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Augmented reality visualization for aiding biopsy procedure
according to computed tomography based virtual plan
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Purpose: The purpose of this study was to develop and verify an intraoperative module for supporting navigated biopsy procedures
using optical see-through head-mounted display (HMD). Methods: Biopsy procedure including entry and endpoints of needle insertion
was planned preoperatively having regard to the resection region segmentation and safety margin definition. Biopsy procedures were
performed by two users using an intraoperative optical navigation module on a specially prepared brain phantom. Two visualization
techniques were compared: an accurate augmented reality one, where a virtual plan is superimposed onto surgical field by using optical
see-through HMD together with personalized calibration method and visualization on the external display. Results: Averaged errors from
24 trials using external display were 2.04 ± 0.83 mm for the first user and 2.69 ± 1.11 mm for the second one, while applying HMD 2.50
± 0.93 mm (the first user) and 2.17 ± 0.82 mm (the second user), respectively. Conclusions: Proper usage of HMD visualization preceded
by the personalized calibration allows the user to perform navigated biopsy procedure with comparable accuracy to its equivalent with
the external display. Additionally, augmented reality visualization improves ergonomics and enables focusing on the surgical field with-
out losing a direct line of sight with the field of view as it happens for external displays. However, ensuring high accuracy of augmented
reality visualization still requires proper calibration and some user experience, which is challenging.
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1. Introduction

In recent years, we have observed huge develop-
ment in the area of head-mounted displays (HMD)
and their potential usage in many domains such as
entertainment, industry, and simulated training [18].
One can divide HMD applications into two main pur-
poses considering how content is presented: virtual
reality (VR) and augmented reality (AR). The former
creates an artificial (computer-generated) environment
to inhabit, while the latter processing unit renders 3D
objects superimposed over a user’s view of the real
world. Previous generations of HMDs suffered from
huge latency and very small field of view, but cur-

rently these limitations are significantly improved. Each
new commercially available device excels display reso-
lution and ergonomics. As a result, HMD can be suc-
cessfully applied in the very demanding healthcare in-
dustry, especially in surgery applications. Since 2017,
many researchers have devoted their work to adjust
HMD to the clinical practice, constantly optimizing
medical content presentation to benefit from direct and
intuitive real-time visualization of anatomy, surgical
plans, or specific surgery hints [1], [2]. According to
[24], HMDs were successfully applied with image
guidance and augmented reality, mostly in urology and
neurosurgery specialties. Other papers report HMDs’
various usage ranging from orthopedic surgeries [19],
[25], in biopsy procedures for endovascular aortic,
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precise screw placement [2], [10], [27], [28] or even
in very challenging cranio-maxillofacial surgeries [3],
[4]. HMDs are integrated into Computer Aided Sur-
gery (CAS) systems as two main types: optical see-
through (OST) or a video see-through (VST) [24],
[29]. The first type gains much more attention re-
cently since the user can also depend on its visual
world’s perception, which freely adds an additional
verification step. In the simplest case, OST HMD can
be used to display virtual planning (VP) content in-
stead of previously used external displays (ED). De-
spite some evident constraints, since the presented VP
is an only a 2D view, there are some advantages such
as displayed data can be adjusted to the specific surgi-
cal procedure, and the operator does not lose direct
contact with the operating field (OF) [23]. The second
application of OST HMD is related to presenting 3D
content from the first-person perspective, where VP
content is perceived as spatially aligned with real ob-
jects seen in the field of view [22]. This solution is
tempting, but it also has some requirements and even
limitations. Firstly, we need to navigate surgical  field
and HMD device using an external tracking system
such as optical, or magnetic navigation, inertial sys-
tems or solutions based on image processing [6], [7].
Secondly, a personalized calibration is required to
ensure that 3D objects are perceived at the proper
depth. This procedure is quite challenging, it must be
ergonomic and user-friendly while ensuring the high-
est possible accuracy [1]. There are different algo-
rithms for HMD calibration ranging from manual,
semi-automatic, and automatic approaches [12]. Suc-
cessful calibration measures the user’s eyes position
in reference to the tracking system’s coordinate frame.
As a golden standard for HMD calibration SPAAM
algorithm is taken with many further improvements
and modifications [26]. It assumes collecting at least
six 2D–3D point correspondences used to calculate
projection matrices. Manual calibration can be tedious
and prone to error, so each new proposed algorithm
strives to minimize the number of correspondences to
collect. The semi-automatic approach is usually di-
vided into off-line (a viewpoint camera for off-line
parameter estimation) and online (where the user has
to align few calibration markers) steps [17]. Finally,
fully automatic calibration procedures are an alterna-
tive in which manual data collection is replaced by
some external processing unit (for  example, eye-
tracking module) [12], [13]. Automatic calibration
gives very promising results and speeds up the whole
procedure. However, it has one major drawback be-
cause the HMD device is more complex, which highly
decreases ergonomics and usability [12].

The purpose of this work was to develop an intra-
operative module for supporting navigated biopsy pro-
cedures using AR head mounted display. This func-
tionality is a part of the MentorEye system designed
for planning and aiding complex oncological treat-
ment [21], [22]. In this work, we tried to apply OST
HMD according to the second scenario for presenting
3D data from VP to support guided biopsy. To ac-
complish this task, we have proposed a two-stage
procedure where in the adjustment phase whole 3D
content from VP is superimposed on the operating
field to help the user with an initial biopsy location.
Later, for precise biopsy alignment, VP 3D content is
minimized, and the user follows a specific surgery
guide along with the color-coded and textual informa-
tion. In order to verify HMD ergonomics and its us-
ability for biopsy support in the MentorEye system,
we have prepared a validation procedure with a spe-
cially designed phantom. It should be emphasized that
the proposed biopsy procedure is universal and does
not depend on any HMD device model or tracking
system.

The structure of this paper is as follows: Section 2
presents the whole system and proposed biopsy pro-
cedure in detail. Verification results are placed in
paragraph 3 along with discussion in Section 4. The
whole study is concluded in Section 5 with proposi-
tions for future improvements.

2. Materials and methods

MentorEye system

MentorEye is a complex system providing both:
virtual planning for different surgery scenarios with
safety margins and VP realization under the control of
the optical navigation system. The first step is based
on imaging data (CT) collected before surgery. Later,
three imaging projections are created (axial, coronal,
sagittal) along with 3D models. Biopsy planning is
preceded by resection region segmentation and safety
margin definition. Using this information, entry and
endpoints of a single biopsy are planned and exported
into VP. The intraoperative module starts with tools
selection and image data to patient registration. Fi-
nally, VP surgery guidance can be presented using ED
or HMD.

Personalized HMD calibration

An accurate AR biopsy visualization in MentorEye
is preceded by a personalized HMD calibration proce-
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dure (Fig. 1A). The user is instructed to overlay 2D
objects displayed on HMD with objects presented on
the calibration screen (CS). In this work, calibration was
performed for left and right HMDs’ display separately
using three different distances from CS. Two projection
matrices were determined, obtaining 15 2D–3D point
pairs per eye with the SPAAM algorithm. We have
implemented this approach due to its versatility and
weak dependency on the hardware: requiring only
attached reference frames to both HMD and CS and
a tracking system for navigation. SPAAM algorithm is
universal and can easily be integrated into most OST
HMD devices with open SDK. What is more, it does
not require specific domain knowledge from the user,
so only a short introduction is sufficient.

AR visualization for aiding biopsy procedure
in MentorEye system

The general concept of an AR-guided biopsy using
OST HMD is shown in Fig. 1B. The navigation of the

biopsy needle, as well as HMD, enables stereoscopic
3D visualization of CT-based virtual plan inside the
surgical operating field.

Our initial tests revealed that in many cases, direct
imposition of the VP components onto OF was erro-
neous, causing incorrect biopsy long axis introduction.
Because of these reasons, we have decided to under-
take an alternative path where HMD is used as a sup-
porting tool displaying 3D surgery guide (rectangle
with two circles) with color-coded and textual infor-
mation about the digital coordinate system of biopsy
needle against registered VP (Figs. 2, 3B). In this
approach depth accuracy of perceived 3D models is
not so crucial.

The whole biopsy procedure is divided primarily
into two steps. In the first one, the user can follow 3D
models representing biopsy tool along with whole VP
data to initially adjust both biopsy trajectory and an entry
point (Fig. 4). In the second stage, when an introductory
point and long axis angle are essential to determine pre-
cisely, the user can switch off 3D models and rely only

Fig. 1. General concept of HMD calibration (A) and AR intraoperative visualization (B)

Fig. 2. MentorEye biopsy guide idea: A) incorrect position and angle, B) incorrect position, correct angle
C) incorrect depth, correct angle, D) correct depth and angle.

Background color indicates current biopsy state comparing to the virtual plan:
red-incorrect, green-acceptable accuracy threshold

(A) (B)
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on 3D surgery guide and textual data. To indicate to the
user that an acceptable entry point and long axis angle
were obtained MentorEye system changes colors from
red into green in both: planned 3D biopsy model and
a special biopsy surgery guide.

Biopsy procedures performed on skull
and brain phantom

To validate the proposed AR solution, we have de-
signed a special phantom comprising of skull and brain
(Fig. 5). The brain model was prepared from synthetic

material and divided into two parts. In the middle one,
four holes (with a diameter of 10 mm) were created
and filled with the substance that remains its shape
when a biopsy needle is successfully introduced ac-
cording to the planned trajectory.

The CT scans of the phantom were acquired (So-
matom Sensation 16; Siemens Medical Solutions, Erlan-
gen, Germany), and the image data (512 × 512-pixel
dataset, 0.625-mm slice thickness) was recorded as
Digital Imaging and Communications in Medicine
(DICOM) files and exported to the MentorEye sys-

Fig. 3. MentorEye system during intra-operative biopsy navigation:
A) three DICOM projections, B) 3D views generated for left

and right eye displays in HMD, respectively

Fig. 4. Full AR view (first procedure step) seen from user’s per-
spective, A) 3D guide + model of planned biopsy, B) 3D model of

biopsy tool, C) superimposed 3D phantom model

Fig. 5. Validation phantom with skull and brain (A – closed skull phantom, B – brain inside skull phantom,
C –visible structures for brain biopsy)
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tem. Then 12 different biopsies were planned with
a various entry point and long axis settings (in Fig. 6,
two examples of planned biopsy are presented).

Two users (familiarized with AR technology) par-
ticipated in the validation phase in which an infrared
optical tracking system (Polaris Spectra by NDI, Can-
ada) was used for navigation and as HMD display
Epson Moverio BT-200 Smart Glasses was applied.
The measurement protocol (MP) was as follows:
1. upload VP into an intraoperative navigation mod-

ule of the MentorEye system,
2. pivot pointer,
3. choose OST HMD, or ED navigated biopsy mode,
4. perform personalized SPAAM calibration (Fig. 1A)

if AR mode is active,
5. calibrate biopsy tool,
6. register VP with real data using seven landmark

points located on the phantom’s skull surface,
7. check target registration error using eight titan mark-

ers (clearly visible also in CT data) from the brain’s
surface,

8. perform navigated biopsy in AR or ED mode
(Fig. 1B).
One should note that biopsy procedures can be

done using different tools ranging especially in
length. Moreover, a tracking adapter can be attached
to the selected tool in various ways changing the
local coordinate system. Due to these reasons, we
have implemented a universal biopsy tool calibration
algorithm which defines tool’s tip offset and long
axis in the reference to the attached tracking adapter.
In Figure 7, proposed calibration steps are presented.
In this case, the calibrated pointer was used to indi-
cate four points and later collected data were used to
generate a transformation matrix describing trans-
formation from the tracking adapter local coordinate
system into the biopsy tool’s tip with the predefined
long axis.

The main goal of this work was to assess the use-
fulness of OST HMD in the biopsy procedure ac-
cording to the CT-based virtual plan. Additionally, we
have calculated the accuracy of performed biopsies
comparing results between trials using HMD and ED.
For this purpose, each user performed 4 independent
attempts accomplishing the same MP (2HMD +
2ED). To verify the accuracy, we have applied the
following procedure keeping in mind that each virtual
biopsy was planned in such a way that the endpoint
was located in the center of one of four holes. After
each trial, the top part of the phantom’s brain was
removed, then, a digital image was acquired and met-
ric calibrated to describe each pixel in physical units.
The displacement between planned and performed
biopsy’s endpoint was measured in the following way:
1. each hole was detected on the photo as a circle

using Hough transform,
2. the center of a circle from step 1 was determined

to indicate VP planned biopsy location,
3. the performed biopsy endpoint was searched inside

the circle from step 1 and its position was found.

Fig. 7. Two-step biopsy tool calibration:
A) tool tip offset calculation, B) long axis determination

Fig. 6. Two examples of planned virtual biopsies



M. MAJAK et al.86

One should keep in mind that the registration ac-
curacy has a huge impact on the final biopsy results
and OST HMD visualization accuracy. In the simplest
case the registration outcome can be measured by the
fiducial registration error (FRE) and the target regis-
tration error (TRE), and some predefined threshold
can be used to inform if the surgery can be started.

3. Results

In Table 1, the averaged FRE and TRE errors for
each user and trial are presented. Performed registra-
tion was considered successful when the mean FRE
error was less than 1.50 mm while an averaged TRE
error was less than 3.00 mm, respectively. Since cal-
culated registration errors were acceptable so biopsy
procedure was performed in the next step. For each
user and for all 48 trials (2  12 using ED and 2  12
for HMD) biopsy result was satisfactory.

In Table 2, the calculated errors in [mm] between
planned and performed biopsy are presented taking only
the end biopsy point into account. For the first user,
an average error from 24 trials using ED was 2.04
± 0.83 mm, while using HMD was 2.50 ± 0.93 mm. For
the second user, reported errors were as follows: 2.69

± 1.11 mm when applying ED and 2.17 ± 0.82 mm
with HMD support. We have also performed the Wil-
coxon Signed-Rank test and Friedman’s ANOVA test
(with the threshold of statistical significance set at  <
0.05) to compare results obtained by users using ED
versus HMD. For overall algorithm’s comparison no
statistical difference has been reported (with p-value =
0.10 from Friedman’s test) irrespective to biopsy mode
or user’s trial. Additionally, a greater repeatability was
observed for ED mode than for HMD one. This can be
explained by the fact that participants were more expe-
rienced in biopsy procedure using external displays
while HMD mode was still in the learning phase.

4. Discussion

Biopsy error can be decomposed into three main
components: VP image data to patient registration,
OST HMD personal calibration, and finally, VP realiza-
tion under the control of the navigation system. Previ-
ously, the biopsy procedure  applied in MentorEye sys-
tem was preliminary tested, including the above-
mentioned components except for visualization on OST
HMD or personalized calibration. Initial verification
was performed on phantom model equipped with tita-

Table 1. Averaged FRE and TRE errors in [mm] for each user and from each trial

User 1 User 2
ED HMD ED HMD

#1 #2 #1 #2 #1 #2 #1 #2
FRE [mm] 1.10 ± 0.50 0.82 ± 0.36 0.95 ± 0.32 1.09 ± 0.42 1.01 ± 0.34 0.93 ± 0.51 1.02 ± 0.29 1.15 ± 0.22
TRE [mm] 2.02 ± 0.73 2.14 ± 0.68 2.81 ± 0.61 2.17 ± 0.86 2.52 ± 0.86 2.12 ± 0.41 2.21 ± 1.27 2.87 ± 0.68

Table 2. Calculated errors  [mm] between planned and performed biopsy

User 1 User 2
ED HMD ED HMD

#1 #2 #1 #2 #1 #2 #1 #2
1 1.49 1.56 0.95 3.60 0.32 1.20 0.16 3.22
2 2.78 2.49 3.36 2.11 1.56 1.92 1.54 1.62
3 1.08 3.62 3.63 1.67 1.99 4.04 1.88 2.00
4 3.98 2.97 2.62 2.63 3.55 4.27 2.13 2.97
5 1.55 1.38 0.64 0.97 2.13 4.05 1.20 2.19
6 0.76 1.22 2.40 1.68 3.38 1.89 2.59 2.49
7 2.28 1.43 3.65 3.08 2.34 1.30 2.80 2.77
8 3.37 2.26 2.38 2.03 3.37 3.40 1.27 1.27
9 1.59 1.85 1.77 1.68 1.78 2.40 1.50 2.97
10 1.05 1.61 3.70 3.34 2.86 1.88 2.55 1.94
11 1.88 2.42 3.05 2.94 2.50 3.81 3.34 2.84
12 2.45 1.81 3.88 2.31 4.41 4.23 1.24 3.60

p-value 0.695 0.084 0.347 0.110
2.02 ± 0.94 2.05 ± 0.69 2.67 ± 1.04  2.34 ± 0.76  2.52 ± 1.04  2.87 ± 1.16 1.85 ± 0.84 2.49 ± 0.66 Avg ± SD  2.04 ± 0.83 2.50 ± 0.93 2.69 ± 1.11 2.17 ± 0.82 
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nium markers to enable better matching procedure.
Obtained averaged error for entry point was 1.11 ±
0.55 mm and 1.62 ± 0.62 mm for stop point, while long
axis deviation was determined as 0.37 ± 0.12. Detailed
course of experiment was described in previous paper
[16]. In the next step, stereoscopic visualization of VP
using OST HMD was added to MentorEye system.
Two personalized calibration procedures were imple-
mented: one step SPAAM method, where both eyes
are calibrated at the same time (described in the pre-
vious paper [30]) and two step SPAAM method,
where both eyes are calibrated separately (applied in
this study). Preliminary research on the accuracy of
visualization method, presented in paper [30], has
shown that obtained visualization accuracy is user-
dependent and correlated with previous experience
with 3D technology. Furthermore, some problems with
3D perception were observed during one step SPAAM
calibration procedure, which uses stereoscopic visuali-
zation. Therefore, two step SPAAM calibration proce-
dure was recommended and implemented in MentorEye
system. During our initial tests, we have confirmed that
the accuracy of personalized calibration has a great
impact on the navigated biopsy output. As a conse-
quence, some specialized training must be introduced
to increase user’s domain knowledge about AR tech-
nology. Our initial trials have also revealed that AR
content displayed on HMD should be minimized dur-
ing surgery and strictly limited to the specific surgery
navigation guides and color-coded information. Oth-
erwise, the user is too focused on 3D content, and the
misalignment between real and virtually generated
objects significantly impairs visual perception inside
the operating field of view.

Proper training and meticulously performed per-
sonalized calibration can ensure 3D virtual object
perception at the acceptable accuracy level. This
statement holds until HMD device is attached firmly
and not moved in reference to user’s head. Unfortu-
nately, the surgery operating room is very dynamic, so
HMD replacement can occur. In such a case, some
recalibration procedures should be applied, but due
to limited time, this is almost impossible. Taking all
limitations described above into account, we have
decided to introduce a biopsy guide and color-coded
information instead of a whole 3D virtual object pres-
entation. Two experienced users have tested the Mentor-
Eye biopsy navigation module using two different VP
presentation methods: ED and OST-HMD, respectively.
Personalized HMD calibration adds complexity to the
whole surgical procedure. However, this burden is
paid off in the intraoperative phase. Usage of HMD
allows the user to focus on the surgery without losing

a direct line of sight with the operating field of view
as it happens for external displays. Both participants
have reported that the proposed AR biopsy is user-
friendly and easy to follow using OST HMD.

Our AR navigation system is based on infrared
tracking (IR) technology. This fact is worth empha-
sizing as most of papers on similar surgery supporting
systems seem to utilize two-dimensional (2D) open-
source markers, with the quadratic markers being the
most popular one [9]. IR tracking-based solutions,
although relatively expensive, have been successfully
integrated with medical devices and are used in clini-
cal settings for decades. Great examples are neurosur-
gery and craniomaxillofacial surgery [5], [8]. These
systems offer high accuracy (even up to 0.1 mm) and
working distance [14]. Moreover, their components
are fully compatible with intraoperative requirements
such as sterility or lighting conditions.

On the other hand, the experimental surgical sys-
tems, whose navigation is based on tracking of the 2D
open-source fiducial markers, create a logistic chal-
lenge to meet hygiene requirements, such as the need
to be printed on metal or covered with foil which may
disturb detection. Another problem is the slow run-
time of modern algorithms detecting marker systems
at high resolutions (such as 2448  2048), rate lower
than 30 fps recommended for surgical AR-applications
[8], the increase of the speed forcing the lowering of
the resolution. Finally, the 2D fiducials seem to offer
lower accuracy and reliability of the patient tracking
process, which is the most decisive factor in its clini-
cal applicability.

Notably, the hereby presented concept of biopsy
support could also be adapted to aid precise bony
structures drilling for the purpose of implant or fixa-
tion screws insertion, being an alternative for the
standard intraoperative navigation systems or devel-
oped robotic devices [11].

5. Conclusions

In this paper, we have proposed and validated
a two-step intra-operative module for navigated bi-
opsy using an OST HMD device. In the first one, the
user can perceive the whole VP content superimposed
onto the surgery field of view. This is an introductory
phase designed for initial biopsy adjustment. In the
second stage, 3D models from VP are switched off
and biopsy plan realization is based on a specially
designed 3D surgery guide equipped with color-codes
and textual data. It should be noted that the described
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algorithm provides good functionality and ergonomics
being less dependent on the personalized HMD cali-
bration accuracy and user’s ability for an appropriate
3D depth perception. Despite enormous AR develop-
ment, there are still some challenges to address. These
are mainly connected with noticeable input latency and
a small field of view, especially when HMD works in
3D mode. HMD can be successfully applied in CAS for
less demanding tasks such as marker location or, as
proposed, for biopsy supporting or for training pur-
poses in which surgeon can check different VP scenar-
ios. Future work will include more extensive tests using
other HMD devices with higher display resolution to
prove MentorEye clinical effectiveness.
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