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Abstract

Recent work has yielded a method for automatic labeling of vertebrae in intraoperative
radiographs as an assistant to manual level counting. The method, called Leve/Check, previously
demonstrated promise in phantom studies and retrospective studies. This study aims to: (#1)
Analyze the effect of Leve/Check on accuracy and confidence of localization in two modes: (a)
Independent Check (labels displayed after the surgeon’s decision) and (b) Active Assistant (labels
presented before the surgeon’s decision). (#2) Assess the feasibility and utility of Leve/Check

in the operating room. Two studies were conducted: a laboratory study investigating these two
workflow implementations in a simulated operating environment with 5 surgeons, reviewing 62
cases selected from a dataset of radiographs exhibiting a challenge to vertebral localization;

and a clinical study involving 20 patients undergoing spine surgery. In Study #1, the median
localization error without assistance was 30.4% (IQR = 5.2%) due to the challenging nature of
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the cases. LevelCheck reduced the median error to 2.4% for both the /ndependent Check and
Active Assistant modes (p < 0.01). Surgeons found Leve/Checkto increase confidence in 91% of
cases. Study #2 demonstrated accuracy in all cases. The algorithm runtime varied from 17 to 72 s
in its current implementation. The algorithm was shown to be feasible, accurate, and to improve
confidence during surgery.
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Spine surgery; Clinical translation; Surgical workflow; Intraoperative imaging; Level/Check ;
Image-guided surgery

INTRODUCTION

Approximately 10-12% of surgical patients are reported to experience adverse events
during hospitalization, with close to half considered preventable.1®8 In the US alone,
operation on the wrong body part may occur as often as 40 times a week.10 Wrong-
level (alternatively, unintended-level) spine surgery is one such occurrence, with studies
suggesting an occurrence of 1 in 3110 procedures.1!

Vertebral localization is often accomplished using intraoperative x-ray projection images
(viamobile radiography or C-arm fluoroscopy) in which the surgeon counts vertebral levels
relative to a known anatomical landmark (e.g., counting “up” from the sacrum or “down”
from C1).5 The process is subject to a variety of sources of potential error, including
anatomical variations (e.g., lumbarized sacrum or thirteenth thoracic vertebra) and poor
radiographic image quality. Some institutions conduct a separate preoperative procedure
under CT guidance to “tag” the target vertebrae with a radiographically conspicuous marker.

Prior work yielded a method for automatic labeling of vertebrae in intraoperative
radiographs as an assistant to manual level counting. The method, called Leve/Check,
enables the vertebral labels identified in preoperative CT or MR images to be overlaid

onto corresponding locations in intraoperative radiographs.2+7:9:12-14 | eye/Check has been
previously assessed in phantom and retrospective studies, motivating evaluation in clinical
studies.

As an important precursor to larger scale, multi-center studies, we investigated the
implementation of Leve/Check in two possible modes: (a) as an /ndependent Check; in
which labels are displayed only after the surgeon commits a decision on localization; and
(b) as an Active Assistant, in which labels are immediately applied to the radiograph, and
the surgeon’s decision is made concurrently with the displayed labels. The former is more
conservative and analogous to the implementation of computer-aided detection systems in
mammography.1® The latter is potentially more streamlined but carries potential bias.

The work reported below includes two main studies: (#1) to analyze the effect of
LevelCheck on the accuracy and confidence of surgical localization when implemented as
an /ndependent Check or as an Active Assistant, and (#2) for the first time, to assess the
utility of the algorithm in patient studies in the operating room. Larger scale, multi-center
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clinical studies are the subject of future work and are important to fully evaluate the role of
the LevelCheck in routine workflow.

MATERIALS AND METHODS

Details of the 3D-2D registration algorithm underlying Leve/Check was described in
previous work.*12-14 In principle, the algorithm solves for the 3D orientation (“pose”) that
relates a preoperative 3D image to an intraoperative 2D image—uViz., a preoperative CT or
MRI and an intraoperative x-ray projection image, respectively. The solution comprises 6
degrees of freedom (3 translational and 3 rotational) in orientation of the 3D preoperative
image such that its projection (a digitally reconstructed radiograph, “DRR”) matches the 2D
intraoperative radiograph. The match is quantified in terms of a similarity metric that forms
the objective function in an iterative optimization. In the current work, the similarity metric
was taken as the Gradient Orientation (GO) between the DRR and radiograph, which was
shown to provide robustness against image mismatch (e.g., instrumentation in the radiograph
but not in the CT) as well as anatomical deformation.* The optimization method was the
covariance matrix adaptation evolution strategy (CMA-ES), a stochastic optimizer that is
robust against local minima, parallelizable (for faster runtime), and has demonstrated a
fairly large capture range.2 Given a 3D-2D registration solution, labels defined in the 3D
image (e.g., labels corresponding to individual vertebrae) can be projected via the resulting
transformation onto the coordinate system of the 2D radiograph and overlaid as image
augmentation.

In the studies reported below, initialization of the 3D-2D registration was performed
manually simply to provide overlap between the preoperative CT and the intraoperative
radiograph. The region of interest was limited to a rectangular mask about the region of the
spine to avoid strong gradients presented by the skin line. The algorithm was implemented
on a Dell Precision T7910 workstation with Intel Xeon processor (3.5 GHz), 64 GB RAM,
and GeForce GTX TITAN X graphical processing unit (GPU, Nvidia, Santa Clara CA).

Laboratory Study

Modes of LevelCheck Implementation—Two distinct modes of Leve/Check
implementation were evaluated. As illustrated in Fig. 1a, implementation as an /ndependent
Check involves displaying spine labels after the surgeon makes a decision on localization.
In such a scenario, the labels are typically confirmatory of the surgeon’s decision, and

a discrepancy requires resolution by double-checking and/or additional consultation. As
illustrated in Fig. 1b, implementation as an Active Assistant involves immediate display of
the labels concurrent with the surgeon’s decision-making process.

Case Selection and Registration—A previous retrospective study* evaluated
LevelCheck performance in 398 intraoperative radiographs and identified five main
conditions for which vertebral localization was most challenging: anatomical complexities;
poor radiographic image quality; lack of anatomical landmarks; vertebrae obscured by other
anatomy; and long spine segments. From that dataset, a subset of 62 images was selected for
the laboratory study. These images were identified in the prior multireader study as the most
challenging cases to localize. Example images with Leve/Check labels are depicted in Fig. 2.
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The true location of each vertebra was defined in preoperative CT for each patient by

a board-certified neuroradiologist. Standard level designations (C7, T2, etc.) were used.
Each CT image and radiograph pair was registered via 3D-2D transformation that overlaid
vertebral labels on their corresponding locations in the radiograph.

The study involved evaluation by 5 surgeons on 62 cases (7 cervical, 32 thoracic, 23
lumbar). Reading order was randomized for each surgeon. Five cases were repeated at the
end of each reading to assess intra-observer repeatability and possible effects due to learning
or fatigue.

To ensure rigorous evaluation by surgeons, 16 (/62) cases were purposely presented with
a labeling error—e.g., shift by one vertebra. For the Active Assistance mode, this also
ensured that surgeons did not become complacent during the study and simply “trust” the
LevelCheck labels without exercising their own expertise.

Experimental Setup—The laboratory study was conducted in a semi-realistic mock
operating room environment (Fig. 3). The images displayed were drawn from the 62 clinical
cases described above, and the surgeon was free to interact with a mobile fluoroscopic
C-arm and body phantom to illustrate challenges in setup and with the image display to
modify displayed contrast etc. The surgeons were unrestricted in reading time.

For each case, the surgeon localized a particular vertebral level and evaluated confidence and
challenging factors via questionnaire (below). For the /ndependent Check mode (Fig. 1a),
the surgeon’s localization was recorded before and after display of the labels. In separate
trials using the Active Assistance mode (Fig. 1b), the surgeon’s localization was recorded
just once.

Questionnaire and Data Analysis—The accuracy of surgeons’ localization was
analyzed as the fraction of cases for which their decision agreed with the true vertebral
level (as defined by the neuroradiologist). Accuracy was measured for localizations
performed without labels (conventional approach) and with Leve/Check implemented as
an /ndependent Check (Fig. 1a) or Active Assistant (Fig. 1b).

A questionnaire was used to assess the utility of Leve/Check in each mode of
implementation. Table 1 summarizes the questionnaires. Question 1 (Q1) assessed image
quality on a 5-point ordinal scale. Question 2 (Q2) assessed potential utility by rating

the degree of challenge in localization and whether additional decision support would be
helpful, and Question 3 (Q3) provided free response regarding the nature of the challenge.
Question 4 (Q4) assessed the effect of decision support on the surgeon’s confidence in
localization, and Question 5 (Q5) provided free response regarding what specific challenges
such decision support would help to overcome.

The median, interquartile range (IQR), and full range in responses were computed for Q1,
Q2, and Q4 and displayed as violin plots. Correlation of confidence (Q4) with image quality
(Q1) and/or challenge levels (Q2) helped identify the scenarios under which Leve/Check
decision support was most useful.
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For each surgeon, the error rate in localization was calculated for different modes of
implementation. The statistical significance of the difference in error rates among the three
modes was analyzed by a paired student ftest.

Clinical Study

Case Selection—The utility of Leve/Check was assessed in the operating room under

an IRB-approved protocol. For each procedure, a mobile C-arm identical to that in the
laboratory setup was used to acquire intraoperative radiographs. Informed consent was
obtained in writing from each patient. The study involved 20 patients (8 cervical, 4 thoracic,
8 lumbar spine) with evaluation by 2 surgeons according to the questionnaire described
below.

Study Procedures—The /ndependent Check mode was selected for the clinical studies
as the more conservative of the two modes investigated in the laboratory study. To preserve
the standard of care, the surgeons localized target vertebrae according to conventional level
counting procedures (without Leve/Check), and the case proceeded accordingly—i.e., the
display of LevelCheck labels did not alter the surgical decision exercised in the case.
Following target localization by conventional means, the Leve/Check results were displayed
to the surgeon, and the utility was evaluated by questionnaire (below). Any potential
discrepancy between the surgeon’s original localization and that indicated by Leve/Check
required resolution by independent means—e.g., consultation with a neuroradiologist.

Questionnaire and Data Analysis—The questionnaire summarized in Table 2 was
provided to each surgeon. Questions 1-4 were posed prior to considering the Leve/Check
labeled radiograph. Question 1 (Q1) gauged the purpose of the image acquisition, and
Question 2 (Q2) assessed image quality viathe same 5-point scale as in the laboratory study.
Question 3 (Q3) gauged potential utility with respect to degree of challenge in localization
and whether additional decision support would be useful, with Question 4 (Q4) providing
free response regarding the nature of the challenge.

Questions 5-7 were posed following consideration of the Leve/Check labeled radiograph.
Question 5 (Q5) assessed the accuracy of the labels—i.e., whether the /ndependent Check
agreed with the surgeon’s original decision and whether they were, in fact, anatomically
accurate. Question 6 (Q6) assessed the effect of the labels on confidence in localization, and
Question 7 (Q7) assessed the amount of time that the surgeon would be willing to expend (in
algorithm runtime) for this particular case.

Analysis of performance was similar to that described above for the laboratory study, with
pooled ordinal values evaluated in terms of median and interquartile range (IQR), and
correlation between confidence (Q3) and purpose (Q1) and image quality (Q2) was analyzed
to determine under what conditions Leve/Check could provide greatest utility.
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Laboratory Study

Results from the questionnaire of Table 1 are summarized in Fig. 4, presenting the responses
regarding (Q1) image quality, (Q2) degree of challenge, and (Q4) confidence. The median
image quality was rated as [2] “poor,” with some rated as [3] “fair,” indicative of the
challenging nature of images selected for the laboratory study. Accordingly, the median
degree of challenge in localization was [3] “challenging,” and all cases were judged [2] or
[3] such that decision support was considered helpful. For both modes of implementation,
the median confidence was [3] (improved confidence by reassurance of original decision)
with some cases rated [4] (improved confidence by providing additional information).

Figure 5 shows the error rate in vertebral localization in the laboratory study. The
challenging nature of cases selected is evident from high median error rate of 30.4% (IQR =
5.2%) for manual level counting. Such a high rate is not indicative of clinical practice and is
a product of cases selected to exhibit poor image quality, lack of clear anatomical landmarks,
etc. Median error rate was reduced to 2.4% (IQR = 10.6%) for localization with Leve/Check
implemented as an /ndependent Check and to 2.4% (IQR = 3%) for implementation as an
Active Assistant. The improvement was statistically significant (p < 0.01) for each case.

The Independent Check appeared to exhibit a larger range in error (possibly suggesting that
surgeons are more likely to “stick to” an erroneous decision), but the difference was not
statistically significantly different from the Active Assistance mode.

Clinical Study

Example labeled radiographs from the clinical study are shown in Fig. 6. In Fig. 6a,
LevelCheck is seen to provide accurate labeling of the cervical spine despite strong
attenuation in the shoulders and a fairly strong difference in spinal curvature (neck

flexion) between the preoperative CT and intraoperative radiograph. Figure 6b shows a
thoracolumbar case exhibiting a 13th rib (attachment at L1 attachment) that could present a
confounding factor in conventional level counting. Figure 6c illustrates labeling in an image
of the sacrolumbar region showing a lumbarized sacrum—another potentially confounding
factor that could lead to a counting error in conventional methods.

Figure 7 summarizes responses to the clinical study questionnaire (Table 2). As shown in
Fig. 7a, most images were acquired for purposes (Q1) of localization at [1]-[2] early or

[3] middle stages in the procedure for localization of anatomy and/or hardware placement.
Image quality (Q2) exhibited a median value of [5] “excellent visibility” with a broad
distribution that included some instances of [2] “poor” or [1] “very poor,” which is
representative of image quality as encountered in clinical practice (c.f., the laboratory study,
which purposely included a preponderance of cases with poor image quality).

The degree of challenge (Q3) shown in Fig. 7c exhibited a median value of [2]
“unambiguous/decision support helpful,” with a roughly equal range of [1] “unambiguous/
decision support not helpful”” and [3] “challenging/decision support helpful.” These results
are somewhat different from the laboratory study (median value [3]) due to case selection
and are likely more representative of cases encountered in clinical practice.
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Geometric accuracy (Q5) was uniformly [2] confirmatory of the surgeon’s original decision.
In the current study, there were no instances of discrepancy ([1] or [3]) from the surgeon’s
original decision—i.e., there were no wrong-level localizations on the part of the surgeon,
and there were nor registration errors on the part of Leve/Check. Responses with respect

to utility of the algorithm (Q6) indicated a median value of [3] “improve confidence by
providing reassurance of original decision.”

Figure 7f summarizes the responses as to the amount of time that would be tolerable
for adding such decision support to the radiographic image (median value [3], 20-60 s)
compared to the actual runtime of the Leve/Check algorithm (17-72 s, consistent with [3]).

DISCUSSION

Development of the Leve/Check algorithm for translation to multi-center trials and

routine clinical use benefits from rigorous assessment of its performance and manner

of implementation. The studies reported above considered two potential modes of
implementation that differ in workflow and potential for error/bias and—for the first time—
translated Leve/Check to the operating theatre to assess its feasibility and utility in a small
(V= 20) pilot study.

The laboratory study elucidated possible differences in implementation of the algorithm

as an Independent Check or as an Active Assistant: the former being more conservative,
whereas the latter carries the potential for bias. In these studies, however, there was no
difference measured in either the error rate or surgeons’ confidence between the two modes,
suggesting that surgeons rightly relied upon their experience and observation rather than
trusting the labels. This behavior was reinforced by informing surgeons in advance of the
study that the registered labels may not be accurate every time and including (N = 16)
purposely misregistered results.

The challenging nature of cases in the laboratory study was evident from the high median
value of 30.4% in the error rate in localization. Leve/Check reduced the median error rate to
2.4% in both the Independent Check and Active Assistant modes (o < 0.01). No statistical
significance was found between Independent Check versus Active Assistance (p~ 0.15),
although the latter appeared to exhibit a reduced IQR in error rate. In the challenging cases
selected for the laboratory study, Leve/Check was found to increase confidence in 91% of
all readings (373/410), while confidence was unchanged in 5.8% of the cases (24/410). The
remaining 3% of cases (13/410) judged to “degrade confidence” may indicate frustration
with challenging cases—i.e., cases of strong ambiguity in which assessment based on the
surgeon’s expertise alone was very challenging, and for which decision support did not truly
add to certainty. Intraobserver repeatability showed no obvious effects of learning or fatigue,
with fair agreement (intra-observer x-value = 0.54) in the confidence level rankings between
the first and second readings.

The results of the laboratory study supported translation of Leve/Checkto clinical studies,
adopting Independent Check as the more conservative mode of implementation. The study
demonstrated 100% accuracy in labeling and was uniformly judged to improve confidence
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while demonstrating compatibility with surgical workflow. The clinical scenarios for which
the method was most beneficial included lack of anatomical landmarks or the presence of
abnormal anatomy;, as illustrated in Fig. 6.

In 65% of the clinical cases (12/20), LevelCheck increased confidence via reassurance

of the surgeon’s original decision. In 20% of the cases (4/20), confidence was improved

by providing additional information (e.g., pointing out anatomical landmarks that were
otherwise not easily visible in a poor-quality image), and in 15% of the cases (3/20) it was
judged to have no effect on confidence (e.g., cases of conspicuous, unambiguous landmarks
with good image quality).

Runtime in clinical data ranged from 17 to 72 s (initial implementation on a desktop
workstation with a single GPU as described above) depending primarily on image quality
(which affects the rate of convergence in the underlying optimization algorithm). This was
reasonably aligned with the amount of time that surgeons indicated they were willing to
wait (median 20-60 s). Correlation of responses to (Q2) image quality and (Q7) showed
that surgeons were more willing to wait for labels when the image quality was poor.
Accordingly, the utility of Leve/Check was judged to be higher in cases with lower image
quality and higher degree of localization challenge.

The current studies are an important step toward larger scale, multi-center clinical trials. The
laboratory studies help to identify the most appropriate mode of implementation, suggesting
equivalent performance for either and relative freedom from bias among the observers (i.e.,
the surgeons did not blindly trust the algorithm). The clinical pilot study demonstrated both
the safety and feasibility of implementation in real clinical workflow—an essential step
toward a larger scale prospective study.

CONCLUSIONS

LevelCheck was found to improve surgical decision-making in vertebral level localization
when implemented as either an Independent Check or Active Assistant. Clinical studies
demonstrated for the first time that the algorithm is feasible in the operating room, accurate
in its labeling, judged to be useful in all cases (even when confirmatory of the surgeon’s
original localization), and consistent with workflow.
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FIGURE 1.
Two modes of Leve/Check implementation. (a) /ndependent Check, in which labels are

displayed subsequent to the surgeon’s decision. (b) Active Assistance, in which labels are
displayed concurrent with the surgeon’s decision.
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FIGURE 2.
Example images from the laboratory study. Each exhibits one or more challenges to accurate

level location—e.g., poor image quality, lack of anatomical landmarks, etc.
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FIGURE 3.
Experimental setup. Mock operating environment for the laboratory study using a mobile

C-arm (Cios Alpha, Siemens Healthineers, Erlangen, Germany) and a spine phantom.
Images (with or without Leve/Check labels) were drawn from a clinical study (not the
spine phantom, which was present for illustrative/descriptive purposes).
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FIGURE 4.

Violin plots showing responses to the laboratory study questionnaire (Table 1). The median
value is marked as an open circle, and the range is marked by a gray region with width in
proportion to the frequency of response.
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FIGURE 5.

Error rate in vertebral localization in the laboratory study. The challenging nature of cases,
evident in the high error rate for manual level counting, reduced significantly by decision
support from Level/Check in either mode of implementation.
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FIGURE 6.
Sample labeled radiographs from the clinical study. (a) Cervical spine example challenged

by high attenuation in the shoulders. (b) Thoracic spine example with a 13th rib attached at
L1. (c) Lumbar spine example with lumbarized S1-L5.
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FIGURE 7.
Violin plots showing responses to the clinical study questionnaire (Table 2). The median

value is marked as an open circle, and the range is marked by a gray region with width in
proportion to the frequency of response.
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