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Abstract
Purpose To develop and evaluate an augmented reality instrument guidance system for MRI-guided needle placement
procedures such as musculoskeletal biopsy and arthrography. Our system guides the physician to insert a needle toward a
target while looking at the insertion site without requiring special headgear.
Methods The system is comprised of a pair of stereo cameras, a projector, and a computational unit with a touch screen. All
components are designed to be used within the MRI suite (Zone 4). Multi-modality fiducial markers called VisiMARKERs,
detectable in both MRI and camera images, facilitate automatic registration after the initial scan. The navigation feedback is
projected directly onto the intervention site allowing the interventionalist to keep their focus on the insertion site instead of a
secondary monitor which is often not in front of them.
Results We evaluated the feasibility and accuracy of this system on custom-built shoulder phantoms. Two radiologists used
the system to select targets and entry points on initial MRIs of these phantoms over three sessions. They performed 80 needle
insertions following the projected guidance. The system targeting error was 1.09 mm, and the overall error was 2.29 mm.
Conclusion We demonstrated both feasibility and accuracy of this MRI navigation system. The system operated without any
problems inside the MRI suite close to the MRI bore. The two radiologists were able to easily follow the guidance and place
the needle close to the target without any intermediate imaging.
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Introduction

Interventional MRI combines multiplanar cross-sectional
imaging capabilities with exquisite soft tissue contrast. MRI
guidance has been used for percutaneous needle injections to
diagnose and treat neuropathic pain, perform needle biopsy,
drainage, tumor ablation, and other clinical indications [1].
The high tissue contrast of MRI makes interventional MRI
optimal for lesions that may be difficult to visualize with
other modalities such as ultrasound, fluoroscopy, and CT [2].
As currently performed, MRI-guided interventions use an
“advance and check” method. This can be challenging, con-
sisting of several steps: (1) initial MRI scan to visualize the
anatomy of interest; (2) path planning based on these images;
(3) moving the patient out of the scanner bore and manual
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placement of the needle; (4) moving the patient back into
the scanner bore and verification of needle placement with
repeat imaging; and finally, (5) taking a sample or injecting
a drug. The needle placement and verification steps typi-
cally require multiple attempts using the advance and check
method and rely on the surgeon’s spatial skills tomake needle
orientation adjustments based on the new images (“cognitive
fusion”). These steps take time, especiallymoving the patient
in and out of the scanner bore and re-imaging with each
needle advance, while the patient must remain still inside
the MRI suite, thereby increasing patient discomfort (and
anesthesia duration if used). Such multi-step MRI-guided
procedures increase the MRI room time and overall proce-
dure cost and can also cause logistical problems in scanner
usage and physician scheduling. Consequently, most inter-
ventional procedures in adults are still performed using CT,
fluoroscopy, and ultrasound, which do not provide the same
image quality as MRI but can be quickly obtained. There is
increasing concern about the use of CT imaging and asso-
ciated ionizing radiation, with over 57 million in-hospital
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Fig. 1 MRI arthrogram of the right shoulder, transverse plane [5]

scans performed annually in the United States [3]. As radi-
ation exposure concerns continue to rise for both physicians
[4] and patients, the use of MRI is increasing, with 18 mil-
lion in-hospital scans performed annually [3]. In a pediatric
setting especially, there is a preference for MRI over CT and
X-ray imaging because no ionizing radiation is emitted.

A prime example ofMRI-guided interventions is shoulder
arthrography shown in Fig. 1, which is on the rise specially
for pediatric application. The importance of MRI arthrog-
raphy in pediatrics stems from the prevalence of children’s
sports where the surge in intensive training and competition
has translated into an increase in musculoskeletal injuries
among children [6]. A navigation system designed for MRI
intervention may be able to streamline such procedures.
Traditional navigation systems which rely on electromag-
netic or off-the-shelf optical tracking are not suitable for
MRI environment. A main research direction for shoulder
arthrography has been an MRI-compatible body-mounted
robot under liveMRI. The robotic approach can provide great
control and visualization [7], but market readiness requires
heavy customization due to the complexity involved. (For
our purposes, a device is considered MRI-compatible if it
is at least “MR Conditional”—i.e., it has been demonstrated
to pose no known hazards in a specified MRI environment
with specified conditions of use—and the MRI environment
affects neither its operating characteristics nor the quality of
the images produced) [8].

Another guidance approach which can be used within an
MRI suite relies on mirrors. Fritz et. al. [9] discuss an MRI
guidance system involving a semitransparent mirror to show
the guidance. In Mewes et al. [10], a projector is installed
outside of the MRI room and the image is transferred to
the scanner bore via a constellation of mirrors. The use of
a projector is similar to our approach. However, in practice,
utilizing suchmirrors in clinical settings is less than ideal and
may not be feasible. Also, calibration may be needed before
each use and in-bore needle insertion can be ergonomically
challenging for the physician, specifically for obese patients.
A significant drawback of this work is the lack of live patient
tracking to accommodate for rigid motion. Direct error com-
parisons to our work cannot bemade due to the differences in

the experimental setup (a flat non-anthropomorphic phantom
and multiple mirrors) and absence of detail regarding overall
system error and total number of insertions.

Heinrich et al. [11] present a user study comparing three
navigation concepts for projective AR-based displays for
needle guidance: cross-hair, arrow and circle. In contrast,
we provide real-time numerical feedback on the distance to
target and intuitive needle orientation guidance by projecting
a pseudo-shadow of the needle.

Most other surgical applications of AR systems expect
the physician to wear headgear, smart glasses, HoloLens
or other hardware. However, the majority of commercially
available headgear is not MRI-compatible. Restricted near-
range operational distance, lengthy calibration procedures,
size and weight of headgear, sterility concerns and inconsis-
tent performance further impact clinical acceptance of the
current hardware platforms.

This work describes an augmented reality approach
for MRI-guided interventions which provides an intuitive
anatomy targeting that is visible to the naked eye. With its
MRI-compatible hardware synchronized to the current work-
flow, the projected on-patient guidance is both easy to use
and effective with a clear path to physician acceptance and
commercial success.

Methods

System overview

The proposed AR system consists of a medical grade panel
PC and an “optical head” that is comprised of two cameras
forming a stereo system and a projector. Figures2 and 7 show
the configuration of the system inside the MRI suite.

The optical head is connected to the computational unit
via a single USB 3.0 connection which provides both power
and data transmission. The computational unit receives high-
definition stereo images from the cameras and sends a
feedback image to the projector. The optical head is mounted
on a passive arm that is attached to either the ceiling or a pole
cart holding the PC. The optical head is located above the
patient and adjusted to see the area of intervention, similar
to the standard operating room lighting. Note that the pro-
jector can facilitate correct orientation of the optical unit by
highlighting the viewing area.

Workflow

Figure 2 right describes theworkflowof a proposedAR/MRI-
guided procedure. Prior to imaging, VisiMARKERs are
placed on the patient around the intervention area. These
markers are visible underMRI, allowingour software to auto-
matically segment them in the MRI volume. The registration

123



International Journal of Computer Assisted Radiology and Surgery

Fig. 2 Left: Proposed MRI guidance system comprising of a medical grade panel PC and an optical head for on-patient AR projection. Right: The
clinical workflow

of MRI volume to camera view happens automatically as
soon as the markers come into the field of view. The user
then selects an entry point and a target in the MRI image.
Given the desired intervention plan, the guidance indicators
are projected on the patient helping the physician place the
needle tip at the entry point and aligning the needle with the
planned trajectory. The projected guidance also shows the
progress of the needle toward the target. Note that as shown
in Fig. 2, this happens outside the bore, giving the physi-
cian easy access to the intervention site. In addition to the
projected guidance, a live augmented camera view and cross
sections of theMRI volume are shown on the computer mon-
itor. Lastly, a confirmatory volume is acquired to verify the
placement of the needle. The following sections describe the
major hardware and software components in more detail.

MRI-compatible hardware

Panel PC

The first component is a medical grade panel PC extensively
modified to achieve “MR conditional” status beyond the 300
Gauss line for continuous operation in the MRI suite. This is
a high-performance 24” touchscreen computer with Intel i7
processor, quad core CPU and 4 GB RAM that handles all
computations, data storage, and user input. The modification
involved substituting all ferromagnetic structural elements
with non-magnetic alternatives. Among those, we replaced
the electronics paneling with aluminum alloy due to its light-
ness, EM shielding performance, and corrosion resistance.
Magnetic-driven main speakers were removed from the sys-
tem, leaving only the non-magnetic piezoelectric buzzer for
the sound feedback.All fasteners and standoffswere replaced

with their brass and stainless steel counterparts. Certain elec-
tronic components, CMOS battery, I/O ports and minor LCD
screen components that have weakly magnetic properties
were left untouched after verification tests in the MRI suite.

We evaluated the safety of the modified panel PC with
a 1.5 T MRI machine. The weakly magnetic components
inside the PC were not registered after thorough magnetic
sweeps by theMRI safety technologist. The pull force toward
the magnet was also measured at 300 Gauss line against an
“unmodified” baseline computer of the same model using a
Gauss meter and force gauge. No pull force was registered
on the modified PC compared to 60 N pull force measured
with the unmodified PC.

Optical head

The optical head was designed to be “MR conditional” to
operate beyond the 300 Gauss line in an MRI suite. A
low-powered projector module with digital light processing
(DLP) technology (DLPLightCrafter, Texas Instrument) and
off-the-shelf cameras were integrated inside the optical head.
This projector has a display resolution of 640 × 360 pixels
and a frame rate of 20 fps. The projector module was demag-
netized with non-magnetic materials such as stainless steel
or aluminum. Even though most projector components were
either copper or plastics, the screws and a small heat sink
plate were found to be magnetic, all of which are remodeled
and replaced. All other optical head electronic components
were selected off-the-shelf for lowpower consumption, small
footprint, and minimal magnetic elements. Two standard
FLIR 1.3 megapixel Chameleon3 USB 3.0 cameras were
employed for the stereo vision system, each with a resolution
of 1280× 1024 pixels and a frame rate of 149 fps.
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Fig. 3 VisiMARKERs

A lightweight and MRI-safe stabilizer plate was designed
and manufactured to provide a rigid structural base for all
electronic components. The stabilizer plate is made from alu-
minum and acts as a heat-sink for thermal management.

MRI markers

New multi-modality markers that are detectable under both
MRI and camera images were designed, developed and
assembled in house for accurate, automatic optical localiza-
tion and registration of the MRI volumes with the camera
coordinate frame (Fig. 3). While other research groups have
developed multi-modality markers for CT and X-ray imag-
ing [12], there are no multi-modality markers commercially
available for MRI.

The developed markers are “MR-safe,” sterilizable, and
biocompatible for applications on skin. The markers have
a medical grade foam adhesive that maintains reliable con-
tact with the skin for extended durations. Each marker is
25 × 25 mm in size. Markers are aseptically packaged
in sheets, each of which is carrying a set of 15 rounded
square markers with unique “AprilTag” [13] patterns that
are machine readable. MRI visibility was achieved using a
doughnut shaped synthetic gel, that is encapsulated inside
the acrylic body of the marker. The visibility was confirmed
underT1-weighted andT2-weighted sequences. Themarkers
were also tested for biocompatibility at a certified microbi-
ological laboratory regarding cytotoxicity and skin irritation
with no evidence of adverse effects.

Automatic registration and navigation

There are several software components required to make the
proposed workflow possible. The following describes the
main components:

Planning UI

We created a utility where the user can browse the MRI
images, adjust brightness and contrast, and select a target
and an entry point. The planning can be either in axial or

Fig. 4 TipTAG

lateral plane giving more flexibility to the clinician on how
to approach the target.

We also developed the interfaces to send images to the
projector via a USB connection thus eliminating the need
for an additional HDMI cable to send the guidance images
to the projector. This was achieved by setting up a network
connection to the projector and sending the images (640×360
pixels) at 20 fps through a TCP/IP connection.

Needle tracking

Active needle tracking is required for this application to pro-
vide real-time feedback to the users. We use a “TipTAG”
marker-based needle tracking solution (Fig. 4). To make a
TipTAG needle, two AprilTag markers are attached back-to-
back to the shaft of the needle near the hub. This needle is
then shown to the camera system from multiple angles so
that the tip location and needle orientation can be calibrated
with respect to those markers. Standard pivot calibration was
used to calibrate the location of the needle tip with respect to
the markers [14]. This process is done only once per needle
and can be eliminated in future using an AI approach. The
tracking runs at a reduced frame rate of 30 fps using the full
resolution 1280× 1024 images from the stereo cameras.

Marker segmentation

We devised an algorithm which automatically detects and
segments the markers in MRI volumes. This is performed in
three main steps. First, Otsu thresholding divides the image
into background and foreground. It is expected that themark-
ers only reside close to the boundary of the foreground.
Therefore, amask is computed to extract this boundary for the
next step. Then, a template is constructed based on the shape
and size of the markers. Finally, this template is matched to
candidate locations in the volume in 3D to extract both the
location and orientation of the markers. In our experiments,
the localization error of the localization of the markers com-
pared to manually segmented markers was 0.33± 0.19 mm
with a detection rate of 98.7% and false positive rate of 0%
(n = 74).
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Fig. 5 The projection on varying skin tones and backgrounds

Projected feedback

We implemented the interface to send real-time feedback as
images to be projected onto the patient through serial USB
connection. The projector and stereo cameraswere calibrated
using standard calibration routines provided by OpenCV
library [15]. The stereo-camera calibration involves collect-
ing a set of image pairs of a checkerboard at several orienta-
tions, detecting the corners in each of them, and using these
sets of corresponding points to compute the transformation
between the two cameras. For projector-to-camera calibra-
tion, the projector is simply calibrated in the stereo-camera
coordinate system as another camera: a checkerboard pattern
is projected on to a plane white board, and the projected cor-
ner points are detected in camera images and reconstructed
in 3D. Given a collection of 3D points from multiple planes,
the intrinsic and extrinsic parameters are computed.

The entry point selected by the user is projected as a small
red circle indicating where the tip of the needle should be
placed (see Fig. 5). To adjust the orientation of the needle,
a virtual shadow is displayed which should be minimized
before insertion and while the needle is inserted toward the
target. To minimize this line, the user simply reorients the
needle away from the projected line as if it is a real shadow.
The distance to the target is also displayed both as text and as
a circlewhich its radius shrinks as the needle gets closer to the
target (see the supplementary video). The overall projection
feedback latency of the system was measured to be around
80 milliseconds.

Integration

Our software can receive MRI volume either via PACS or a
USB stick. When an MRI volume is received, it is automat-
ically processed, and the markers are segmented. The stereo
camera system continuously processes the stream of images
to detect markers. As soon as the patient is moved out of
the bore and the markers enter the field of view of the cam-
eras, the markers are detected and automatically registered
to the MRI volume. The registration was performed using
Horn’smethod [16], a closed-form solution that computes the
best possible transformation between two sets of matching

points. This automated process greatly reduces the required
user interaction for the intervention while also ensuring that
the guidance stays accurate even if the patient moves. The
average fiducial registration error (FRE) during our experi-
mentation was 0.3 mm.

Experiment

The test phantom

We created realistic 3D models for the bones and skin sur-
face using open-source shoulder CT images [17]. The 3D
models were imported into a 3D printer and using an addi-
tive manufacturing technique called stereolithography with
an accuracy on the order of 50 µm we achieved exact bone
features on the print. The outer shell was printed in a high-
temperature resistant resin, and the bones were printed using
the modeling resin which has a very high printing accuracy.
The bones were then placed in the exact anatomical position
and affixed using epoxy (see Fig. 6). The synthetic gel was
thenmelted and dispensed into the outer shell. Two phantoms
were made following this process to simulate MRI arthrog-
raphy procedure during data collection.

Data collection

Two radiologists performed 80 needle insertions over three
sessions of experimentation to evaluate the system.As shown
in Fig. 7, the guidance system was placed just outside of the
300 Gauss line. We did not have to turn the system off even
during scanning and did not observe any interruptions dur-
ing the data collection due to the strong magnetic field or
RF radiations. We used 20 − 22G, 10 cm MRI-compatible
needles for all the insertions.

In each MRI session, we obtained an initial MRI scan
of one of the shoulder phantoms. Then, the MRI scanning
bed was shifted out to bring the phantom into the view of
the cameras. The system loaded this scan and automati-
cally segmented and registered the markers. Once a target
point and an entry point were selected on the system and the
TipTAG needle was calibrated, the radiologist followed the
projected guidance to insert the needle. To reduce the MRI

123



International Journal of Computer Assisted Radiology and Surgery

Fig. 6 The custom-built
shoulder phantom

Fig. 7 Left: The full system setup in the MRI suite: the panel PC, the
projector and the stereo camera head, with the physician inserting the
needle into the shoulder phantom; Right: The projected guidance cues:

the green text indicates the distance to target (48mm), the red circle is
the selected entry point, and the blue line helps orient the needle prior
to insertion

Fig. 8 Left: The planned trajectory displayed as a blue line. Right: The MR image of the needle post-insertion observed as a black hollow tube

time required for the experiment, the radiologist inserted a
second needle aiming for a different target. After each target-
ing, we logged the data by pressing a button on the system
which recorded the needle tip location and the plan. Lastly,
we scanned the phantom with the two needles using a metal
artifact reduction sequence (Fig. 8 right). EachMRI scan took
about 6.5 min, whereas each needle insertion was completed
within seconds.

Results

The steps to process the collecteddata and assess the accuracy
were as follows. We first registered the post-insertion MRI

scan back to the initial MRI volume on which the entry and
target points where selected. This was a rigid registration
with at least 4 landmarksmanually selected on both volumes.
Next, we manually identified the needle tip locations in the
registeredMRI to establish the ground truth. These needle tip
locations were compared to the tip locations and target points
recorded by our system. 3D Slicer [18] was used for manual
landmark selection, registration, and segmentation of needle
tip. Figure8 shows a sample of the planned trajectory for
the needle versus the actual needle path in the post-insertion
scan.

Table 1 presents the error values for our experiment. Three
error values were calculated:
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Table 1 Phantom experiment
results from 80 needle insertions

User error (mm) System error (mm) Overall error (mm) Insertion depth (mm)

2.13± 0.92 1.09± 0.64 2.29± 1.12 39.02± 5.04

Fig. 9 Left: Scatter plot of the 80 needle insertions for 3 types of errors. Right: The exemplar spaghetti plots of the needle tip trajectories from 3
different insertions

• User error: the distance between the needle tip and target
which was shown to the user. The user tried to minimize
this value during insertion.

• System error: the distance between the manually seg-
mented needle tip and the tip location reported by our
system. Note that in addition to the error of our system,
this error contains manual registration and segmentation
error and any unwanted needle displacements as a result
of accidentally touching the needle after the insertion.

• Overall error: the distance between the manually seg-
mented tip and the selected target.

Figure9 left shows the scatter plots for each error type
along with their mean and standard deviations for the 80 nee-
dle insertions. There is one outlier which is most probably
due to accidental displacement of the first needle during the
insertion of the second needle before taking the confirmatory
scan. Figure9 right shows exemplar spaghetti plots for the
needle tip location for 3 separate needle insertions. Since
the area that is targeted for shoulder arthrography is a 10- to
11.5-mm-diameter region around the upper medial quadrant
of the humeral head, the overall error from the experiments
were deemed acceptable by the collaborating radiologists
[19]. The target locations for the 80 insertions were chosen
specifically to cover this area comprehensively, as is evident
from the large standard deviation of the insertion depth in
Table 1. As expected, the system error is lower than the over-
all error since it does not include the user error. The user error
is an indicator of how well the users were able to follow the
feedback. Themain challenges of computing the error values
were the limited accuracy of the confirmatory MRI (due to
2 mm slice spacing of the standard intra-operative sequence

and needle artifacts) and “needle push back” where the phan-
tom pushed the needle outward after it reached the target.

Discussion and conclusion

We demonstrated both feasibility and accuracy of this MRI
navigation system. The two radiologists were able to easily
follow the guidance and place the needle close to the target
without any intermediate imaging. The results show that this
system is accurate and intuitive. It requiresminimal setup and
does not significantly modify the clinical workflow making
it suitable for wide clinical adoption. Moreover, the relative
simplicity of the hardware compared to otherMRI navigation
solutions paves the way for fast commercialization. Note that
the proposed system can also be deployed for CT-guided
needle placement procedures extending the impact of this
device.

Although all the markers are actively tracked at all times
and the guidance is adjusted accordingly, the current system
does not take into account internal motions and deformations
such as breathing motion. This could be partly remedied in
future by modeling the internal motion given a specific pro-
cedure such as a lung biopsy and adjusting the feedback
accordingly. The projection of guidance seems to be very
effective and our initial testing on various skin tones indi-
cate that the efficacy of the system is unaffected. In future,
we are planning to add a number of new features includ-
ing deep learning based markerless instrument tracking and
3D surface reconstruction using structured light. We now
intend to translate this system to live clinical practice. This
will involve conducting cadaver experiments as a pre-clinical
validation step, followed by a first-in-human trial with 12
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pediatric patients undergoing MRI-guided soft tissue biopsy
and arthrography procedures.

Supplementary information

A video demonstrating how the system works accompanies
the paper.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11548-023-02897-
z.
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