

r

T

i

t

n

a

t

t

s

i

a

b

I

p

a

p

B

b

b

p

c

a

c

o

w

e

p

a

t

l

2

2

p

t

s

p

t

a

c

r

s

t

a

o  

3

i

p

t

a

(

2

w

(

i

e

t

l

i

O

his practice has shown to be efficient when treating fecal incon- 

inence [3] , refractory overactive bladder [4] , urinary retention [5] , 

r constipation [6] . 

One of the most crucial steps in SNS procedures is the place- 

ent of the tined lead close to the sacral nerve, as the final posi-

ion of the electrode will determine the efficacy of the treatment. 

n order to reach the sacral nerve, a needle is inserted through 

he posterior sacral foramina S3 or S4, which are usually smaller 

han 12 × 8 mm [7] . Currently, surgeons perform a combination 

f visual inspection to localize bony landmarks [8,9] and conven- 

ional x-ray fluoroscopy (anterior and lateral projections) to find 

he target sacral foramen, decide the initial insertion trajectory, 

nd verify the location of the needle with respect to the sacrum 

hile positioning the lead in place [10] . However, needle insertion 

s very challenging for surgeons. Several x-ray projections are re- 

uired to interpret the needle position correctly. In many cases, 

ultiple punctures are needed, causing an increase in surgical time 

nd patient’s discomfort and pain, not to mention that the lack of 

eference points in patients with anatomical sacral abnormalities 

ay increase surgical difficulties. 

Intraoperative computed tomography (CT) imaging has been 

reviously proposed to estimate the final position of the needle 

n patients with abnormal sacrum where fluoroscopy has failed 

11,12] . Others have combined CT scans inside the operating room 

ith navigation systems to track the position of the needle in real- 

ime, guiding electrode placement, reducing procedural time, and 

mproving surgical outcomes [13,14] . Nonetheless, these techniques 

ave been used in a small number of cases, only when required to 

erform a complex surgical procedure correctly. Additionally, these 

ystems involved an intraoperative CT, which implies additional ra- 

iation exposure to both patients and medical professionals during 

he intervention, restricting their integration in the clinical practice 

15] . 

As an alternative, patient-specific 3D printed navigation tem- 

lates have been proposed for accurate electrode lead placement, 

sing a preoperative CT scan to define needle trajectory and per- 

orm patient registration [16,17] . However, this solution is limited 

y the long manufacturing time of the template, the displacement 

f registration markers during the procedure, resulting in a low 

egistration accuracy, and modifications of the final position of the 

lectrode lead once the template is removed. Finally, Rubio-Perez 

t al. have presented an alternative application of 3D printing for 

abricating patient-specific sacrum biomodels to understand possi- 

le patient’s anatomy anomalies before surgery [18] . 

Needle insertion guidance with tracking systems has been 

pplied in surgical procedures such as radiofrequency ablation 

19,20] or spine surgery [21] . All these navigation systems pro- 

ided successful needle guidance. Nevertheless, the navigation in- 

ormation is displayed on external screens, requiring the surgeon 

o divert his attention from the patient. In this context, aug- 

ented reality (AR) technology could provide the surgeon with 

eal-time navigation information directly overlaid in the surgical 

eld [22,23] . Hecht et al. proposed a smartphone-based AR nav- 

gation system to display the needle trajectory in the target area 

or ablation and biopsy procedures, demonstrating a superior nee- 

le insertion accuracy compared to CT-guided freehand methods 

24] . Besides, Kuzhagaliyev et al. presented the combination of an 

R head-mounted display with optical tracking to guide the needle 

blation during irreversible electroporation in the pancreas [25] . 

Although these navigation technologies can improve needle 

uidance, they have not been implemented in SNS procedures yet. 

n the past, our group developed an open-source navigation soft- 

are to track the needle position with respect to the patient in 

eal-time using an electromagnetic tracking system (EMTS) [26] . 

he proposed solution did not require an intraoperative CT for reg- 

stration, providing accurate needle guidance for SNS. Nonetheless, 
2

he proposal showed several limitations: navigation software did 

ot indicate the target depth, and the EMTS components required 

sepsis and were affected by metal distortions from other surgical 

ools. 

In this work, we propose and evaluate two different naviga- 

ion systems to guide electrode placement in SNS surgeries de- 

igned to reduce surgical time, minimize patient discomfort and 

mprove surgical outcomes. For the first alternative, we developed 

n open-source navigation software to guide electrode placement 

y real-time needle tracking with an optical tracking system (OTS). 

n the second method, we introduce a smartphone-based AR ap- 

lication that displays virtual guidance elements directly on the 

ffected area, using a 3D printed reference marker placed on the 

atient, facilitating needle insertion with a predefined trajectory. 

oth techniques were evaluated to determine which one obtained 

etter results than the current surgical procedure regarding num- 

er of insertions, accuracy, time, and radiation exposure. An im- 

ortant contribution is the comparison of both proposals with the 

linical method in the same setup. For this purpose, we developed 

n x-ray software tool to simulate the clinical procedure that cal- 

ulates direct reconstruction radiographs (DRR), simulating the flu- 

roscopy acquisitions during the clinical procedure. All methods 

ere evaluated by twelve physicians (inexperienced and experi- 

nced users) on a realistic anthropomorphic phantom based on a 

atient that underwent an SNS procedure. Additionally, our freely 

vailable open-source approach will facilitate surgeons’ training in 

hese complex procedures, which is currently limited to theoretical 

ectures and animal experiments. 

. Materials and methods 

.1. Sacral Phantom 

We evaluated the proposed surgical navigation systems on a 

hantom based on a patient suffering from a bowel dysfunction 

hat underwent an SNS procedure. The patient had a standard 

acrum shape, with average sacral foramina sizes. This study was 

erformed in accordance with the principles of the 1964 Declara- 

ion of Helsinki as revised in 2013. The anonymized patient data 

nd pictures included in this paper are used after written informed 

onsent was obtained from the participant and/or their legal rep- 

esentative, in which he/she approved the use of this data for dis- 

emination activities, including scientific publications. 

A preoperative sacral CT scan ( Fig. 1 a), obtained with the pa- 

ient in prone position, was used as a template to manufacture an 

nthropomorphic phantom. The fabricated phantom was composed 

f two parts: bone and soft tissue ( Fig. 1 e). The bone structure was

D printed in polylactic acid (PLA) ( Fig. 1 c). We included six con- 

cal holes (Ø 4 mm x 3 mm depth) on the bone model surface to 

erform a point-based registration. The part that mimics the soft 

issue was designed to have two silicone layers (representing skin 

nd fat tissue), allowing realistic feedback during needle insertion 

 Fig. 1 d). 

.2. Experimental setup 

For the three proposed methodologies, a common scenario 

as set up to perform the validation experiment. Polaris Spectra 

Northern Digital Inc. [NDI], Waterloo, ON, Canada) optical track- 

ng system ( Fig. 2 a) provided real-time tool tracking during the 

xperiment. This OTS presents similar features to commercial al- 

ernatives such as Medtronic Stealthstation (Medtronic PLC, Frid- 

ey, Minnesota, USA). The tracking device transferred the position- 

ng data to the navigation software using PLUS-Toolkit [27] and 

penIGTLink communication protocol [28] . 
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Fig. 1. Images of the patient’s anatomy used in this study and the manufactured 

phantom: (a) Computed tomography coronal slice image, with segmented bone in 

red; (b) Virtual three dimensional (3D) model of the pelvic bone structures; (c) 3D 

printed bone in polylactic acid (PLA); (d) Soft tissue in silicone; (c) Phantom assem- 

bled. 

Fig. 2. Experiment setup. (a) Optical tracking device. (b) External display. (c) Optical 

marker with spherical markers attached to the phantom. (d) Needle with optical 

markers attached. 
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Fig. 3. User performing the clinical method simulation (Video 1). (a) Lateral (left) 

and anterior (right) simulated projections with the needle circled in red. (b) User 

inserting the needle into the phantom. 
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A specific optical marker configuration was attached to the 

hantom ( Fig. 2 c) to compensate for any possible movement dur- 

ng the experiment. The needle used during the experiment was 

art of a demonstration surgical kit from Medtronic (Model 3550- 

8/042294 Lead Introducer Kit, Medtronic PLC, Fridley, Minnesota, 

SA). We developed a customized 3D printed cap holder with a 

pecific optical marker configuration for the needle ( Fig. 2 d). Pivot 

alibration [29] procedure was performed to calculate the relation- 

hip between the optical marker attached to the needle and its tip. 

uring the experiment, the needle and the phantom were always 

racked, and the position given by the tracking system was used as 

 gold standard to compare with each navigation method. 

.3. Simulation of the clinical method 

A specific software application named SNS Clinical Simulation 

as developed as an extension module in 3D Slicer to simulate 

urrent SNS surgical procedures on the manufactured phantom. In 

his simulation, the objective is to reach the target foramen by in- 

erting the needle using simulated x-ray projections for guidance. 

The software allows reproducing realistic anterior and lateral x- 

ay projections from anatomical structures of the phantom almost 
3 
nstantaneously. In order to create the x-ray projection, a digitally 

econstructed radiograph (DRR) algorithm is applied on the CT of 

he patient from which the phantom was developed. The DRR pro- 

ram receives the CT image and the desired position for the x-ray 

ube focal point, calculating a projection by bilinear interpolation 

30] . To display the needle in the projection, we designed a virtual 

D needle model that is converted to a mask on the CT image co- 

rdinate system in its actual position, modifying the corresponding 

ounsfield Units (HU) to metallic material (1500 HU). The software 

teps are summarized as follows: 

1. Pivot calibration of the needle for virtual model registration. 

2. Selection of the orientation for the projection. 

3. Recording of needle position with respect to the phantom. 

4. Creation of the virtual 3D needle model mask in phantom CT 

image coordinate system, modifying the corresponding pixel 

values to 1500 HU. 

5. DRR algorithm execution and projection simulation. 

6. Simulated x-ray projection visualization on the user interface. 

Fig. 3 a shows the software user interface, the phantom with the 

eedle inserted in a target position, and the simulated lateral (left) 

nd anterior (right) projections. Video 1 shows a user performing 

he clinical method simulation. 

The source code of SNS Clinical Simulation is available on 

 public GitHub repository at https://github.com/BIIG-UC3M/ 

acralNerveStimulationSimulationOpen . It can be easily installed as 

 Python extension module in 3D Slicer version 4.11 or older. Ad- 

itionally, a CT scan and the 3D models needed for the simulation 

re available within the repository. 

.4. Surgical navigation with optical tracking system 

A software application named SNSNavigation was developed as 

n extension module in 3D Slicer to facilitate needle insertion 

n SNS procedures. This software has been adapted from López- 

elázquez et. al. [26] . NDI tracker transfers the position of the 

eedle and the patient to the software in real-time. SNSNaviga- 

ion software displays the information on an external screen. First, 

he virtual 3D models of the patient are loaded on the naviga- 

ion software in the correct orientation. Then, once the target is 

elected, virtual models are displayed to visualize the trajectory of 

he needle and the target area. The software divides the screen into 

wo sections to facilitate the guidance process, showing on the left 

 lateral view and an anterior view of the virtual 3D models on 

he right ( Fig. 4 a). The needle is represented as a cylinder with a

phere on the tip. The trajectory of the needle is displayed as a 

ed line with a sphere of Ø 2 mm representing the target point in 

https://www.github.com/BIIG-UC3M/SacralNerveStimulationSimulationOpen
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Fig. 4. User performing needle insertion with optical tracking system (OTS) naviga- 

tion guidance (Video 2). (a) Lateral view (left) and anterior view (right) on the nav- 

igation software. Green model represents the trajectory, red model indicates that 

the tip of the needle is in the target position. The needle is represented with an 

orange virtual line model. (b) User inserting the needle on the phantom. 

Fig. 5. User performing needle insertion with augmented reality (AR) navigation 

(Video 3). (a) AR visualization on the smartphone during guidance. (b) Three- 

dimensional (3D) printed marker adaptor. (c) 3D printed cubic reference marker. 
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(

he foramen. The anterior view plane is oriented perpendicularly 

o the trajectory line. A transparent green virtual model represent- 

ng the target volume indicates the expected final position. This 

odel corresponds to the shape of the foramen hole, similar to 

 cylinder with the diameter of the foramen size and between 1 

nd 2 cm of length (depending on the foramen size). If the needle 

ip touches this target volume, the model will turn red, indicating 

hat the needle has reached the target position. Additionally, the 

NSNavigation software can calculate the real-time distance from 

he needle tip to the target point. Video 2 shows a user perform- 

ng needle insertion using this OTS navigation guidance. 

.5. Surgical navigation with augmented reality 

We developed a smartphone AR application named SacralNSAR 

n Unity platform (version 2019.3) compatible with Android and 

OS devices. This video see-through (VST) AR application uses Vu- 

oria software development kit (SDK) (Parametric Technology Cor- 

oration Inc., Boston, MA, USA) to detect and track the position 

f a 3D printed cubic reference marker (30 × 30 × 30 mm) with 

nique black-and-white patterns on each face ( Fig. 5 c) [31] . Once 

he marker is detected on the smartphone camera field of view, 

he virtual models are displayed overlaid on the real-world image 

n real-time. 
4 
Before navigation, the app presents a menu to select the pre- 

efined target and trajectory. Once chosen, virtual 3D models are 

isplayed on the AR screen: the sacral bone, the optimal trajec- 

ory to reach the selected sacral foramen, the insertion point on 

he surface of the phantom, and the target needle insertion depth 

 Fig. 5 a). 

The AR reference cube phantom ( Fig. 5 c) was fixed to a 3D 

rinted adaptor on top of the phantom ( Fig. 5 b), in the superior 

rea of the gluteus. To know the position of this marker with re- 

pect to the phantom, we performed a point-based registration, 

btaining the location of the conical holes designed on the marker 

daptor surface with the optical tracking system. Then, this regis- 

ration transformation was transferred and updated on the smart- 

hone (Google Pixel 4 XL, Alphabet Inc., USA). Additionally, a 3D 

licer module was developed to track the position of the needle in 

eal-time to verify if the needle was in the correct target during 

he experiment. Video 3 represents a user performing the experi- 

ent using the AR navigation. 

.6. Evaluation of the navigation alternatives 

Needle insertion performance was evaluated using the pro- 

osed phantom to compare the current SNS procedure with the 

wo proposed navigation methods: optical tracking system and AR 

echnology. 

Twelve volunteers, physicians from the general surgery depart- 

ent at Hospital Universitario la Paz (Madrid, Spain), participated 

n the experiment. Five of them were attending physicians, and 

even medical residents. Of the whole group, seven had prior ex- 

erience in SNS procedures (experienced users), while the rest 

ere only familiar with the technique (unexperienced users). None 

f them had previously performed the procedure as primary sur- 

eons, neither had prior experience with navigation systems. 

Each volunteer followed the three navigation methods in ran- 

om order. For each method, we defined the same four targets (S3 

eft, S3 Right, S4 Left, and S4 Right) to be found by each partic- 

pant inserting the needle with a predefined angle and direction. 

or each method and user, the target order was decided randomly 

o control for possible effects of the sequencing. Prior to the exper- 

ment, an instructor explained each method and gave time ( < 15 

in) for the participants to familiarize themselves with the sys- 

em before performing the predefined insertions. The trajectories 

sed for training were not the same as the ones used for the ex- 

mination. All the operators started with the needle in the same 

osition on the experiment table. The insertion finished once the 

eedle reached the target volume. Each time the user thought that 

he needle was in the target position, the actual location was ob- 

ained from the optical tracking system to check if it was correct. 

or the clinical method, no trajectory was predefined as physicians 

erformed the procedure following the standard surgical practice. 

everal metrics were recorded during each intervention: repetition 

otal time, number of punctures (a new puncture was considered 

f the needle was extracted from the phantom soft tissue and in- 

erted again), time per puncture, number of stimulations and num- 

er of x-ray projections. 

.6.1. Statistical analysis 

Statistical analysis was conducted using Python 3.7 and SciPy 

ibraries [32] . Mann Whitney U test was used when two groups 

ere compared. Kruskal-Wallis test was applied when comparing 

ore than two variables, with Conover-Iman test as post hoc anal- 

sis between groups. Differences were considered to be statistically 

ignificant for p-values < 0.05. Results of the Mann Whitney U and 

ruskal-Wallis tests are reported as medians, interquartile ranges 

IQR) and associated p-values. 
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Table 1 

Median and interquartile range (in brackets) for the evaluated metrics in all experiments grouped by guidance method. 

Parameter Clinical Method OTS Method AR Method p-value 

Total Time [s] 106.64 [73.40 - 215.12] 32.26 [24.12 - 56.71] 53.29 [35.73 - 94.52] < 0.001 ∗

Number of Punctures 2.0 [1.0 - 4.0] 1.0 [1.0 - 1.0] 1.0 [1.0 - 2.0] < 0.001 ∗

Time/Puncture [s/puncture] 51.82 [37.05 - 77.85] 30.65 [24.12 - 44.05] 41.67 [31.50 - 52.82] < 0.001 ∗

Number of Stimulations 3.0 [1.0 - 7.0] 1.0 [1.0 - 1.0] 1.0 [1.0 - 2.0] < 0.001 ∗

Table 2 

Median and interquartile range (in brackets) for the evaluated metrics grouped by method (clinical and optical tracking system 

navigation) and type of user (inexperienced and experienced). 

Method Parameter Inexperienced Experienced p-value 

Clinical Total Time [s] 77.29 [68.47 - 154.00] 148.56 [80.51 - 234.19] 0.076 

Number of Punctures 1.0 [1.0 - 2.0] 3.0 [1.0 - 5.25] 0.036 ∗

Time/puncture [s/puncture] 65.59 [44.16 - 85.59] 47.28 [27.86 - 77.07] 0.062 

Number of Stimulations 1.0 [1.0 - 4.0] 4.5 [2.0 - 7.5] 0.029 ∗

Optical Tracking 

System 

Navigation 

Total Time [s] 29.18 [19.92 - 34.95] 43.25 [27.53 - 67.37] 0.021 ∗

Number of Punctures 1.0 [1.0 - 1.0] 1.0 [1.0 - 1.0] 0.226 

Time/puncture [s/puncture] 27.92 [19.92 - 33.03] 31.69 [27.53 - 49.84] 0.033 ∗

Number of Stimulations 1.0 [1.0 - 1.0] 1.0 [1.0 - 1.0] 0.337 
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. Results 

Table 1 represents the medians and interquartile range (IQR) 

btained from the different experiments and metrics for the three 

valuated methods. The median [IQR] time for the physicians was 

06.64 [73.4–215.12] s with the clinical approach. In comparison, 

he navigation methods reduced the total time by 3 or 2 times us- 

ng OTS (32.26 [24.12 - 56.71] s) and AR (53.29 [35.73 - 94.52] s) 

avigation systems, respectively. Moreover, concerning the number 

f punctures needed to reach the target, the physicians needed 1 

nsertion in most cases to reach the foramen when using the OTS 

avigation, and 1 or 2 insertions when using the AR method. In 

ontrast, performing the simulated clinical SNS procedure, users 

nserted the needle 2.0 [1.0 to 4.0] times to reach the foramen. Ad- 

itionally, operators spent more time per puncture when inserting 

he needle with the AR system than with the OTS device. For all 

he metrics, the Kruskal Wallis test showed a significant difference 

etween all methods with a p-value < 0.001. Then, the Conover- 

mann post hoc analysis demonstrated that there was a significant 

ifference com paring each method against each other. 

Furthermore, for the traditional method, the participants re- 

uired an average of 10.71 ( ± 8.86) projections to complete the 

ask. This value indicates that the radiation exposure to the patient 

ould have been 6.4 (mSv) if we estimate that each projection ra- 

iates 0.6 mSv [34] . No x-ray projections would be needed when 

sing the proposed navigation systems while navigating the nee- 

le. 

When comparing metrics grouping the results by target, we 

id not see any significant difference, except when using the AR 

ethod. Fig. 6 a and 6 b show the distribution of the total time

nd number of punctures, respectively, when the operators per- 

ormed the task with AR guidance. Each boxplot shows three dif- 

erent grouping criteria: on the left, by target foramen (S3L, S3R, 

4L, S4R), on the center, by distance from the operator (close, C; 

ar, F) and on the right, by foramen sacral location (S3, S4). The dis- 

ribution demonstrates that the physicians performed significantly 

orse (p-value < 0.05) when the foramina were farther away in 

oth metrics. 

When comparing the different metrics grouped by the hierarchy 

f the physician (residents vs. attending physicians), we did not 

nd any significant difference. However, we found different results 

etween inexperienced and experienced users. Table 2 presents the 

esults separated by method and type of user (experienced and in- 

xperienced). Focusing on the clinical method, we found that inex- 
5

erienced users inserted the needle significantly fewer times (1.0, 

1.0 - 2.0]) compared to experienced users (3.0, [1.0 - 5.25]). This 

robably means that experienced users prefer to repeat the inser- 

ion and not rummage in the patient while the needle is inserted. 

ooking at the OTS method, we found that experienced users took 

ignificantly longer times to perform the task (p < 0.05). This is an 

nexpected finding that may indicate that experienced users pre- 

er to take their time to obtain a successful result, trying to avoid 

nnecessary harm to patients while performing the insertion. 

. Discussion 

In this study we have presented and evaluated two alternative 

urgical navigation systems to guide electrode placement in SNS 

rocedures. Our objectives were to reduce surgical time, minimize 

atient discomfort and improve surgical outcomes. The first pro- 

osal is based on optical tracking to guide needle insertion, while 

he second alternative presents a smartphone-based AR system to 

irtually superimpose the planned trajectory on the surface of the 

atient. We have also developed an x-ray simulator to compare our 

avigation solutions with the clinical method. The feasibility of the 

roposed systems has been evaluated by clinical users on a realis- 

ic anthropomorphic phantom. 

The main novelty of this study is not only the proposal of alter- 

ative navigation solutions for SNS, but also the extensive compar- 

son with the current clinical method, on the same setup, through 

etrics that could impact the clinical procedure. Open-source soft- 

are allowed us to respond to the needs of this surgical proce- 

ure, maximizing usability. Commercially available navigation sys- 

ems, such as Medtronic Stealthsatation, have previously been used 

n SNS [13] . However, they present several limitations that restrict 

aily clinical implementation, including a complex registration pro- 

edure or limited needle trajectory visualization. Philips ClarifEye 

Philips N.V., Eindhoven, Netherlands) offers AR guidance for tool 

nsertion in spinal surgery [33] . This solution is not adapted to SNS, 

equires several CT acquisitions, and visualizes AR information on 

n external screen. 

During the evaluation of the proposal, twelve physicians per- 

ormed a total of 144 needle insertions. With this experiment, 

e have compared both navigation alternatives with the clinical 

ethod in terms of number of punctures and time to complete 

he task. From these metrics, we can observe that users perform- 

ng any of the proposed navigation solutions took less time to 

omplete each insertion, needed fewer punctures to reach the tar- 
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Fig. 6. Boxplots from experiments where physicians performed the needle insertion with AR guidance. The results are grouped by the target foramen (S3 Left -S3L-,S3 Right 

-S3R-, S4 Left -S4L-, S4 Right -S4R-), target distance (close -C- and far -F-), and target sacral foramen (S3 and S4) in left, center and right plots respectively. (a) Shows the 

time needed to perform the task. (b) Shows number of punctures needed to reach the target. The horizontal line inside the box represents the median and the cross the 

mean of each data set. ( ∗) indicates significant (p < 0.05) statistical differences. 
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et, spent less time per puncture and needed a smaller number of 

timulations, compared with the clinical method. Additionally, the 

esults achieved from the navigation solutions in terms of average 

umber of punctures (1.23 ± 0.59 and 1.96 ± 1.90 for the OTS and 

R methods respectively) and mean puncture time (36.83 ± 20.40 

 and 44.43 ± 17.53 s for the OTS and AR methods respectively) are 

omparable with the ones found in the literature that used alter- 

ative navigation procedures in patients, obtaining similar values 

or number of punctures (1.5 ± 0.7) and mean puncture time (246 

132 s) 1 [16] . Our solutions could improve surgical outcomes and 

educe patient pain and discomfort during surgery. 

The augmented reality alternative uses a smartphone to display 

irtual elements overlaid on the patient. It might seem that the 

eed to hold the device with one hand might not be the best op- 

ion in a surgical scenario, since surgeons usually require the use 

f both hands continuously. Nevertheless, our previous experience 

howed an enormous potential of using the smartphone as a surgi- 

al navigation device, due to high navigation precision and a con- 

enient setup in the operating room with a sterile bag or cover 

35–37] . Additionally, results from the experiment showed that AR 

mproved the metrics compared to the clinical method. Neverthe- 

ess, depth perception and registration are limiting factors in AR for 

eedle guidance. Participants needed significantly more punctures 
1 Table 1 shows medians and interquartile range since data did not follow a nor- 

al distribution. We calculated means and standard deviations from our original 

ata to allow comparison with previous literature. 

a

O

i

o

6

nd total time to reach the farthest away target foramina. This can 

e explained by the difficulty in orienting the smartphone to cor- 

ectly visualize the trajectory line perpendicular to the needle in- 

ertion point. This problem increases with the distance from the 

ser, as can be observed in Fig. 5 , and produced a displacement of 

he needle trajectory when it was inserted. Additionally, marker- 

ased registration is still a nuisance, as the marker always needs 

o be visible, frustrating users when the detection fails. As an al- 

ernative, surface recognition could be a solution to this problem, 

ut accuracy results are still far from those obtained with marker- 

ased registration [38] . 

Looking into the future, head-mounted displays (HMD), such as 

icrosoft HoloLens 2 [39] , Magic Leap 1 (Plantation, Magic Leap, 

L, USA) [40] , or xvision system (Augmedics, Chicago, IL, USA) 

41] ,could be the perfect hands-free AR alternative. This device rec- 

gnizes hand gestures and voice commands to control the user in- 

erface, overcoming the main limitations of the smartphone as AR 

evice. Recent studies have proposed HMD for surgical [42,43] or 

eedle guidance [44] . However, registration, depth perception, and 

patial awareness are still significant drawbacks in clinical practice. 

n our case, the main reason restricting the use of HoloLens for 

eedle navigation was the limited tracking capability with Vuforia 

nd small 3D markers like the cube we used. A large marker, such 

s that proposed in [45] , is not practical in real clinical scenarios. 

n the other hand, in [46] they propose Magic Leap 1 for guidance 

n percutaneous punctures. Their registration requires both intra- 

perative CT and optical tracking. An alternative to avoid optical 
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racking would be calculating the image-to-patient registration be- 

ween the AR marker and the preoperative CT scan with a surface 

can acquired during surgery, as described in [47] . This straightfor- 

ard solution does not require external devices or instrumentation 

uring navigation. 

Although AR seems a promising alternative, participants ob- 

ained better results in all the metrics when using the more tra- 

itional optical navigation system. Although the need to remove 

he attention from the phantom, looking away at an external dis- 

lay, could be the main drawback, they still performed better. In- 

eed, tracking the needle position in real-time helped the surgeons 

o insert the needle more confidently as depth was continuously 

eported. This feature could be included in the AR navigation by 

dding an additional marker to the needle holder [43,48] . How- 

ver, this reference needs to be large enough to be detected by the 

R camera, adding extra weight that could limit the manipulation 

f the needle. The current state of the art in AR needs improve- 

ent, so traditional navigation is still the best solution in the near 

uture. 

The navigation solutions proposed present also some limita- 

ions. We did not measure the accuracy in terms of distance to tar- 

et at the end of the needle insertion. The main goal of this surgi- 

al procedure is to introduce the needle inside the foramen, being 

his step the most difficult for the surgeon. The needle tip must be 

lose to the nerve, but the location of the nerve is not known in

dvance, so once inside the foramen, the surgeon checks the target 

djusting the stimulation potential with the patient’s feedback. A 

econd aspect to consider is needle bending during the insertion 

ince, in that case, the tracking system will not show the actual 

rajectory of the needle. During the experiment, an operator ver- 

fied that the needle was held still and not bent, and this should 

e ensured during a clinical procedure. Finally, soft tissue deforma- 

ion could be a limitation while performing the insertion. The tar- 

et is the foramen orifice (bone tissue), but the reference marker is 

ocated on the patient’s skin. This did not influence our phantom 

xperiment as the reference marker was attached to a solid struc- 

ure of the phantom but could be an issue in the clinical setting. 

Regarding insertion time, experienced users were significantly 

lower and performed a higher number of insertions in comparison 

ith inexperienced participants. Experienced users know that per- 

orming shorter insertions involves less suffering for the patient, 

lthough it may take longer times or more punctures to reach 

he target foramen. Additionally, the metrics when using naviga- 

ion show a lower interquartile range, indicating that the variabil- 

ty between surgeons is reduced, as they achieve similar results no 

atter the patient or the target. 

Actual SNS training methodologies are only based on theo- 

etical lectures combined with surgical procedures where trainee 

hysicians participate as passive spectators. When practical lessons 

re offered, they are limited to performing the procedure in ani- 

al models. For that reason, we believe the proposed simulation 

oftware and the manufactured phantom could be easily adapted 

or low-cost training, teaching professionals SNS needle insertion 

ithout involving animal experiments. Additionally, making the 

ource code for our training software available will facilitate med- 

cal training in procedures where x-ray projections are needed 

ithout radiation risks for the user. 

. Conclusions 

In conclusion, we have shown two navigation alternatives based 

n traditional tracking systems and AR technology that could im- 

rove surgical outcomes by significantly reducing needle inser- 

ions, surgical time and patient’s pain in SNS procedures. To evalu- 

te and compare the two alternatives with a realistic simulation of 

he clinical procedure, twelve physicians performed several needle 
7 
nsertion tasks on the same realistic setup. We believe that these 

olutions are feasible to replace current SNS clinical procedures, al- 

hough AR technology still needs to be improved to be a practical 

olution in the clinical scenario. Meanwhile, we offer the simula- 

ion software to facilitate SNS training. 
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