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Abstract

Purpose To compare needle placement performance using
an augmented reality (AR) navigation platform imple-
mented on smartphone or smartglasses devices to that of
CBCT-guided fluoroscopy in a phantom.

Materials and Methods An AR application was developed
to display a planned percutaneous needle trajectory on the
smartphone (iPhone7) and smartglasses (HoloLensl)
devices in real time. Two AR-guided needle placement
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systems and CBCT-guided fluoroscopy with navigation
software (XperGuide, Philips) were compared using an
anthropomorphic phantom (CIRS, Norfolk, VA). Six
interventional radiologists each performed 18 independent
needle placements using smartphone (n = 6), smartglasses
(n = 6), and XperGuide (n = 6) guidance. Placement error
was defined as the distance from the needle tip to the target
center. Placement time was recorded. For XperGuide,
dose-area product (DAP, mGy*cm?) and fluoroscopy time
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(sec) were recorded. Statistical comparisons were made
using a two-way repeated measures ANOVA.

Results The placement error using the smartphone,
smartglasses, or XperGuide was similar (3.98 £ 1.68 mm,
5.18 + 3.84 mm, 4.13 £ 2.38 mm, respectively,
p =0.11). Compared to CBCT-guided fluoroscopy, the
smartphone and smartglasses reduced placement time by
38% (p =0.02) and 55% (p = 0.001), respectively. The
DAP for insertion using XperGuide was
3086 + 2920 mGy*cm?, and no intra-procedural radiation
was required for augmented reality.

Conclusions Smartphone- and smartglasses-based aug-
mented reality reduced needle placement time and radia-
tion exposure while maintaining placement accuracy
compared to a clinically validated needle navigation
platform.

Keywords Augmented reality - Interventional
radiology - Image guidance - Percutaneous needle
biopsy - Smartphone - HoloLens - Smartglasses -
CBCT fluoroscopy - XperGuide

Introduction

Safe and accurate percutaneous needle biopsies are
dependent on precise treatment planning and intra-proce-
dural imaging guidance. Cone beam CT (CBCT)-guided
fluoroscopic navigation (XperGuide, Philips Healthcare,
Best, The Netherlands) incorporates virtual needle path
planning on CBCT images, automatically defines projec-
tions for entry or bull’s-eye view along the axis of the
needle path and orthogonal progress views, and superim-
poses the three-dimensional registered trajectory on fluo-
roscopic images [1]. The technique has been shown to have
diagnostic efficacy and higher needle placement accuracy
compared to CT alone, but comes with a cost of increased
radiation [2-5]. Moreover, the display of the needle tra-
jectory away from the patient on a monitor requires the
operator to rely heavily on memory, visuospatial skills,
hand-eye coordination, and clinical training and experi-
ence [6]. Easier access to a treatment plan within the
operator’s line of sight could facilitate or standardize per-
cutaneous needle interventions. [7, 8].

Augmented reality (AR) is an emerging navigational
tool in interventional radiology that may provide accurate
and reproducible needle guidance while reducing radiation
exposure [8-13]. AR describes the superimposition of
digital information onto a display using stationary, hand-
held, or head-mounted devices [8]. The overlay of 3D

treatment information directly onto the procedural envi-
ronment rather than a remote monitor may facilitate more
intuitive appreciation of anatomy, treatment plans, and
execution [14]. The direct line of sight and real-time access
to digital patient information has the potential to improve
standardization and reproducibility, reduce inter-user
variability, and shorten learning curves [8, 15].

A novel AR navigation platform was developed to guide
percutaneous needle placements, enabling needle trajectory
planning and visualization on handheld or wearable devi-
ces [16, 17]. Prior work with this software showed com-
parable image overlay accuracy between the smartphone
and smartglasses devices [16]. In addition, performance
using the AR smartphone showed significant improvement
in needle placement accuracy, procedure time, and radia-
tion exposure compared to CT freehand insertion [17]. The
AR devices are similar to CBCT-guided fluoroscopy,
enabling needle insertions in oblique planes by providing
entry and progress views for guidance without the need for
additional technology, e.g., electromagnetically tracked
needles. This study compared percutaneous needle place-
ment performance using the AR smartphone, AR smart-
glasses, and CBCT-guided fluoroscopy in a phantom.

Materials and Methods
Phantom

An anthropomorphic abdominal phantom (CIRS Model
057A, Norfolk, VA) (Fig. 2A) with self-healing properties
allowed repeated needle insertions with CT-visible target
lesions (Fig. 1A). The lesions targeted (n = 6) had diam-
eters ranging from 6.5 to 13.5 mm. Needle entry points
(n = 6) were selected at random locations on the anterior
surface to include a variety of insertion depths (mean
71.7 £ 16.7 mm, range 56.0-102.4 mm) and polar angles
(mean 38.2 + 7.1°, range 31.6-50.9°). All needle trajec-
tories were double-angled with craniocaudal angulation
and rotation about the z-axis. Six 2-mm metal spheres were
placed on the phantom surface to identify needle entry
points on pre-procedural CT imaging.

AR Components

An orientation reference marker (10 x 5 x 5 cm) was 3D
printed with metal fiducials embedded at each corner for
identification on pre-procedural CT imaging and subse-
quent registration. An image with no repetitive patterns
was affixed to its surface for recognition by the AR device
camera and application. The marker was rigidly attached to
the phantom and kept within view of the device camera by
the operator during use. This enabled automatic registration
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Fig. 1 Pre-procedural planning as shown on the augmented reality
(AR) (A-D) and CBCT-guided fluoroscopy (E-H) software. A—C
Axial, sagittal, and coronal CT views of the abdominal phantom in the
AR software, with the segmented target (red circle). D The phantom
in 3D space with the needle path (green line) and entry point and
target (red dots). E-G The axial, sagittal, and coronal views of the

between preoperative CT images and the phantom in actual
space (Fig. 2B).

The AR devices were the iPhone 7 (Apple, Cupertino,
CA, USA) and HoloLens 1 (Microsoft, Redmond, WA,
USA); however, the AR application [16] is compatible with
smartphone or smartglasses devices that run on iOS,
Windows or Android. The AR application enabled auto-
matic registration and real-time superimposition of the
selected needle trajectory onto the image of the phantom.
The smartphone displayed the planned needle trajectory as
an overlay on the real-time image of the phantom on the
smartphone screen (Fig. 2A—C). The smartphone was
operated using the touchscreen with needle trajectory
selection from a drop-down menu. The smartglasses
superimposed the planned needle trajectory onto the 3D
environment (Fig. 2D-E). The AR application, including
selection of needle trajectory, was operated by hand ges-
tures and voice commands.

Image Acquisition, Processing, and Pre-procedural
Planning

AR-guided procedures
A pre-procedural CT scan (Brilliance MX8000 IDT

16-section Detector CT; Philips, Cleveland, OH USA) of
the phantom and reference marker was acquired prior to
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phantom in the CBCT-guided fluoroscopy software show the planned
needle trajectory (purple line), entry point (purple circle), needle
endpoint (green circle), and the segmented target (orange). H The
surface rendering of the phantom with the CBCT-guided fluoroscopy
needle trajectory (green), the entry point (purple circle) and the needle
target (green circle) within the segmented target (dark blue)

each set of six interventions with each device (3.0 mm
sections at 1.5 mm intervals; 120 kVp; 275 mAs; 30 cm
field of view). Treatment planning was performed as pre-
viously described with the custom application running on a
personal computer (Microsoft Surface Pro, Redmond, WA,
USA) (Fig. 1A-D) [16, 17]. Briefly, six targets were seg-
mented. A unique target center and surface entry point pair
was selected to define and generate each needle trajectory.
The fiducials at the corners of the reference marker were
identified, enabling point-to-point based rigid registration
of the preoperative CT and trajectories to the real 3D
marker in actual space. All six needle trajectories were
uploaded for subsequent display by the AR device [17].
The same paired targets and entry points were used for all
operators.

CBCT-guided fluoroscopic procedures

A CBCT scan was acquired (Allura Xper FD20 X-ray
System, Philips, Best, The Netherlands) at 120 kVp. The
needle guidance platform (XperGuide) was used for treat-
ment planning and execution on an interventional work-
station (OncoSuite, Philips) (Fig. IE-H). Since the
phantom targets were not optimally visualized on CBCT, a
CT scan of the phantom was imported and rigidly and
automatically registered to the CBCT. The targets and
entry points were selected, defining the trajectories. This
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Fig. 2 Experimental workflow with augmented reality (AR) smart-
phone, smartglasses and CBCT-guided fluoroscopy. A The phantom
(asterisk) and the 3D reference marker (yellow arrow) were main-
tained in the smartphone field of view during needle insertion.
B Screenshot of the AR smartphone application showed the needle
and superimposed virtual needle path (green line), target (red dot,
identified by the red arrowhead), entry point (yellow dot, identified by
the yellow arrowhead), and final virtual position of the proximal end
of the needle (blue dot, identified by the blue arrowhead). C Screen-
shot of the smartphone application that showed the bull’s-eye view
used to guide the initial needle puncture and insertion with the target
(red dot identified by the red arrowhead), proximal needle end marker
(blue dot, identified by the blue arrowhead) and needle hub center
overlapped. D AR smartglasses-guided needle placement. E Image

defined set of trajectories was imported into CBCT images
subsequently acquired for each operator, and automatically
registered. Overlay modifications, e.g., entry points, could
be made manually. The 3D needle trajectories were reg-
istered to the fluoroscopic image for monitoring needle
insertion.

Phantom Procedure Protocol

Six operators with 3-25 years clinical experience (5
interventional radiologists and one interventional radiology
resident) each used the AR smartphone (n =6), AR
smartglasses (n = 6), and CBCT-guided fluoroscopic
(n = 6) navigation systems for a total of 18 independent
insertions with Hawkins-Akins 18G needles (Cook,
Bloomington, IN, USA). The order of use of the two AR
devices was randomized for each operator. CBCT-guided
fluoroscopic navigation was performed last. The order of
insertion for the needle trajectories was randomized among
operators, with each operator performing 6 consecutive
needle placements using each device. Operators practiced

acquired from behind the lens of the AR smartglasses depicting the
augmentation shown in the AR application with the needle path
(green), target (red dot, identified by red arrowhead), entry point
(yellow dot, identified by yellow arrowhead), and the final virtual
position of the proximal needle (blue dot, identified by blue
arrowhead). F CBCT-guided fluoroscopy navigation with last fluo-
roscopy images (plain fluoroscopy and CBCT-guidance fluoroscopy
overlay) shown in the monitors. G CBCT-guided fluoroscopy entry
view during initial needle puncture and advancing of needle, aligning
the needle shaft with the entry point (green circle) and trajectory
(purple dot). H Orthogonal progress view with the virtual needle
trajectory overlying the needle shaft and the needle tip at the correct
depth

(< 15 min) prior to the use of each device and reviewed the
treatment plan for each needle trajectory prior to insertion.
Operators were instructed to insert the needle into each
target center as accurately as possible, within a reasonable
amount of time. Needle insertion time was measured from
the initial puncture until operator satisfaction with final
position. After placement of three needles, a CT scan was
acquired for later measurement of placement error and the
needles were then removed.

For AR smartphone-guided procedures, the smartphone
was held in one hand while the other was used to insert the
needles (Fig. 2A, B). With the needle at the entry point, the
entry view along the axis of the trajectory was used to
guide needle puncture (Fig. 2C). Proper alignment was
assessed by observing that the needle coincided with the
superimposed virtual trajectory, in which the proximal and
distal ends were marked by blue and red dots, respectively.
Moving the smartphone about the phantom enabled visu-
alization of needle progress and virtual accuracy, and
guided adjustments (Fig. 2A, B). For AR smartglasses-
guided procedures, the operator fastened the device to their
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head and performed a brief ocular calibration (1-2 min)
(Fig. 2D). The entry view could be viewed with one eye
closed, using a single line of sight in a single frame of the
smartglasses. Needle progress was visualized by orienting
the smartglasses to various positions and perspectives
about the phantom. Operators were polled on relative
confidence of use, advantages, and frustrations with each
device.

For CBCT-guided fluoroscopic procedures, the operator
used the entry view to align the needle at the entry point
and advance it into the phantom. Intermittent C-arm rota-
tion to orthogonal progress views showed needle insertion
depth and alignment. Rapid rotation between the views was
repeated with needle manipulation until placement was
satisfactory. Dose-area product (DAP, mGy*cm?) and flu-
oroscopy time (sec) were recorded for each placement.

Post-procedural Measurement

Needle placement error was defined as the distance (mm)
from the needle tip to the target center. AR-guided needle
placement error was calculated (Fig. 3A) using an open
source DICOM viewer (OsiriX Lite v.11.0.2, Geneva,
Switzerland), based on the 3D coordinates of the needle tip
and target. CBCT-guided fluoroscopic needle placement
error was measured using XperGuide, where the end of the
planned trajectory identified the target center. The
orthogonal lateral error (Fig. 3B) and in-direction error
(Fig. 3C) relative to the target center were measured, and
total distance was then calculated using the quadratic
equation. Since XperGuide error was based on the distance
between the needle tip and the end of the needle trajectory,
the measurement was not affected by any initial registra-
tion errors between the CBCT and CT.

Fig. 3 Postoperative measurement of the needle placement error for
augmented reality (AR) and CBCT-guided fluoroscopy. A AR needle
placement error was acquired selecting a CT reconstruction plane that
included the needle and target. Placement error was measured from
the needle tip to the target center. B Lateral error in the entry point

@ Springer

Statistical Analysis

Prism was used for statistical analyses (GraphPad Soft-
ware, version 8.0, La Jolla, CA). A two-way analysis of
variance with repeated measures of targets was used to
compare the main effects of operator (n = 6) and device
(n =3) as well as their interaction effect on placement
error and time. The effect of target on performance was
also analyzed. A post hoc Tukey’s multiple comparisons
test was used to make statistical comparisons between
groups. An alpha of 0.05 was used for all statistical com-

parisons. Descriptive statistics were presented as
mean + SD.
Results

Mean needle placement errors using the AR smartphone,
AR smartglasses, and CBCT-guided fluoroscopy were
3.98 + 1.68 mm, 5.18 £ 3.84 mm, and 4.13 + 2.38 mm,
respectively (p = 0.096, Fig. 4A). Interaction effects
between operator and device were observed (p = 0.01).
Post hoc comparisons within operators showed that one
operator with 18 years of experience placed needles with
less error using XperGuide compared to AR smartphone
(p = 0.032) and AR smartglasses (p = 0.016). Post hoc
comparisons within devices showed that the same operator
placed needles with less error when using XperGuide
compared to an operator with 5 years of experience
(p = 0.009). The remainder of post hoc comparisons
showed p values greater than 0.05.

Mean needle placement times using the AR smartphone,
AR smartglasses, and CBCT-guided fluoroscopy were
94.8 £283s, 68.5+426s, and 152.0 £ 118.8s,
Interaction effects
and device were not observed

respectively (p = 0.003, Fig. 4B).
between operator

view using CBCT-guided fluoroscopy. C In-directional error in the
progress view using CBCT-guided fluoroscopy. The total error from
the needle tip to the target center for CBCT-guided fluoroscopy was
calculated using the quadratic formula
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Fig. 4 Needle placement error
and time for all operators. A
A Scatter dot plot of the needle

placement error (mean £ SD). 25
The placement errors for each

device were similar. B Scatter 20 -
dot plot of the mean needle

placement time (mean + SD). 15 -

The placement time for the
augmented reality (AR)
smartphone was less than for
CBCT-guided fluoroscopy

(p = 0.021). The time for AR
smartglasses was less than for
AR smartphone (p = 0.016) and

Distance (mm)

Needle Placement Error

Needle Placement Time

p=0.0012
800 1 p=0.021 p=0.016
700 -
400

Time (sec)

CBCT-guided fluoroscopy
(p = 0.0012)

(p = 0.063). The use of the AR smartphone and AR
smartglasses reduced needle placement time by 38%
(p = 0.02) and 55% (p = 0.001), respectively, compared to
CBCT-guided fluoroscopy. AR smartglasses-guided needle
placements showed a reduced placement time compared to
the smartphone (p = 0.016). The needle trajectory had no
observable association with placement error (p = 0.39) or
time (p = 0.76).

Most operators reported more confidence using the
smartphone than the smartglasses, in part due to fewer
minor malfunctions. The camera view of the reference
marker was more likely to be obstructed by the smart-
glasses operator’s free hand which led to the loss of image
registration and the AR display. In contrast to the hands-
free smartglasses, ergonomics of smartphone use were
challenged by the requirement of holding the smartphone
in position with one hand while advancing the needle with
the other. The operator also shifted gaze between the
patient to the iPhone. One operator found a solution by
keeping both hands in contact with the phone to stabilize
the complex system (Fig. 5). A few operators reported mild
headache and dizziness with the smartglasses.

For CBCT-guided fluoroscopy, the mean DAP was
3086 + 2920 mGy*cm® with 55 £ 59 s of fluoroscopic
radiation.

Discussion

Needles were placed with comparable accuracy using 3
different percutaneous navigation platforms, the AR
smartphone, AR smartglasses, and CBCT-guided fluoro-
scopic navigation. Both AR guidance techniques had
accurate placement while reducing needle placement time

and intra-procedural radiation exposure, which is inherent
to CBCT-guided fluoroscopy.

The AR platform showed improvements in ergonomics
and inter-user variability compared to CBCT-guided fluo-
roscopy, without major alterations in workflow. Compared
to the AR devices, the bulk of the C-arm can limit selection
of needle trajectories during planning and the operator’s
freedom of movement. All operators had clinical experi-
ence with fluoroscopically guided needle placement, while
the AR platforms are not in clinical use. Despite having
less than 15 min to practice with each AR platform, per-
formance using the AR platforms matched or exceeded that
of CBCT-guided placement. The presented AR platforms
have the potential to reduce learning curves as well as
variability in performance among users with differing
levels of experience. Further evaluation with AR naviga-
tion is needed to determine whether complication rates and
diagnostic accuracy correlate with experience, as they do
for CBCT-guided percutaneous needle biopsies [6].

The AR smartphone and smartglasses showed compa-
rable needle placement accuracy, but with different tech-
nical and ergonomic factors. With smartphone use, the
operator’s focus shifted between the display and the
patient, as with CBCT-guided fluoroscopy. In contrast,
smartglasses offered the advantage of a direct line of sight
through the lens display with a more intuitive, hands-free
user experience [14]. However, a few operators reported
symptoms of cybersickness which is commonly associated
with immersive technology [18, 19]. The smartglasses also
required user-dependent calibration and adjustment, which
could hamper workflow.

There were limitations to this work. The study used a
stationary phantom constructed of homogenous material
which does not reflect the full complexity of motion and
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Fig. 5 Needle stabilization technique for smartphone-guided needle
placement. A The two hands were kept in contact with the hand
holding the smartphone resting on top of the hand guiding the needle,
fixing the relationships, and stabilizing needle insertion. B The actual

tissue properties. While AR technology does not require
intra-procedural radiation, one also loses the ability to
monitor and adjust for respiratory deformation or needle
deviation that is provided by fluoroscopic imaging. AR
systems could be improved with integration of motion
tracking [20-22], elastic registration [23], and needle shape
reconstruction to account for needle bending [24]. AR
smartphone or smartglasses technology could be used in
conjunction with CBCT-guided fluoroscopy to take
advantages of the strengths and mitigate the shortcomings
of both approaches. For example, AR has been imple-
mented in combination with CBCT-guided fluoroscopy
with cameras on the detector to reduce radiation exposure
while maintaining accuracy [20].

Conclusion

An AR platform using a smartphone or smartglasses
showed needle placement accuracy comparable to CBCT-
guided fluoroscopy while reducing procedure time and
radiation exposure in a stationary phantom. This AR plat-
form may benefit less experienced operators or serve as a
platform for physician training or standardization. While
there may be ergonomic and technical advantages to using
AR smartphone or smartglasses, future refinements should
be made to both devices to define and enhance clinical
value in specific interventional applications.
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