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OBJECTIVE. The purpose of this study was to prospectively evaluate the accuracy of an
augmented reality image overlay system in MRI-guided spinal injection procedures.

MATERIALS AND METHODS. An augmented reality prototype was used in conjunc-
tion with a 1.5-T MRI system. A human lumbar spine phantom was used in which 62 targets
were punctured to assess the accuracy of the system. Sixty anatomic targets (facet joint, disk
space, and spinal canal) were punctured to assess how the accuracy of the system translated
into practice. A visualization software interface was used to compare planned needle paths
and final needle locations on coregistered CT images (standard of reference). Outcome vari-
ables included entry error, angle error, depth error, target error, successful access of anatomic
targets, number of needle adjustments, and time requirements.

RESULTS. Accuracy assessments showed entry error of 1.6 + 0.8 mm, angle error of 1.6° +
1.0°, depth error of 0.7 + 0.5 mm, and target error of 1.9 + 0.9 mm. All anatomic targets (60 of
60 insertions) were successfully punctured, including all 20 facet joints, all 20 disks, and all 20
spinal canals. Four needle adjustments (6.7%) were required. Planning of a single needle path
required an average of 55 seconds. A single needle insertion required an average of 1 minute
27 seconds.

CONCLUSION. The augmented reality image overlay system evaluated facilitated accu-
rate MRI guidance for successful spinal procedures in a lumbar spine model. It exhibited po-

pinal injections are widely per-

tential for simplifying the current practice of MRI-guided lumbar spinal injection procedures.
formed, minimally invasive diag-
nostic and therapeutic procedures

that often complement diagnostic

imaging and electromyography and augment
medical and physical therapies [1]. In 1999,
576,318 spinal injection procedures were per-
formed in the United States [2]. The most
commonly performed procedures are epidur-
al injection, perineural injection, diskography,
and facet joint injection [2]. Most spinal injec-
tion procedures are performed under conven-
tional x-ray fluoroscopic and CT guidance.
These techniques are highly accurate and al-
low time-effective procedures [1, 3] but have
the inevitable disadvantage of patient and op-
erator exposure to ionizing radiation and its
associated health risks [1, 3-7].
Interventional MRI has the favorable at-
tributes of cross-sectional imaging, unpar-
alleled soft-tissue contrast, true multiplanar
imaging capabilities, and the absence of ion-
izing radiation. Numerous techniques of a
variety of MRI-guided spinal injection pro-

cedures have been described [2, 8-16]. De-
spite the favorable attributes, however, the
availability of interventional MRI continues
to be limited. Contributing factors are the
limited availability of open and wide-bore
MRI systems, limited access to the interven-
tion site and targets, increased duration of
procedures compared with fluoroscopic and
CT procedures, cost, and the more complex
aspects of MRI acquisition and mechanisms
of instrument visualization [16—19].

In an attempt to overcome some of these bar-
riers, we developed a low-cost augmented real-
ity system that can be used for MRI guidance
with almost any conventional MRI system [20,
21]. Virtual MRI guidance is accomplished by
projecting cross-sectional MR images into the
patient space, generating a hybrid view of re-
ality and MR images [22]. With this system,
a variety of spinal injection procedures appear
possible. The purpose of this study was to pro-
spectively evaluate the accuracy of an aug-
mented reality image overlay system for MRI-
guided spinal injection procedures.
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Materials and Methods
System Description

An MRI-compatible, 2D augmented reality im-
age overlay system prototype was used in conjunc-
tion with a 1.5-T MRI system (Magnetom Espree,
Siemens Healthcare). The design and components
are shown in Figure 1. The image overlay system
is used for static MRI guidance through genera-
tion of an augmented reality view by simultaneous
visualization of the target object and its previous-
ly acquired MR image. This setup was realized
by projection and reflection of the previously ac-
quired axial MR image from a liquid crystal dis-
play to the operator via a semitransparent mirror.
With use of this optical path, the respective MR
image appeared projected into the visible target
object under the image overlay system in appro-
priate size and location [22] (Fig. 1C). The inter-
section of the projected image and the object was
indicated by the laser.

Hardware calibration of the floor-mounted
image overlay system and the MRI system was
achieved by matching the axial plane of the image
overlay system with the axial plane of the MRI
system by use of a calibration phantom oriented
perpendicularly to the table of the MRI system
(Fig. 1B). The calibration phantom was placed
on the table of the MRI system so that the axi-
al laser plane of the MRI unit paralleled its front
face. Through table translation, the phantom was
moved into the axial laser plane of the image over-
lay system. The image overlay system itself was
then manually adjusted so that its laser paralleled
the front face of the phantom.

The distance between the isocenter of the bore
and the laser plane of the image overlay system
was determined with the table position display of
the MRI system. This value was used to calculate
the absolute table positions necessary to translate the
target object under the image overlay system in an
appropriate location to match the respective MR
image containing a target structure.

The virtual needle paths were planned on pre-
viously acquired MR images of the target object
with the Perk Station module (version 7088) of the
3D Slicer software (version 3.6, 3D Slicer) [22-24]
(Fig. 2A). The respective MR image with the virtu-
al needle path was projected with the image overlay
system into the target object in the appropriate loca-
tion. The target was punctured by maneuvering of
the needle along the virtual needle path (Fig. 2B).

Phantom

We used a human lumbar spine phantom con-
sisting of five lumbar vertebral bodies and foam
disks. The 67-year-old donor had a living diag-
nosis of spinal stenosis. The average height of
the posterolateral disk spaces was 4.8 = 0.5 mm
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(range, 4.1-5.1 mm; coefficient of variation (CV),
3.8%). The average center width and center height
of the interlaminar spaces were 4.3 += 0.7 mm
(range, 3.7-5.3 mm; CV, 3.0%) and 5.7 £ 1.0 mm
(range, 4.9-7.1 mm; CV, 1.6%). The average pos-
terior width of the facet joint cavities was 0.7 = 0.1
mm (range, 0.6-0.9 mm; CV, 10.4%). Mild poste-
rior hypertrophic facet joint changes were present.

The phantom was placed on a foam bed and
harbored in a 100 x 200 mm acrylic enclosure,
which was embedded into a nontransparent ani-
mal protein gel (Sim-Test, Corbin) emulating the
thickness and consistency of muscle tissue. The
gel was additionally covered with a 0.6-mm-thick
neoprene layer simulating skin. The flexible prop-
erties of the gel and neoprene layer avoided visi-
ble needle tracks. Several fiducial markers (Multi-
Modality Fiducial Marker, IZI Medical Products)
were placed on the surface of the phantom as ref-
erence points for software calibration and coregis-
tration of MR and CT images.

Research Plan

The study consisted of two consecutive parts.
We designed the first part to quantify the margin
of error of the system (accuracy). We defined ac-
curacy as the degree of closeness a needle tip can
be placed to its previously defined target, there-
by simulating typical needle trajectories and nee-
dle depths of lumbar spinal procedures. To avoid
the introduction of bias secondary to contact with
bone, we purposely chose targets without po-
tential osseous contact, thereby targeting spinal
nerve areas and periarticular facet joint areas. In
the second part of the study, we sought to assess the
efficacy of the system, defined as the ability of the
operator to navigate a needle tip into a typical an-
atomic target. To receive a binary outcome (suc-
cess versus failure), we selected anatomic struc-
tures with osseous boundaries, including the facet
joint cavity, disk space, and spinal canal.

All targets were prospectively, randomly, and
evenly assigned with a computer algorithm. The
targets were specified by laterality and level on a
printed list, with which the operator was provided
before each series. The operator used the domi-
nant and nondominant hands for needle insertions
in an equal number of cases.

Accuracy—Sixty-two needle placements were
planned. Thirty-one (50%) targets were located
near the exit of the spinal nerves at the level of the
neural foramina, simulating the needle placement
for perineural spinal nerve injections. Thirty-one
(50%) targets were posterior to the facet joints,
simulating the needle placement for periarticu-
lar facet joint injections. Needle placements were
performed in four series (n = 14, n = 16, n = 16,
n = 16) related to the maximum numbers of four

paired (eight) facet joints and four paired (eight)
spinal nerves of the lumbar spine phantom. Nee-
dles were placed in a single attempt without fur-
ther adjustments.

Efficacy—Sixty needle placements were
planned. Twenty (33.3%) targets were the interver-
tebral space, simulating the puncture of disks for
sampling or diskography; 20 were the facet joint
cavity, simulating needle placement for intraartic-
ular facet joint injections; and 20 were the posterior
aspect of the spinal canal, simulating needle place-
ment for epidural injections. Needle placements
were performed in five series of 12 placements
each, related to the maximum numbers of four in-
tervertebral spaces and four interlaminar spaces for
access to the spinal canal. In addition to using im-
age overlay system guidance, the operator used tac-
tile feedback during needle guidance.

Workflow

Initially, isotropic MR images of the entire
phantom were acquired with a 3D sampling perfec-
tion with application optimized contrasts using dif-
ferent flip-angle evolutions (SPACE) sequence with
T1-weighted prepared inversion recovery (TR/TE,
1100/34; inversion time, 835 ms; flip angle, 120°;
number of signals averaged, 2; echo-train length,
41; slice thickness, 1 mm; number of slices, 100;
FOV, 256 x 224 mm; base resolution, 256 pixels;
phase resolution, 100%; bandwidth, 751 Hz; acqui-
sition time, 14 minutes) and a flexible loop-shaped
radiofrequency coil with a diameter of 16 cm. The
MR volume was subsequently imported into the
Perk Station software.

The operator used the Perk Station software to
calibrate the image overlay system by aligning the
overlay projection with the operator’s line of sight
on each side of the object. The operator then used
the software to identify all previously defined tar-
gets and respective skin entry points on the import-
ed MR images (Fig. 2A) and to calculate and dis-
play the respective needle path and insertion depth.

For each needle insertion, the operator moved the
table of the MRI system to the calculated table po-
sition. MR-compatible, 22-gauge needles (Lufkin
Needle, EZ-EM) 5, 10, and 15 cm long were used
according to the length of the needle path. Individu-
ally adjustable depth markers affixed to the needle
were used for guidance of the insertion depths.

Needle placement was performed under aug-
mented reality MRI guidance. By looking through
the semitransparent mirror, the operator simulta-
neously visualized the target object and its previ-
ously acquired MR image, including the virtual
needle path (Fig. 2B). The operator identified the
surface entry point as the intersection of the im-
age overlay system laser and the displayed virtual
needle path. To make the puncture, the operator
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maneuvered the needle along the virtual needle
path displayed through the semitransparent mir-
ror (Fig. 2B).

After each needle was placed (intervertebral
space, facet joint, spinal canal), axial proton den-
sity—weighted turbo spin-echo MR images (TR/
TE, 11,442/12; flip angle, 120°; number of signals
averaged, 1; echo-train length, 17; slice thick-
ness, 3 mm; number of slices, 54; FOV, 256 x 224
mm; base resolution, 320 pixels; phase resolution,
100%; bandwidth, 252 Hz; acquisition time, 2.5
minutes) were obtained of the entire phantom for
visual assessment of needle tip locations (success
versus failure). After performing a visual inspec-
tion, the operator made optional needle adjust-
ments and acquired final proton density—weighted
turbo spin-echo images.

After all needles of the series were in satis-
factory locations, the initial 3D SPACE sequence
was repeated. Afterward, the board of the MRI ta-
ble (Angio-MR Miyabi, Siemens Healthcare) was
translated to an attached flat panel detector angiog-
raphy system (Axiom Artis DFA, Siemens Health-
care), and a radiographic dataset (acquisition time,
20 seconds; tube voltage, 71 kVp; tube current, 278
mAs; rotation angle, 217°; number of images, 543;
increment, 0.4°) was acquired. Preset computed
correction for beam hardening, ring artifacts, and
scattered radiation (DynaCT, Siemens Healthcare)
was applied. An isotropic CT dataset (matrix size,
512 x 512; FOV, 180 x 180 mm, approximate vox-
el size, 0.4 mm) was reconstructed at a worksta-
tion (MMWP, Siemens Healthcare) with the bone
smooth reconstruction kernel. DynaCT images and
the final 3D SPACE MR images were fused by use
of the 3D Slicer software.

Assessment of Outcome Variables

DynaCT images served as the standard of ref-
erence of the true needle tip location. Image fu-
sion was performed to accurately localize the nee-
dles, because needle location tends to vary on MR
images [25].

Accuracy—The Perk Station software was used
for assessment of errors by comparison of planned
needle paths and the true needle location as indi-
cated by the needle artifact on DynaCT images.
An operator outlined the true needle path by se-
lecting and manually clicking on the skin entry
point and tip of the needle.

The following parameters were assessed:
length of needle paths; angle of needle paths rela-
tive to the patient’s y-axis (0° reference); rate of
accurate targeting of structures as indicated on the
lists provided before each series; quality of fusion
of MR and DynaCT images, which was assessed
by two operators independently, who thereby as-
sessed the congruence of osseous contours and
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needle artifacts (quality of fusion was categorized
as excellent, good, or poor); total entry error, de-
fined as the euclidean distance of the planned and
actual skin entry points; angle error, defined as the
included angle of the planned and actual needle
paths; depth error, defined as the distance between
the target locations and the needle tips along the
needle trajectory; and target error, defined as the
euclidean distance of the planned and actual posi-
tion of the needle tips.

Efficacy—The rate of successful puncture of
anatomic targets was assessed on DynaCT imag-
es (success versus failure) by comparison of the
planned needle path with the true needle position.
The operator’s intraprocedural assessment of the
final needle tip location was compared with the
true needle tip location and categorized as ac-
curate or inaccurate. The number and category
of needle adjustments were assessed. Categories
included needle relocation, defined as change of
the needle trajectory; needle advancement; and
needle withdrawal. Two readers blinded to series
number, date, and time performed qualitative as-
sessments independently and randomly. Imag-
es were assessed at a PACS workstation. During
software calibration, planning, and needle inser-
tion for all series, a team member recorded the
time requirements during experiments.

Statistical and Quantitative Assessments

Statistical analysis was performed with a sta-
tistical software package (JMP version 7.01, SAS
Institute). A value of p < 0.05 indicated a statisti-
cally significant difference. Quantitative variables
were expressed as mean = first SD and minimum
and maximum values. Categoric variables were
expressed as frequency and percentage.

Sample size was estimated with previously col-
lected laboratory data with a total targeting error
of 4.67 £ 1.94 mm according to the following for-
mula: n = 46%(Z_,,)*/D?, where n is the sample
size of the single study group; o, the assumed SD

for the group (1.94 mm); Z__ . the standard nor-

crit’
mal deviation (1.96 for a significance criterion of
0.05); and D, the total width of the 95% CI (1 mm)

[26]. A sample size minimum of 58 needle inser-

tions was calculated to estimate the error of nee-
dle tip position within a 95% CI of = 0.5 mm.

A vector space model was used to calculate
entry, angle, depth, and target errors and their
components. Measurements on images were per-
formed three times by a single operator. Intrarater
variability was assessed by use of coefficient of
variation (CV) as CV = o/u, where o is the first
SD and u is the arithmetic mean.

One-way analysis of variance with Tukey-
Kramer post hoc testing and Kruskal-Wallis, Wil-
coxon, and Student ¢ tests were used to compute
group differences. Learning curves were evaluat-
ed with curve-fitting statistics based on the Mar-
quardt-Levenberg algorithm for approximation of
the type of regression and calculation of regres-
sion coefficients and significance levels. The in-
fluence of angle and depth of needle path, entry
error, and angle error on target error was tested
by multivariate linear regression analysis with a
backward stepwise approach.

Results
Accuracy

The average length of the needle path was
36.7 £ 9.9 mm (range, 23.1-53.0 mm). The av-
erage axial angle of the needle path was 13.6° +
9.6° (range, 0-32.3°). There were no significant
differences between series. All 62 targets were
accurately selected (Fig. 2). The quality of im-
age fusions was excellent for all four image vol-
umes. There was no disagreement between ob-
servers. Entry, angle, depth, and target errors
are shown in Table 1. Errors were not signifi-
cantly different in comparisons of periarticular
facet joint and spinal nerve targets.

Entry error was significantly different
among the four series (p < 0.001), where-
as angle error, depth error, and target error
were not significantly different (p = 0.395, p =
0.447, p = 0.679). The results of analyses of
entry error (r = 0.55, p < 0.0001) and target
error (r=0.213, p = 0.038) indicated a signifi-
cant learning curve. Angle error (r=0.23,p =
0.566) and depth error (r = 0.137, p = 0.569)
were not associated with a learning curve

TABLE |I: Summary of Entry, Angle, Target, and Depth Errors

Target Entry Error (mm)2 | Angle Error (°)* | Target Error (mm)¢ | Depth Error (mm)d
All(n=62) 1.6+0.8(0.2-3.1) | 1.6+1.0(01-3.5) | 1.9+0.9(0.4-4.1) | 0.7+0.5(0-2.4)
Facetjoints (n=31) 1.5£0.7(0.6-3.1) | 1.7+0.9(0.3-3.5) | 1.9+0.9(0.4-4.0) | 0.8+0.6(0-2.4)
Spinal nerves (n=31) | 1.6+0.8(0.2-3.0) | 1.5+1.0(0.1-3.4) | 2.0+0.9(0.5-4.1) 0.6+0.4(0-1.6)

Note—Values in parentheses are ranges.
aCoefficient of variation, 8.4% + 9.0% (0.4—46.6%).
bCoefficient of variation, 22.9% + 17.4% (2.0-77.0%).
¢Coefficient of variation, 7.5% + 6.3% (0.6-28.4%).
dCoefficient of variation, 28.5% + 22.8% (2.0-95.3%).
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(Fig. 3). Entry error and angle error were the
only variables with a significant effect on tar-
get error (p <0.001, p = 0.008). The effects of
depth and angle of the needle path were not
significant (p = 0.122, p = 0.095).

Efficacy

All 60 anatomic targets were successful-
ly punctured, including disks (Fig. 4), facet
joints (Fig. 5), and virtual epidural spaces
(Fig. 6). (Figs. S4A-S6A, supplemental vid-
eo clips, can be viewed from the information
box in the upper right corner of this article.)
There was no disagreement between observ-
ers. After operator assessment of proton den-
sity—weighted turbo spin-echo MR images,
four needle adjustments (4/60, 6.7%) were
performed, including one needle relocation
and three needle advancements. The final op-
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Calibration phantom

erator assessment of proton density—weighted
turbo spin-echo images was concordant with
confirmatory DynaCT findings in all targets.
There was no disagreement between observ-
ers. Software calibration required an average
of 6.4 £ 1.5 minutes (range, 5-10 minutes).
The planning phase required an average of
12.1 £+ 3.1 minutes (range, 8—16 minutes).
The needle insertion phase required an av-
erage of 19.7 + 3.3 minutes (range, 16-26
minutes). Planning of a single needle path re-
quired an average of 55 seconds. Insertion of
a single needle required an average of 1 min-
ute 27 seconds.

Discussion

Our investigation showed that the aug-
mented reality image overlay system evalu-
ated is sufficiently accurate for successful

Fig. 1—Image overlay augmented reality system
used in conjunction with clinical 1.5-T MRI system.
LCD =liquid crystal display.

A, Schematic shows system components and
interconnections.

B, Photograph shows mounted image overlay
system and MRI unit.

C, Photograph shows MR image and reality.
Intersection of projected image and objectis
marked with laser.

C

puncture of even small lumbar targets, such
as the facet joints. The overall target error
was 1.9 = 0.9 mm. All anatomic targets were
successfully punctured, requiring a total of
four needle adjustments. The needle tip lo-
cation was accurately assessed on intrapro-
cedural proton density—weighted turbo spin-
echo MR images.

Performing MRI-guided lumbar spinal
procedures with the image overlay system
overcomes two fundamental limitations of
interventional MRI, namely, the require-
ment of a dedicated open or wide-bore MRI
system and limited patient access inside the
bore [17-19, 27]. The image overlay system
can be used with any MRI system with hor-
izontal patient orientation and an encoded
table, especially with conventional closed-
bore MRI systems in which no direct patient
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l

Fig.2—Assessment of accuracy.

C

A, Screen shot shows planning of needle path simulating perineural injection. Planned needle path is indicated by line connecting Target and Entry.
B, Photograph shows needle insertion and projected MR image with needle path trajectory guide.
C, Screen shot shows image fusion. Fused T1-weighted MR and DynaCT (Siemens Healthcare) images show MRI and CT needle artifacts.

D, Screen shot shows verified needle path and location of needle tip with Perk Station software (3D Slicer). Yellow line shows planned needle path.

access is possible. Use of the image overlay
system not only obviates patient access in-
side the bore but also allows individually ad-
justable patient access. The height of the unit
containing the semitransparent mirror is ad-
justable and can be adapted to procedure-
and patient-specific space requirements.
This configuration contrasts to that previous-
ly reported for interventional MRI, in which
needle placement was performed inside the
bore of an open or wide-bore MRI system [9,
10, 1215, 18, 28].

The definition of an augmented reality
system is based on simultaneous visualiza-
tion of medical images and a target [29]. The
combination of MR image, target, and tactile
feedback during needle placement creates a
look-and-feel ambiance and thus simplifies
MRI-guided intervention. That the targeted
structure appears in the actual location of
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the patient’s body results in intuitive hand-
eye coordination unlike the spatial and visu-
al separation of the intervention site and MR
image display of interventional MRI inside
the bore, which requires the interventional-
ist to mentally transfer the image informa-
tion onto the patient [10, 11, 14, 17-19, 21,
27]. With the image overlay system, no addi-
tional visualization devices, such as a head-
mounted display, are required [30].

The image overlay system was designed
with low cost in mind. Currently, the cost
of the system prototype adds as much as
$13,000, mostly related to the shielded moni-
tor (=$10,000). However, if the configuration
of the MRI system allows constant location of
the image overlay system outside the 5-gauss
zone, unshielded conventional liquid crystal
display can be used, decreasing the cost of the
entire system to approximately $4000.

The image overlay system allows the use
of high-resolution MRI, which combines the
advantage of superior soft-tissue contrast and
depiction of small structures. For instance, it
improves assessment of the frequently vari-
able shape and orientation of the facet joint
space, which results in more appropriately
oriented needle paths and subsequent easier
joint access. Without the image overlay sys-
tem, high-resolution MRI used to be imprac-
tical for direct MRI guidance because of the
requirement for either repetitive or real-time
image acquisition.

Even though the acquisition time for a high-
resolution planning volume requires consider-
able time, the overall procedure time is ex-
pected to be substantially less, because only
a single preinterventional planning volume
is required. Depending on the magnitude of
this volume, multiple anatomic levels can be
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successively targeted. Although the acquisi-
tion time for the MRI planning volume in our
study was 14 minutes, related to the coverage
of five vertebral bodies, image acquisition of
a single lumbar level, for example in patients,
will be proportionally shorter.

MRI for Lumbar Spinal Procedures

By using DynaCT images as the reference
standard, we found that needle locations can
be accurately assessed on rapidly acquired
proton density—weighted turbo spin-echo
images. With this sequence, a volume of the
size of a vertebral body can be imaged in
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Fig. 3—Scatterplots show entry error, angle error, depth error, and target error and results of curve estimation
regression analysis. Analysis of entry error (r=0.52, p<0.0001) and target error (r=0.213, p=0.038) showed

significantlearning curve, but analysis of angle error (r=

0.23, p=0.445) and depth error (r=0.137, p=0.569)

showed no evidence of learning curve. Pink indicates 95% confidence band.

/ Target

Fig. 4—Sequence of simulated disk puncture. T1-weighted axial MR image (/eft) obtained with Perk Station
software (3D Slicer) shows planning of needle path. Proton density—weighted MR image (center) shows needle
verification immediately after placement. Final DynaCT (Siemens Healthcare) image (right) shows proof of
needle location. See also Figure S4A, video clip, in supplemental data online.
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15-30 seconds, which will more than like-
ly shorten the duration of MRI-guided inter-
ventions in a closed-bore MRI unit.

Factors contributing to the target error
of 1.9 mm include technical and operator-
dependent factors. Regression analysis re-
vealed entry error and angle error as major
contributors. Although entry error decreased
substantially with training, angle error re-
mained almost constant over time. Entry
error is further influenced by the technical
boundaries of the image overlay system and
by the measurement resolution, which in-
clude the thickness of the image overlay sys-
tem laser (=1 mm), voxel size of the project-
ed image (1 x 1 x 1 mm in our study), and
small variations of the absolute table position
of the MRI system. Small angle errors are
additionally related to small inhomogene-
ities of the semitransparent mirror. Further-
more, the static nature of the image overlay
system requires an individually adjustable
needle depth guide, which is included in
most commercially available MRI-compat-
ible needles. Although continuous monitor-
ing of the needle tip is not possible with the
image overlay system, the overall depth error
of 0.7 mm did not require needle adjustments
in most cases.

Because the meaning of an overall target
error of 1.9 mm can be difficult to translate
into practice, we tested the operator’s ability
to puncture frequently targeted spinal struc-
tures. Our finding of a success rate of 100%
suggests that the accuracy of the system is
sufficient for lumbar spinal injection proce-
dures. Even facet joints, which have been
found to be challenging in clinical interven-
tional MRI, can be reliably accessed with the
image overlay system [10].

Our results show that augmented reality
can be highly accurate. This finding is in ac-
cordance with published data on a dynam-
ic head-mounted augmented reality system
for MRI guidance that had a mean error of
1.1 mm, allowing differences in the method
of error assessment [30]. Previous studies of
different guidance techniques showed target
error of 3.1-7.5 mm with stereotactic opti-
cal guidance [31] and 3.0 mm with a custom-
made manipulator [32], a root mean square
error of 2.6—-4.8 mm with a robotic system
[33], a target accuracy of 3.2 mm with an
MRI-compatible manipulator system [34],
and needle displacement error of 2.2-3.9 mm
with a table-mounted reference system [35].

Although the results are encouraging,
our study had several limitations. The mild
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Fig. 6—Sequence of simulated epidural puncture. T1-weighted axial MR image (/eft) obtained with Perk Station
software (3D Slicer) shows planning of needle path. Proton density—weighted MR image (center) needle
verification immediately after placement. Final DynaCT (Siemens Healthcare) image (right) shows proof of
needle location. See also Figure S6A, video clip, in supplemental data online.

Fig. 5—Sequence of simulated facet joint puncture. T1-weighted axial MR image (/eft) obtained with Perk
Station software (3D Slicer) shows planning of needle path. Proton density—weighted MR image (center)
shows needle verification immediately after placement. Final DynaCT (Siemens Healthcare) image (right)
shows proof of needle location. See also Figure S5A, video clip, in supplemental data online.

hypertrophic facet joint changes of our
phantom might have been less severe than
those encountered in typical patient popu-
lations. Multiple measurements were ob-
tained in the same phantom, which might
have introduced learning bias. However, be-
cause each series required new system cali-
bration, repositioning of the phantom, and
acquisition of a new image volume, levels
and orientations of the needle paths differed
substantially, and learning curve bias seems
unlikely. Influences of patient and respira-
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tory motion were not present, and these el-
ements can have a substantial influence on
accuracy, especially when an augmented
reality system is used. We will extend our
work to assess the efficacy of the system for
spinal injection procedures in a cadaveric
trial and the effectiveness in a clinical trial.

On the basis of the results of this investiga-
tion, we conclude that the augmented reality
image overlay system evaluated is sufficiently
accurate for successful MRI-guided lumbar
spinal injection procedures. We believe use of

the system can simplify the current practice of
these procedures. Development of this system
may contribute to wider availability of MRI
guidance, especially in the care of adolescents
and pregnant women, who should avoid radia-
tion exposure at any cost.
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