
Abstract. Background/Aim: The aim of this phantom study
was to evaluate the learning curves of novices practicing how
to place a cone-beam computed tomography (CBCT)-guided
needle using a novel robotic assistance system (RAS). Materials
and Methods: Ten participants performed 18 punctures each
with random trajectories in a phantom setting, supported by a
RAS over 3 days. Precision, duration of the total intervention,
duration of the needle placement, autonomy, and confidence of
the participants were measured, displaying possible learning
curves. Results: No statistically significant differences were
observed in terms of needle tip deviation during the trial days
(mean deviation day 1: 2.82 mm; day 3: 3.07 mm; p=0.7056).
During the trial days, the duration of the total intervention
(mean duration: day 1: 11:22 min; day 3: 07:39 min;
p<0.0001) and the duration of the needle placement decreased
(mean duration: day 1: 03:17 min; day 3: 02:11 min;

p<0.0001). In addition, autonomy (mean percentage of
achievable points: day 1: 94%; day 3: 99%; p<0.0001) and
confidence of the participants (mean percentage of achievable
points: day 1: 78%; day 3: 91%; p<0.0001) increased
significantly during the trial days. Conclusion: The participants
were already able to carry out the intervention precisely using
the RAS on the first day of the trial. Throughout the trial, the
participants’ performance improved in terms of duration and
confidence.

Image-guided minimally invasive procedures are increasing
in modern medicine (1). C-arm-based guidance together with
cone-beam computed tomography (CBCT) imaging offer
different possibilities in comparison to conventional CT-
guided interventions: absence of a gantry and visualization
of the complete needle track in off-plane punctures by 2D
imaging (2). 
Nevertheless, the result of needle puncture still depends

on individual experience as needles are placed completely
manually (3). For standardization and better planning of
interventions, various assistance systems have been
introduced in recent years (4-7). Several studies focused on
precision, radiation exposure, and possibly reducing time (8-
10). However, the possible benefits of these various systems
for training inexperienced interventionalists have not been
sufficiently examined.
The aim of this study, therefore, was to assess and

compare the performance of novices using a robotic
assistance system (RAS) and compare the results over
several days.
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Materials and Methods
Ten medical students were recruited as participants to perform the
intervention using a RAS. Before their first puncture, each participant
received a 90-min individual introduction to the system based on
Peyton’s 4-step approach (11). Afterwards, each participant performed
18 punctures over the course of 3 days, split into six punctures per
day. A commercial abdominal phantom (Model 057A, Computerized
Imaging Reference Systems Inc.; Norfolk, VA, USA) with various
lesions was employed. The individual lesions to be punctured and the
puncture angle were predetermined by a supervisor.
During imaging, the participant and the supervisor left the

operating room to prevent any radiation exposure. No institutional
review board approval was necessary due to the phantom setting and
zero radiation exposure. This work was in part funded by the German
Federal Ministry of Research (BMBF) as part of the M2OLIE
Mannheim Research Campus initiative (Forschungscampus).

Interventional setting and image acquisition. For imaging with a C-
arm system (Artis Zeego, Siemens Healthcare GmbH, Munich,
Germany) and the possibility of using cone-beam CT (CBCT), a
dedicated operating table (Maquet Magnus, Getinge AB, Getinge,
Sweden), a control unit for the table, and a C-arm were used. The
image reconstructions were performed using a dedicated
workstation (Syngo Workstation, Siemens Healthcare GmbH).
The C-arm CT used a 200˚ rotation in 6 s, with image acquisition

every 0.5˚. The reconstructed field of view was 250 mm in diameter

and 190 mm in height, divided into 397 images with an image
matrix of 512×512 pixel. The tube voltage was 90 kV with a pulse
time of 3.5 ms. No collimation was used.
In all test runs, the RAS was located on the left side of the

operating table and was already prepared for the intervention before
starting the test run. Booting the RAS in the intervention room was
therefore not part of the test runs.

Robotic assistance system. The RAS consisted of a lightweight robot
(LBR iiwa 14 R820, KUKA AG, Augsburg, Germany) mounted on a
mobile base. The setup is depicted in Figure 1. The RAS featured a
dedicated, prototype navigation software, which can receive medical
images using the DICOM format, detecting the calibration spheres
enclosed inside the corpus at the distal end of the robotic arm, virtual
planning of needle paths, and validating the intraprocedural needle
path using 2D imaging. Further details are described by Kostrzewa
et al. (8). Figure 2 shows the workflow in detail.

Measured variables. Precision was measured in two ways. The
coordinates of the needle tip and the target point were tracked in 3D
in the control CBCT using the DICOM viewer of the workstation
(Syngo Workstation, Siemens Healthcare GmbH). Then, the
deviation between these coordinates was calculated. Additionally,
the number of iterations, defined as repositioning of the needle,
were documented by the supervisor during the experiments.
In agreement with the participants, the interventions were

recorded by cameras mounted in the operating room. The
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Figure 1. Depiction of the robotic assistance system: mobile platform and robotic assistance system (A). Placement of needle with robotic
assistant (B).



Lautenschlaeger et al: Learning Robot-assisted Needle Placement

704

Figure 2. Workflow during the intervention. CBCT: Cone beam computed tomography.



timestamps of the video recordings were used to determine the
duration of the total intervention and the duration of the actual
needle placement. The duration of the total intervention was
measured from the start of selecting the protocol for planning the
CBCT scan to the final CBCT scan after finishing the needle
placement. The duration of the needle placement was measured
from the robotic movement to the desired guidance position until
the final 2D validation imaging of the needle path (Figure 2).
A questionnaire based on the ‘objective structured assessment of

technical skills’ (12) was developed to determine the autonomy and
confidence of the participants during the intervention. To assess
autonomy, the supervisor documented the intervention according to a

checklist of the individual steps. A point was awarded for each step
the participant carried out independently. Half a point was awarded for
minor questions to the supervisor and zero points for intensive
assistance. The maximum number of points to be achieved was 17 and
the score is depicted as a percentage. Confidence was assessed by a
questionnaire (Figure 3) consisting of 9 items with a 6-point Likert
scale (1=unsure; 6=confident) and is also depicted as a percentage.
The questionnaire was filled out by the participants after each test run.

Statistical analysis. All statistical calculations were accomplished
using SAS, release 9.4 (SAS Institute, Cary, NC, USA). The Sidak
Test was performed to compare the mean values of different test
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Figure 3. Confidence questionnaire.

Table I. Summary of results presented as: mean±STD (min-max).

Day 1 Day 2 Day 3 p-Value p-Value p-Value 
(n=57) (n=60) (n=60) Day 1 → Day 2 Day 2 → Day 3 Day 1 → Day 3

Penetration depth 63.10±12.53 62.44±13.66 63.28±10.89                0.9395 0.9759                      0.9984
(mm) (44.81-109.19) (44.85-106.48) (45.76-112.71)
Deviation tip 2.82±1.18 3.04±1.44 3.07±1.51                  0.7765 0.9993                      0.7056
(mm) (0.78-6.30) (0.89-6.6) (0.88-7.96)
Duration total 11:22±03:10 08:29±01:40 07:39±00:59               <0.0001 0.0955                    <0.0001
(min) (06:17-20:32) (05:51-13:58) (05:41-10:50)
Duration needle placement 03:17±01:03 02:33±00:50 02:11±00:30               <0.0001 0.0420                    <0.0001
(min) (01:49-06:13) (01:27-06:22) (01:29±03:33)
Autonomy 94%±8% 98%±6% 99%±2%                 <0.0001 0.4068                    <0.0001
(% of max. points) (68%-100%) (73.53%-100%) (91%-100%)
Confidence 78%±12% 84%±11% 91%±10%                <0.0001 0.0033                    <0.0001
(% of max. points) (45%-96%) (54%-100%) (61%-100%)



days. Statistical significance was assumed for p-values less than
0.05. Part of the data is displayed in line charts, generated in MS
Office (Microsoft Corporation, Redmond, WA, USA).

Results

Out of 180 test runs, 177 were completed (in plane: 89; out
of plane: 88); three test runs were excluded due to technical
errors. A summary of the results is given in Table I.

A comparison of the mean penetration depths showed no
significant differences. There was no statistically significant
difference in terms of needle tip deviation between the test
days (Figure 4). The mean deviation was 2.82±1.18 mm on
day 1, followed by 3.04±1.44 mm on day 2, and 3.07±1.51
mm on day 3. Only one iteration of the needle was recorded
throughout the study. 
The mean duration of the total intervention decreased

significantly (p<0.0001) from 11:22±03:10 min on day 1 to
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Figure 4. Learning curve: Precision and Duration (mean values).

Figure 5. Learning Curve: Autonomy and Confidence (mean values).



08:29±1:40 min on day 2. On day 3, the mean total duration
of the intervention was 07:39±00:59 min and showed no
significant differences (p=0.0955) when compared to day 2
(Figure 4).
The mean duration of the needle placement was

03:17±01:03 min on trial day 1, 02:33±00:50 min on trial
day 2, and 02:11±00:30 min on day 3 and differed
significantly between both day 1 and day 2 (p<0.0001) and
day 2 and day 3 (p=0.0420).
Already on day 1, the participants achieved a high

autonomy with an average of 94%±8% of the achievable
points (Figure 5). On day 2, the mean result was 98%±6%
and on day 3 99%±2%. Day 1 and day 2 differed
significantly (p<0.0001), while day 2 and day 3 showed no
significant differences (p=0.4068) in terms of autonomy.
Indeed, on day 1 of the trial, 53% of the interventions were
already carried out without any assistance.
The confidence of the participants increased significantly

(Figure 5). The mean score achieved was 78%±12% on day
1, 84%±11% on day 2, and 91%±10% on day 3. Confidence
on day 1 and day 2 (p<0.0001), as well as on day 2 and day
3 (p=0.0033) differed significantly.

Discussion

This study evaluated the learning curves of novices
performing CBCT-assisted needle placements in a model
phantom employing a novel robotic system. Precision,
duration of the total intervention, duration of the needle
placement, autonomy, and confidence of the unexperienced
participants during the interventions were assessed. 
The precision that the participants of this study achieved was

comparable and consistent (mean deviation day 1: 2.82 mm;
day 2: 3.04 mm; day 3: 3.07 mm; p>0.05) throughout the trial
days. Furthermore, the precision they achieved is comparable
to that for other needle-guidance systems, which show a needle
tip deviation of approximately 1 to 3 mm (4, 5, 13) in general,
but were operated by experienced interventionalists. 
The team of Guiu et al. compared robotic-assisted CT-

guided needle placements between three experienced and one
inexperienced user on sedated pigs. The two groups showed
no significant difference in precision (mean 4 mm vs. 4.3
mm) and are comparable to the precision of the
inexperienced participants in the present study (mean 3.8
mm). Guiu et al. also report that iterations occurred in 14%
of the interventions, with no significant differences between
the experienced and inexperienced users (7).
Kostrzewa et al. observed a similar precision (mean 2.74

mm) without any iteration from an experienced
interventionalist using a similar RAS and trial design as in
this study (8). The mean duration of the total intervention
(6:01 min) by the experienced interventionalists of
Kostrzewa et al. was faster than the time needed by the

unexperienced participants in this study on the first day, but
these times equalized as the training of the participants
proceeded (mean total duration day 1: 11:22 min; day 2:
08:29 min; day 3: 07:39 min). Thereby, the total duration
decreased by 03:42 min (-32.6%) and the duration of the
needle placement by 01:06 min (-33.4%) in the mean over
the three trial days in this study.
The duration of the needle placement (mean duration day

1: 03:17 min; day 2: 02:33 min; day 3: 02:11 min; p<0.05)
differed significantly across all three trial days, implying a
continuous learning curve. This period represents the part of
an intervention that is repeated in interventions requiring
multiple needle placements, such as microwave ablation,
radiofrequency ablation, or irreversible electroporation (14-
16). However, it is difficult to compare the duration of the
needle placement with other studies due to differences in the
setting and/or definition of start and end.
In addition to the decreasing duration of the total

intervention, assistance by the supervisor was less and less
necessary and the participants were increasingly able to work
alone. The participants made the most progress (p<0.0001)
in autonomy between the first and second test day (mean day
1: 94%; day 2: 98%; day 3: 99%). Mean confidence
increased significantly over all three days (mean day 1: 78%;
day 2: 84%; day 3: 91%; p<0.05). These results may
influence interventional navigation system usage and how
training for interventional procedures is structured (17, 18).
The greatest limitation stems from the phantom setting,

e.g., no motion and the haptics of the phantom differ from
those for human tissue. Additionally, the knowledge of the
participants puncturing a phantom may also encourage them
to act more bluntly (19). This may influence the intervention
time in particular. 
In summary, the data showed that novices were able to

place a needle using a RAS precisely and adequately in a
phantom setting with CBCT imaging and could even
increase efficacy over the course of the 3 trial days.

Funding

This work was supported by German Federal Ministry for Education
and Research [grant numbers 13GW0090, 13GW0389A]; the
European Community’s Seventh Framework Programme (FP7/2007-
2013) [grant number 602306], BEC GmbH and the German Federal
Minitry of Economic Affairs and Energy [grant number
ZF4517701AW7]. None of the funding sources had direct influence
on the study design; in the collection, analysis, and interpretation of
data; in the writing of the manuscript nor in the decision to submit
the article for publication.

Conflicts of Interest
The Institute of Clinical Radiology and Nuclear Medicine has
research agreements with Siemens Healthcare GmbH. The Fraunhofer

in vivo 37: 702-708 (2023)

707



Institute for Manufacturing Engineering and Automation IPA
Department for Clinical Health Technologies has research agreements
with BEC GmbH. Mr. Rothfuss also reports that, after the completion
of the presented work, he was employed by BEC GmbH. Mr.
Lautenschlaeger used to be with Fraunhofer IPA till 31.03.2021.

Authors’ Contributions
PL: Data curation, investigation, methodology, project administration,
visualization, writing-original draft. NR: Visualization, writing -
review & editing. AR: Conceptualization, funding acquisition,
methodology, project administration, resources, software, validation,
visualization, writing-review & editing. MK: Methodology, software,
validation, writing - review & editing. SS: Resources, writing -
review & editing. MN: Resources, writing - review & editing. SH:
Formal analysis, writing - review & editing. SOS: Funding
acquisition, writing - review & editing. JS: Funding acquisition,
writing - review & editing. SD: Conceptualization, funding
acquisition, methodology, project administration, resources,
supervision, validation, writing - review & editing.

References

1 Frampton S and Kneebone RL: John Wickham’s new surgery:
‘Minimally invasive therapy’, innovation, and approaches to
medical practice in twentieth-century Britain. Soc Hist Med
30(3): 544-566, 2017. PMID: 29713119. DOI: 10.1093/shm/
hkw074

2 Kostrzewa M, Rathmann N, Kara K, Schoenberg SO and Diehl
SJ: Accuracy of percutaneous soft-tissue interventions using a
multi-axis, C-arm CT system and 3D laser guidance. Eur J
Radiol 84(10): 1970-1975, 2015. PMID: 26184039. DOI:
10.1016/j.ejrad.2015.06.028

3 Busser WM, Braak SJ, Fütterer JJ, van Strijen MJ, Hoogeveen
YL, de Lange F and Schultze Kool LJ: Cone beam CT guidance
provides superior accuracy for complex needle paths compared
with CT guidance. Br J Radiol 86(1030): 20130310, 2013.
PMID: 23913308. DOI: 10.1259/bjr.20130310

4 Kettenbach J, Kara L, Toporek G, Fuerst M and Kronreif G: A
robotic needle-positioning and guidance system for CT-guided
puncture: Ex vivo results. Minim Invasive Ther Allied Technol
23(5): 271-278, 2014. PMID: 24953817. DOI: 10.3109/
13645706.2014.928641

5 Hiraki T, Kamegawa T, Matsuno T, Sakurai J, Kirita Y, Matsuura
R, Yamaguchi T, Sasaki T, Mitsuhashi T, Komaki T, Masaoka Y,
Matsui Y, Fujiwara H, Iguchi T, Gobara H and Kanazawa S:
Robotically driven CT-guided needle insertion: Preliminary
results in phantom and animal experiments. Radiology 285(2):
454-461, 2017. PMID: 28604237. DOI: 10.1148/radiol.
2017162856

6 Cornelis F, Takaki H, Laskhmanan M, Durack JC, Erinjeri JP,
Getrajdman GI, Maybody M, Sofocleous CT, Solomon SB and
Srimathveeravalli G: Comparison of CT fluoroscopy-guided
manual and CT-guided robotic positioning system for in vivo
needle placements in swine liver. Cardiovasc Intervent Radiol
38(5): 1252-1260, 2015. PMID: 25376924. DOI: 10.1007/
s00270-014-1016-9

7 Guiu B, De Baère T, Noel G and Ronot M: Feasibility, safety
and accuracy of a CT-guided robotic assistance for percutaneous

needle placement in a swine liver model. Sci Rep 11(1): 5218,
2021. PMID: 33664412. DOI: 10.1038/s41598-021-84878-3

8 Kostrzewa M, Rothfuss A, Pätz T, Kühne M, Schoenberg SO,
Diehl SJ, Stallkamp J and Rathmann N: Robotic assistance
system for cone-beam computed tomography-guided
percutaneous needle placement. Cardiovasc Intervent Radiol
45(1): 62-68, 2022. PMID: 34414495. DOI: 10.1007/s00270-
021-02938-7

9 Rathmann N, Kostrzewa M, Kara K, Bartling S, Haubenreisser
H, Schoenberg SO and Diehl SJ: Radiation exposure of the
interventional radiologist during percutaneous biopsy using a
multiaxis interventional C-arm CT system with 3D laser
guidance: a phantom study. Br J Radiol 88(1055): 20150151,
2015. PMID: 26370153. DOI: 10.1259/bjr.20150151

10 Kostrzewa M, Kara K, Rathmann N, Tsagogiorgas C, Henzler T,
Schoenberg SO, Hohenberger P, Diehl SJ and Roessner ED:
Computed tomography-assisted thoracoscopic surgery: a novel,
innovative approach in patients with deep intrapulmonary lesions
of unknown malignant status. Invest Radiol 52(6): 374-380,
2017. PMID: 28141614. DOI: 10.1097/RLI.0000000000000353

11 Walker M and Peyton R: Teaching in the Theatre. In: Peyton
JWR (ed.). Teaching and learning in medical practice.
Rickmansworth, UK, Manticore Publishers Europe, 1998.

12 Martin JA, Regehr G, Reznick R, MacRae H, Murnaghan J,
Hutchison C and Brown M: Objective structured assessment of
technical skill (OSATS) for surgical residents. Br J Surg 84(2):
273-278, 1997. PMID: 9052454. DOI: 10.1046/j.1365-2168.
1997.02502.x

13 Smakic A, Rathmann N, Kostrzewa M, Schönberg SO, Weiß C
and Diehl SJ: Performance of a robotic assistance device in
computed tomography-guided percutaneous diagnostic and
therapeutic procedures. Cardiovasc Intervent Radiol 41(4): 639-
644, 2018. PMID: 29159685. DOI: 10.1007/s00270-017-1841-8

14 Davalos RV, Mir IL and Rubinsky B: Tissue ablation with
irreversible electroporation. Ann Biomed Eng 33(2): 223-231,
2005. PMID: 15771276. DOI: 10.1007/s10439-005-8981-8

15 Kim C: Understanding the nuances of microwave ablation for
more accurate post-treatment assessment. Future Oncol 14(17):
1755-1764, 2018. PMID: 29441813. DOI: 10.2217/fon-2017-0736

16 Wood BJ, Ramkaransingh JR, Fojo T, Walther MM and Libutti
SK: Percutaneous tumor ablation with radiofrequency. Cancer
94(2): 443-451, 2002. PMID: 11900230. DOI: 10.1002/cncr.
10234

17 Okuda Y, Bryson EO, DeMaria S Jr, Jacobson L, Quinones J,
Shen B and Levine AI: The utility of simulation in medical
education: what is the evidence? Mt Sinai J Med 76(4): 330-343,
2009. PMID: 19642147. DOI: 10.1002/msj.20127

18 Sekhar A, Sun MR and Siewert B: A tissue phantom model for
training residents in ultrasound-guided liver biopsy. Acad Radiol
21(7): 902-908, 2014. PMID: 24928159. DOI: 10.1016/j.acra.
2014.03.002

19 Patel AA and Gould DA: Simulators in interventional radiology
training and evaluation: a paradigm shift is on the horizon. J
Vasc Interv Radiol 17(11 Pt 2): S163-S173, 2006. PMID:
17142699. DOI: 10.1097/01.RVI.0000247928.77832.C4

Received December 30, 2022
Revised January 17, 2023
Accepted January 18, 2023

Lautenschlaeger et al: Learning Robot-assisted Needle Placement

708


