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ABSTRACT

Introduction: As minimally invasive spine surgery gains popularity, a focused effort must be made to reduce
intraoperative radiation exposure to levels as low as reasonably achievable. Here, we demonstrate the clinical efficacy of a
novel technology to aid in instrument navigation that aims to reduce intraoperative radiation exposure, number of
fluoroscopic images, and time required to perform the most radiation intensive portions of a multitude of spinal procedures.

Methods: An internally randomized controlled study was performed over a 1-month period in order to clinically
evaluate the effect of the C-arm assisted instrument tracking system, TrackX, on surgeon workflow, time, and radiation
emitted. Three surgeons performed multiple spinal procedures on a total of 10 study patients and an additional 3 control
patients. The surgeries encompassed minimally invasive spinal techniques and spanned extreme lateral interbody fusion,
oblique lumbar interbody fusion, transforaminal lumbar interbody fusion along with percutaneous iliac screw placement,
hardware removal, and kyphoplasty. The tasks studied included skin marking, first dilator insertion, localization for
hardware placement and hardware removal.

Results: Overall radiation reduction was 83% (P < .0001). Overall reduction in x-rays taken was 78% (P < .0001).
Overall time reduction was 81% (P = .0003). Statistical significance held for each surgeon studied and for nearly every
procedure type. In these 10 study procedures, over 2 hours of overall operating room time was saved, all while requiring
negligible set up time and no system calibration or supplementary x-rays to be taken. There were no adverse outcomes for
any study patient, and there was no case where TrackX was not able to successfully complete a given portion of a procedure.

Conclusions: TrackX instrument navigation is a clinically efficacious and accurate instrument tracking modality. This
is the first instrument navigational technology that reduces radiation exposure and images required to complete a procedure
while decreasing operative time. TrackX thus allows increased surgical efficiency while increasing operative efficiency and
improving intraoperative safety.

Level of Evidence: 2.

New Technology
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INTRODUCTION

Minimally invasive spine surgery (MISS) has a
number of clinical benefits, including decreased blood
loss, shorter hospitalization, decreased blood loss, and
lower infection rates'; however, one of the primary
drawbacks to MISS is increased radiation exposure to
the patient,” surgeon,>* and operating room (OR)
staff.” This is due to the increased reliance on
fluoroscopy for visualization of anatomy that would
otherwise be exposed during open spine surgery.

This increase in radiation exposure is not without

although minimally invasive approaches benefit pa-
tients in the short term, it can have unintended long-
term health consequences. These include but are not
limited to soft tissue and bloodborne cancers and
cataracts.'* Healthcare practitioners, including the
surgeon, assistant, scrub nurse, circulator, and anes-
thesia personnel are arguably at higher risk for
developing these unintended consequences, given the
repetitive exposure delivered over many cases.

The movement to reduce intraoperative radiation
has led to the development of a multitude of new

consequence. As MISS continues to mature, new data
detailing the detrimental effects of occupational
radiation exposure have emerged, suggesting that

technologies, most of which are aimed at reducing
exposure during the instrumented portions of
surgical procedures. Many of these technologies
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VISION-T

Figure 1. Anterior-posterior visualization of L3-L5 vertebra and sacrum as displayed within the instrument navigation software. (a) X-ray image taken with
instrumentation intentionally placed in incorrect location (to demonstrate concept) with approximated instrument tip location (within the circle) and trajectory (direction
of the arrows). (b) A subsequent fluoroscopic image demonstrates actual initial instrument placement, which is too lateral to the desired location. (c) Instrument
tracking is activated, and thus the instrument can then be traced in virtual live fluoroscopy to the desired location without the use of additional fluoroscopic images.
Note the image of the instrument is moving over the anatomy. The moving tip locates the new tip position, and the arrows indicate changed trajectory. (d) Final

fluoroscopic image confirms the instrument positioning (3 total fluoroscopic images).

use preoperative or static intraoperative imaging as
well as a patient-mounted reference tracker to assist
with instrument navigation. Because these systems
rely on preoperative imaging gathered weeks to
months prior to surgery or static 1-time intraoper-
ative imaging (ie, intraoperative computed tomog-
raphy [CT]) for instrument navigation, they are
unable to account for patient movement or any
intraoperative changes in patient anatomy, which
would bring the system out of calibration and
necessitate another scan to proceed with the case.®®
Although the use of previously described navigation
technologies has been shown to decrease the amount
of radiation that the practitioners receive,®® it is
associated with a substantial increase in patient
radiation and OR time,® as well as disruption of
surgeon workflow.”

TrackX (TrackX Technology, LLC, Chapel Hill,
NC) is a novel instrument-navigation technology
meant to overcome these challenges. It functions to
use standard intraoperative fluoroscopy to provide
instrument navigation (Figure 1). Navigational
spheres are placed on a low-profile frame attached

to the radiation source and camera of the C-arm
fluoroscope. Additional navigational clips are placed
on the instrument, which subsequently allows the
surgeon to track the instrument in relation to the C-
arm fluoroscope. After a fluoroscopic image is taken,
any movement in the instrumentation will be contin-
uously updated and displayed in real time on the
TrackX monitor, which reduces the number of images
required to localize and relocalize instrumentation.
This also eliminates the need for an invasive reference
tracker and any progressive inaccuracy that plagues
classic spinal navigation. Although the benefits from
time savings and total OR radiation reduction have
been shown in cadaveric testing, to date no study in
live subjects has been performed.'® Accordingly, a
multisurgeon, nonblinded, clinical and technical fea-
sibility study in live subjects was designed to compare
conventional with intraoperative fluoroscopy with
TrackX instrument tracking.

MATERIALS AND METHODS

A technical feasibility study in live subjects using
navigated instrumentation and conventional fluo-
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Table 1. Minimally invasive intervention types studied.

Table 2. Studied tasks associated with each case in chronological order.

Extreme lateral interbody fusion
Oblique lumbar interbody fusion
Transforaminal lumbar interbody fusion
Percutaneous iliac screw placement
Kyphoplasty

Existing hardware removal

roscopy was performed comparing radiation pro-
duction, operative time, and number of images
required to complete a multitude of individual steps
within an array of minimally invasive spine surger-
ies. Per the institution’s request, under a quality
initiative protocol exempt from institutional review
board approval, surgeons were tasked to perform
instrument navigation-assisted spinal procedures on
up to 10 study patients. Patients were consented
prior to surgery. See Table 1 for the applicable case
types studied. Further, any additional patients who
had the same type of cases during this time frame
performed by the same surgeons were used as
additional control data.

For procedures placed in the conventional arm of
the study, intraoperative fluoroscopy proceeded
without the aid of the instrument tracking system.
The study arms were split between 2 paramedian
sides in the experimental cases or 1 or more of the
levels as applicable. For example, in a 2-level
extreme lateral interbody fusion, the each of the 2
initial dilator placements to the disc space would be
randomized to the conventional or navigational
arm. For portions that were conducted using
instrument navigation, navigational snaps as de-
scribed above were attached to surgical instruments
and surgeons were allowed to proceed with the aid
of navigation.

Whenever possible, individual portions of the
procedure that could be performed twice (ie, pedicle
screw insertion or Jamshidi placement) on alternat-
ing sides were equally split to either instrument
navigated or conventional fluoroscopy. In this
fashion, we would minimize confounding factors
such as body habitus and individual anatomy that
could confound the accuracy of the imaging. The
number of x-ray images taken, radiation emitted by
the fluoroscope, and time to perform each task
within a given procedure were recorded. The
method of imaging and navigation were determined
preoperatively with a coin flip. During the time of
the study, given that this was a limited trial, for
cases that did not use the technology (eg, once a
given surgeon finished their case allotment for the

Skin First Dilator Hardware Hardware
Case Marking Insertion Placement Removal
1 X X X X
2 X
3 X X
4 X X
5 X
6 X
7 X X
8
9 X X X
10 X X X
11 X X
12 X
13 X

technology but the study remained open), those
same tasks were recorded in these control cases to
supplement the control arm data. For each type of
case studied in Table 1, these procedures were
broken down into common tasks for analysis, where
time, x-rays taken, and radiation emitted were
recorded for each task within a given procedure.
These tasks were as follows: skin marking, first
dilator insertion, and localization for hardware
placement and hardware removal. The tasks asso-
ciated with each of the 13 studied cases are listed in
Table 2. As such, a 1-level transforaminal lumbar
interbody fusion could be studied for up to 6 tasks:
skin marking, first dilator insertion, and 4 localiza-
tions for Jamshidi needle placement for pedicle
screw placement.

Statistical Methods

Data were collected and analyzed using Excel
2016 (Microsoft, Inc, Redmond, WA), and further
statistical analysis was conducted using JMP Pro 13
(SAS Institute, Cary, NC) using a Student ¢ test and
1-way mean effect analyses with o < .05.

RESULTS

Three surgeons each performed multiple proce-
dures on a total of 10 study patients and an
additional 3 control patients. Seventy-ecight total
tasks were identified, of which 41 tasks could be
directly compared with the imaging counterparts;
the identical procedure was being performed at
multiple levels or an identical procedure was
performed contralaterally so that both techniques
could be used. All averages were weighted to the
number of tasks that corresponded.

Overall, there was a significant decrease in time,
number of x-rays, and total radiation when tasks
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Table 3. Comparison of radiation, number of x-rays, and operative time between tasks performed with conventional fluoroscopy and TrackX.

Time, s Number of X-Rays Radiation, mGy
Conventional TrackX A, % P Conventional ~TrackX A, % P Conventional TrackX A, % P
Skin marking 122.5 = 118.5 16.3 £ 12.6 —87 0007 82 *37 18*09 —78 <.0001 38+38 07*04 -83 .0014
First dilator ~ 333.2 = 167.0 32.5 = 24.8 —-90 .0179 15+43 20*14 87 0003 47=*19 05=x05 -90 .0092
insertion
Hardware 169.7 = 126.2  35.1 £ 30.7 —-79 <.000l 11.1 6.6 25=*=12 =78 <.0001 2535 04*=03 -83 .0075
placement
Hardware 960.0 = 619.6 329.3 £ 0 —66 0263 375140 15=*0 —60 1150 1.6 229 030 —84 .1460
removal
Overall 301.5 = 56.3 56.3 =958 —81 0003  95=*56 21=*1.05 -78 <.0001 3.00=* 1.0 0.50=*02 —-83 <.0001

performed with instrument navigation were com-
pared with conventional fluoroscopy. Cumulative
radiation reduction was 83% (P < .0001), reduction
in x-rays taken was 78% (P < .0001), and time
reduction was 81% (P < .0003) (Table 3; Figure 2).
Statistical significance held for nearly each proce-
dure type and each surgeon studied (Table 3). The
tracked tasks saved an average of 12 minutes in OR
time per intervention.

Radiation reduction from use of instrument
navigation ranged from 90% during dilator place-
ment to 83% for hardware placement. The total
operating time saved across all 39 averaged tasks
was 123 minutes, with skin marking saving the least
time at 28 minutes over 16 tasks and hardware
removal saving the most time, encompassing 42
minutes of total time saved over 4 removals.

DISCUSSION

Ionizing radiation, even in small doses, can pose
significant health risks to surgeons, patients, and
ancillary OR staff alike.!'™'7 In a retrospective study
by Mastrangelo et al,'® radiation was felt to be
responsible for a 5-fold increase in cancer rates
amongst orthopedic surgeons compared with non-
orthopedic surgeons. A similar study by Jones et
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al' showed that physicians in radiation-intensive
specialties demonstrated increased rates of thyroid
cancers. Alarmingly, approximately 50% of those
who work in interventional suites have evidence for
precataract formation.’® Given these as well as a
plethora of additional studies corroborating these
findings, the US Food and Drug Administration has
issued a white paper to in part help express that OR
radiation poses a serious health risk.?' Despite the
known advantages of MISS, it is thus important to
also consider its long-term adverse health effects
secondary to its increased reliance on intraoperative
fluoroscopy.

This radiation exposure during fluoroscopically
guided spinal procedures is not insignificant. Com-
pared with conventionally placed screws, an in vitro
study by Rampersaud et al*> demonstrated that
fluoroscopically assisted pedicle screw insertion
resulted in a 12-fold increase in radiation exposure
compared with pedicle screws inserted under direct
visualization. Similarly, a prospective study by
Mariscalco et al’ demonstrated that MIS lumbar
discectomy resulted in up to a 20-fold increase in
radiation exposure to vital organs compared with its
open counterpart. In posterior lumbar interbody
fusion, not surprisingly, a 49% increase in radiation
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Figure 2. One-way effect analysis on overall reported time (left), number of x-rays required to perform a given portion of the procedure (middle), and radiation (right)

between conventional C-arm fluoroscopy and TrackX.
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time has been found from minimally invasive
techniques as well.*

As a result of these initial studies, it has become
ever important to reduce radiation exposure to
levels as low as reasonably achievable. Because the
vast majority of radiation exposure during MISS
occurs during instrumentation, reductions in radia-
tion requirements during these portions of the
procedure will stand to create the most significant
change. Indeed, instrument navigational technology
such as Airo CT and O-Arm were thus created with
this goal in mind, and initial data on radiation
reduction for these and other technologies has
indeed demonstrated efficacious decreases in expo-
sure to the surgeons and OR staff.?** Although
these technologies minimize radiation exposure to
surgeons and OR staff, they may increase radiation
exposure to the patient and also result in decreased
surgeon efficiency and slowed workflow.® The high
cost and space-occupying nature of these technolo-
gies has also prevented its widespread adoption
across all ORs. Any instrument-navigational tech-
nology that can achieve accurate navigation without
the use of preoperative or intraoperative high-
radiation imaging could thus lead to drastic
reductions in radiation exposure to the patient, as
well as OR personnel, and decrease the amount of
time required to complete a given surgery. As such,
we developed the novel navigational system de-
scribed in this article.

The technology used in this study functions as an
accessory to the C-arm fluoroscope frequently used
in standard spinal procedures. Its use allows for a
direct reduction in the total number of x-rays taken
during a procedure because it uses pseudolive
fluoroscopy while an instrument is being tracked.
The fundamental basis of the software lies in its
continuous registration algorithm, where the 3-
dimensional reference and tool locations are updat-
ed upon each new x-ray. It allows for the system to
account for any changes in patient position or
anatomy throughout a procedure—a major limita-
tion that propagates accuracy error seen in conven-
tional navigation systems. When compared with
standard fluoroscopy, initial data on this method of
instrument navigation have shown upwards of 80%
decreases in radiation reduction, and although
entire cases have yet to be performed using this
method, extrapolation of these data suggest that it
uses significantly less radiation than other systems,

including those that rely on preoperative or
perioperative CT scans.

It should be noted that these cases were the initial
cases performed by the surgeons, and therefore
included their learning curve. At least in these 3
surgeons’ hands, the learning curve appears to be
minimal, and all 3 surgeons immediately demon-
strated statistically significant decreases in operative
time; such is not true of standard image guid-
ance.”®?” Specifically, especially in the early cases,*®
the learning curve can be dramatic in conventionally
navigated cases. Even for experienced surgeons,
time of surgery and preoperative planning time
appears to be a substantial drawback to the
widespread use of these technologies.”” The ability
to minimize or eliminate workflow disruption and
increased OR time requirements should be a major
turning point to the adoption of image guidance. To
the best of our knowledge, this is the first human
study to show substantial time reduction with the
use of a navigation system, whereas most if not all
studies and technologies appear to increase preop-
erative planning time, intraoperative time, or
both.”

There are several important limitations to con-
sider in this study. The first centers around the lack
of controlled randomization and the inability due to
technological interface to blind the proceduralist to
the imaging modality being used. Given the strength
of radiation reduction, it is likely that if blinding
were possible, the results shown in this study would
be similar. Further, this technology was only studied
on a limited number of cases with only 3 attending
physicians; a broader patient and physician sam-
pling, as well as cases studied, would only help to
ensure generalization of these results. Lastly, we
only reviewed a limited number of tasks throughout
a procedure rather than the entirety of the case.
Reviewing individual tasks rather than the entirety
of the procedure allowed us to internally randomize
these tasks within each case, as well as effectively
compare these tasks between procedures, but
ultimately the whole procedure time would be of
interest to study, and future work will emphasize
randomizing entire procedures to TrackX or con-
ventional fluoroscopy, or other currently used
navigational systems.

Additionally, although this article describes a
small number of cases, this will be the first part of a
larger series of data describing the time savings and
radiation savings for fluoroscopic instrument navi-
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gation. This is meant to be an initial technical safety
and feasibility study that demonstrates initial proof
of concept; with larger case series and data to
follow. For this reason, although we cannot increase
the number of cases reported for this article, the
authors believe the emphasis of this study is the
initial feasibility of fluoroscopic instrument naviga-
tion and its ability to assist surgeons throughout
multiple procedures—with the initial data demon-
strating significant time savings and radiation
reduction across a multitude of common spine
surgery tasks.

Lastly, this study compares fluoroscopic instru-
ment navigation with standard C-arm fluoroscopy.
There is no true internal control. Future work will
require internal controls including more common-
place CT-guided navigational systems including O-
Arm and Airo CT. Although it would be interesting
to see direct comparisons in operative time and
radiation reduction between fluoroscopic instru-
ment navigation and standard navigation, the
authors chose to compare the study technology
with standard fluoroscopy because standard fluo-
roscopy is still widely regarded as the gold standard
adjuvant for spinal instrumentation. In many
surgical environments, access to instrument naviga-
tional systems is costly, and in lower-volume
centers, it may not be justifiable to obtain an O-
Arm or Airo CT or instrumentation robot. There is
a wealth of previous literature, however, that
demonstrates that even without direct comparison,
the O-Arm, Airo CT, and other methods of
instrument navigation currently possess a significant
learning curve and significantly interrupt workflow
and add time to surgery, which decreases the
efficiency of a surgeon. For example, a navigational
study by Ryang et al’® demonstrated that single 3-D
fluoroscopic spin can add 30 minutes of OR time,
and another study by Bai et al® demonstrated
increased OR times for at least 12 months after
adopting one of these navigational systems. This
amounts to significant cost increases, both in terms
of lost OR efficiency and increased anesthesia time.
In a commentary by Resnick,?' decreasing OR time
by even as little as 10 minutes per case could result
in significant financial savings for the hospital—thus
demonstrating the significant financial effect that
can be made by increases in surgeon efficiency
provided by our fluoroscopic instrument navigation.
The initial results of this article demonstrate that
instrument navigation with C-arm fluoroscopy can

potentially make the surgeon more efficient while
reducing radiation exposure and number of x-rays
required to perform a given instrumentation task,
thus increasing the occupational safety profile of
surgery. This introduces the potential to increase
surgeon efficiency and if extrapolated, has the
potential to decrease hospital and OR costs.

CONCLUSION

In this small patient sample, instrument naviga-
tion caused for a reduction in OR radiation
production by 83% and time by 81% for the
selected tasks using instrumentation and navigation.
Instrument navigation was only used on a small
number of tasks throughout a given procedure,
constituting for the purpose of the study just a small
portion of each case. Despite that, in these 10 study
procedures studied, over 2 hours of overall OR time
was saved, all while requiring negligible set up time
and no system calibration. To date, this is the first
clinical image-guided surgery study, which suggests
that image-guided technology can make a surgeon
more efficient in the OR by substantively decreasing
operative time.
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