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AR visualization of automated access path
planning for percutaneous interventions

Abstract: Minimally invasive interventions, e.g., percutane-
ous needle interventions, have many advantages compared to
traditional surgery. However, they may require complex and
time-consuming planning with experience-dependent success.
Automated access path planning is faster and more consistent
but individual preferences and situational circumstances are
not considered. To this end, displaying the path planning re-
sults directly on the patient’s skin, using projector-based aug-
mented reality (AR), was investigated. A constraint-based path
planning was implemented to evaluate the quality of every
path, taking into account risk structures and path length. A vis-
ualization was developed to display the results on the skin and
to allow for path selection. The choice of the path followed by
a navigated insertion was evaluated in a pilot study (n=5), con-
sidering four levels of the visualization with different amounts
of displayed insertion points. Participants stated that they pre-
ferred to have multiple potential puncture points displayed.
However, the results for the considered variables show only
small differences. Overall, it has been shown that projector-
based AR visualization of automated access path planning is
possible and enables individual, situation-adapted insertion
point selection. More research is required to further explore
optimal display of paths.
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1 Introduction

Minimally invasive procedures are an alternative to open sur-
gery in many medical specialties, characterized by the avoid-
ance of large wounds. The use of, e.g., laparoscopic or percu-
taneous interventions can result in faster recovery with re-
duced pain, shorter hospital stays and a lower likelihood of
complications [1]. However, during such procedures the al-
tered visual and haptic feedback is disadvantageous. A lack of
direct vision and tactility of the tissue must be compensated by
the radiologist, causing their expertise to have a significant in-
fluence on the outcome of the intervention [2].

Image-based planning of the access path to a target can
reduce the chance of injury to risk structures. In many needle-
based interventions, linear access paths are planned. These can
be defined based on two points: the target point and an inser-
tion point on the skin [3]. Depending on quality requirements
and case complexity, planning often takes a long time and de-
pends heavily on the radiologist’s experience [4]. Automated
access path planning could be faster and more consistent and
is thus a viable alternative [5].

Most approaches for automated access path planning are
based on the definition of conditions. Hard conditions (HC)
comprise requirements that can be described by Boolean val-
ues, e.g., risk structures that must be avoided [3]. Soft condi-
tions (SC) can be represented by numerical values and thus
enable a rating of paths, e.g., the proximity to risk struc-
tures [4]. A wide range of implementation approaches exists,
including projections [4] and simulations [6]. Approaches
without conditions can, for instance, be based on the grey
value gradients in the image data [7] or the evaluation of risk
values [5]and risk functions [8] assigned to relevant structures.

Usually, insertion points are displayed and investigated on
the planning computer. Slice-based approaches integrate the
information in the medical image data, showing appropriate
paths [4], as well as non-recommended approaches [3]. 3D-
model-based displays often show a color-coded visualization
of the insertion points on the skin [9] or organ surface [10].
Other approaches visualize access paths directly [11].

A drawback of automated path planning is that individual
preferences and conditions in the operating room cannot be
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taken into account. In addition, transferring the planned inser-
tion point to the operation site can be difficult. Usually this is
done using anatomical landmarks or reference objects that are
visible in the image slices [12]. The visualization of the se-
lected point directly on the skin using Augmented Reality
(AR) has shown promising results in reducing errors during
the insertion [13]. This is often implemented in the context of
a navigation visualization that provides information on the in-
sertion point as well as the necessary needle position and rota-
tion. However, these approaches require a preconceived plan
for the intervention, which renders considering the specific sit-
uation in the operation room impossible for the planning.

A visualization that displays several possible insertion
points on the skin, from which the most feasible path can be
chosen, enables the radiologist to make decisions in the inter-
vention room. To the best of our knowledge, this has not been
implemented before. Therefore, an AR-approach was devel-
oped that shows a selection of possible paths directly on the
skin. Projector-based AR was used to minimize limitations in
reality perception and to provide the visualization sterilely.
The use of automated path planning enables a rapid assessment
of insertion points, allowing a pre-selection to be made for the
radiologist to facilitate the decision process.

2 Materials and Methods

An automated path planning and the corresponding insertion
point visualization were developed and evaluated in a pilot
study. An overview of the implementation and procedure is
given in the following.

2.1 Apparatus

Commonly used condition-based automated path planning
was implemented. Criteria were selected based on existing lit-
erature on condition-based path planning, as mentioned in the
introduction. Intervention-specific requirements, such as pre-
ferred injection angles [4], were not considered to allow uni-
versal use. Two criteria were defined. Risk structures could not
be punctured (HC). The greater the distance between path and
structure, the better (SC). The distance to risk structures was
evaluated relative to a maximum distance, above which no fur-
ther verification took place. This was set to 1 cm, following
the maximum distance check used by Heinrich et al. in an in-
traoperative distance visualization [14]. The maximum path
length resulted from the measures of the needle used (HC).
Shorter paths were rated as better (SC). The evaluation of path
length was relative to the longest possible path for each target.
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Figure 1: The considered levels of the insertion point visualiza-
tion (a - d) and the color scale used (below). The numbers
on the color scale indicate the associated categories of
the path quality value.

a) Mode 1: Visualization of all surface points,

b) Mode 2: Visualization of insertion points in cat. 2-4,
c) Mode 3: Visualization of insertionpoints in cat. 3&4,
d) Mode 4: Visualization of the best insertion point
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The insertion point evaluation was based on a raycasting strat-
egy, scanning the body surface in a grid pattern from a freely
selectable target. With 3D models of internal organs, bones,
cartilages, and blood vessels, selected from an anatomical da-
tabase [15], all HC were applied by checking whether the skin
was visible (obstruction check) and reachable (distance check)
for the ray. For each resulting insertion point, SC were applied
and an associated path quality value between zero (low qual-
ity) and one (high quality) was determined and saved along
with the associated texture coordinates.

The path quality value of the possible puncture points was
displayed directly on the body surface. A divergent color scale
was used (see Figure 1). The blue-red gradient is a temperature
analogy, where blue (cold) represents the non-valid puncture
points, and the different shades of red (warm) display the path
quality value. The darker the shade of red, the better the asso-
ciated point.

For visualization, the path quality value was divided into
five categories to allow for good differentiation between safer
and less safe insertion points. Category 0 contained all non-
valid paths. Category 1 (path quality value: 0 — 0.25) included
the most unsafe insertion points, e.g., paths in direct proximity
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Figure 2: The direct navigation visualization used for the
guided needle insertion. Needle orientation was repre-
sented by the smaller, blue circle, insertion depth by the
filling of the white crosshairs. The first three images show
a gradual improvement with the third image as the desired
target position. The fourth image indicates that the needle
has been inserted too far. Taken from [16].

to risk structures. Category 2 (0.25 —0.7) consisted of points
that are neither particularly safe nor unsafe. Category 3
(0.7-0.9) and Category 4 (0.9 -1) included safe points,
whereby the further subdivision enabled a distinction of par-
ticularly safe paths. A segment of the color scale was assigned
for each category, representing the corresponding paths (see
Figure 1). Based on the categorization, the visualization could
be used with different levels of information. Here, the number
of puncture points shown decreased from the first mode (all
categories are shown, see Figure 1a) to the last mode (only the
best point is displayed, see Figure 1d). The visualization was
implemented as a vertex and fragment shader, using the saved
texture coordinate for each determined insertion path. Based
on the corresponding path quality values, the surface was col-
ored according to the color scale (see Figure 1). For the last
mode, this step was omitted. The application was implemented
in the game engine Unity (Unity Technologies, USA).

The insertion point visualization was combined with a
needle navigation that guides the user from the selected point
to the target (see Figure 2). For this purpose, the navigation aid
was always placed at the contact point between the needle and
the body surface. For the last mode, the crosshairs were placed
at the texture coordinates of the best path quality value.

The visualization was projected onto the surface of a torso
phantom that allowed for needle insertions in a foam area. In-
ternal structures differed in the density of the material. A
multi-projector system of three projectors (Barco F22WU-
XGA, Barco GmbH, Germany) was used to reduce occlusion
due to the shadow cast by the user and create a brighter visu-
alization that is less dependent on ambient light. A photogram-
metric scan of the surface within a world coordinate system
was performed, based on which the projectors were calibrated
(ProjectionTools, domeprojections.com GmbH, Germany).
The surface scan was used to calculate the insertion point vis-
ualization and the path navigation. The position and rotation
of the needle used for insertion were determined using optical
infrared tracking (fusionTrack 500, Atracsys LLC, Switzer-
land), with registration to the world coordinate system.

2.2 Evaluation

A within-subject design study was conducted to evaluate the
visualization and its levels in the context of path selection and
needle insertion. Participants were asked to insert a needle into
a torso phantom multiple times for each mode. This involved
first selecting a path based on the visualization shown, and
then the navigated needle insertion.

Five dependent variables were considered. For the Accu-
racy, the final distance between needle tip and target structure
was measured as the Euclidean distance between the virtual
objects of the navigation application. The Task completion
time needed for path selection and needle insertion was
clocked. To evaluate the selected path itself, the Path quality
value of the chosen point was regarded. Lastly, after each task,
the participants were asked to rate their subjective Confidence
in path selection and Confidence in needle insertion on a 6-
point Likert scale with verbal anchors ”very confident”, ”con-
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fident”, ”rather confident”, “’rather unconfident”, “unconfi-
dent” and “very unconfident”.

First, informed consent and demographic information was
collected for each participant. Subsequently, the visualization
and task were explained in the context of a training session.
Participants were asked to familiarize themselves with the
setup and were able to perform test insertions. In the course
of the study, three trials were performed for each level of the
visualization. The order of modes was randomized. Each trial
included a selection of an insertion point and subsequent nee-
dle insertion, using the navigation aid displayed (see Figure 2).
When participants were satisfied with the needle placement,
the study director terminated the trial on a verbal signal and
asked about subjective Confidences for path selection and nee-
dle insertion. Individual punctures were repeated if recogni-
tion of the needle was no longer possible due to tracking prob-
lems. After completion of all punctures, a final interview with
the participants was conducted.

3 Results

Five individuals (3 female, 2 male) participated in the study,
with an age range of 19 - 28 years (median: 26 years). The
participants had a background in medical technology and/ or
computer science. Due to the pandemic COVID-19 situation,
only research fellows from the institute were invited. The re-
sults of the evaluation are shown in Figure 3.

All results show only small differences between the vari-
ables and high variance. This may be caused by the small sam-
ple size. In the case of the insertion parameters, the tracking
problems encountered may also be a reason.
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Figure 3: Overview of the effects of the visualization levels on a) Accuracy, b) Task completion time, c) Path quality value, d) subjec-
tive Confidence in path selection, e) subjective Confidence in needle insertion. Error bars represent standard error.

On average, subjects took longer to complete the task when all
items were displayed and were fastest when items in the top
three categories were displayed. Too many displayed insertion
points could be distracting; too few paths presented provided
less contextual information and consequentially increased un-
certainty. This was explicitly stated during the final interview
and is also indicated by the Confidence in path selection,
which was lower for modes with fewer displayed paths.

In the evaluation of subjective Confidence for the needle
insertion, displaying the three top categories performed best.
However, participants stated that they predominantly evalu-
ated the tracking problems encountered. The results for Accu-
racy show a similar distribution. Since the navigation always
ensures guidance from the selected insertion point to the tar-
get, no Accuracy differences were expected. Existing incon-
sistencies can result from non-ideal insertion positions, which
could not be changed for the last mode, displaying only the
best point, resulting in a difficult-to-perform procedure.

The highest Path quality value was obtained for the last
mode (displaying only the best point). This results from the
fact that other levels do not allow a differentiation of the best
point due to a discrete display of the categories. Overall, all
participants indicated that they relied heavily on the visualiza-
tion and preferred to select insertion points from the best cate-
gory, resulting in the high Path quality values for all levels.

4 Discussion

During the execution of the study, it was noticeable that the
participants blindly trusted the visualization. This may be due

to the lack of information available. First, the participants had
no anatomical knowledge or experience with interventions,
thus hindering the decision making. While no medical back-
ground or experience with similar interventions is required to
use the visualization, it is necessary to critically evaluate the
information shown and decide on an optimal path. However,
in the context of this work, due to the pandemic COVID-19
situation, no individuals with appropriate qualifications could
be invited. Further evaluations should be conducted with par-
ticipants who are part of the target group. In general, partici-
pants did not know the target location. In part, this also re-
sulted from the aforementioned aspect: due to the lack of back-
ground knowledge of the participants, an interpretation of
medical image data was not possible. When placing the needle
on the surface, no indication of the target position was pre-
sented before the display of the navigation visualization. How-
ever, knowledge of the inner structures was needed by the par-
ticipants to evaluate the visualization. In further studies, it
should be investigated whether a representation of the target
position or internal structures in general can facilitate the de-
cision making. Besides the combination with medical image
data, an addition of a target visualization to the AR insertion
point display could be considered. To this end, other AR mo-
dalities could also be taken into account.

During insertion, line-of-sight tracking problems depend-
ing on the needle rotation and insertion point position occurred
for all subjects. This concerned all insertion-related variables
(Accuracy, Task completion time and Confidence in needle in-
sertion). It is possible that inaccurate tracking influenced ef-
fects on the previously mentioned variables. In further studies,
line-of-sight problems should be avoided, e.g. by better cam-
era placements or the choice of a different tracking method.
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When dividing the visualization into the different levels,
only the best point was shown for the version with the least
paths displayed. This was chosen based on existing AR navi-
gation visualizations, which usually show only one pre-
planned path. In the context of the levels, however, a display
of the entire best category would also have been possible. This
way, a better comparability of the path quality values could
have been achieved, since a differentiation of the best value
would not have been possible at any level. An alternative to
allowing comparison of the path quality value for all levels as
considered in this work, is to use a continuous color scale. This
would allow the identification of the best point even when sev-
eral paths are displayed.

5 Conclusion

In this work, an AR visualization of puncture points directly
on the skin was presented. The basis was an automated path
planning, which determined possible puncture paths based on
surrounding risk structures and the distance to the skin. Differ-
ent levels of the visualization were investigated, displaying
varying amounts of insertion paths. Results of the pilot study
indicated that the visualization of multiple insertion points has
advantages over displaying only one access path. The AR vis-
ualization enables adaptation of automated path planning to
individual and situational preferences in the intervention
room. However, further research is required to optimize the
visualization and evaluate the implemented planning ap-
proach. A representation of the internal structures should be
considered in order to allow a differentiated use of the punc-
ture point visualization. Subsequently, an evaluation of the ap-
plication with radiologists in a clinical context is required.
Comparisons to conventional planning approaches as well as
navigated interventions should be performed.
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