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Abstract: Pedicle screw placement accuracy during spinal fixation surgery varies greatly
and severe misplacement has been reported in 1-6.5 % of screws. Diffuse reflectance (DR)
spectroscopy has previously been shown to reliably discriminate between tissues in the human
body. We postulate that it could be used to discriminate between cancellous and cortical bone.
Therefore, the purpose of this study is to validate DR spectroscopy as a warning system to detect
impending pedicle screw breach in a cadaveric surgical setting using typical clinical breach
scenarios. DR spectroscopy was incorporated at the tip of an integrated pedicle screw and screw
driver used for tissue probing during pedicle screw insertions on six cadavers. Measurements
were collected in the wavelength range of 400-1600 nm and each insertion was planned to result
in a breach. Measurements were labelled as cancellous, cortical or representing a pre-cortical
zone (PCZ) in between, based on information from cone beam computed tomographies at
corresponding positions. In addition, DR spectroscopy data was recorded after breach. Four
typical pedicle breach types were performed, and a total of 45 pedicle breaches were recorded.
For each breach direction, the technology was able to detect the transition of the screw tip from
the cancellous bone to the PCZ (P < 0.001), to cortical bone (P < 0.001), and to a subsequent
breach (P <0.001). Using support vector machine (SVM) classification, breach could reliably
be detected with a sensitivity of 98.3 % [94.3-100 %] and a specificity of 97.7 % [91.0-100 %].
We conclude that DR spectroscopy reliably identifies the area of transition from cancellous to
cortical bone in typical breach scenarios and can warn the surgeon of impending pedicle breach,
thereby resulting in safer spinal fixation surgeries.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Spinal fusion is the standard treatment for a variety of spine-related diseases. With more than
450.000 surgeries annually, it accounts for the highest share of aggregate hospital costs for stays
with OR procedures in the US [1]. The procedure is routinely performed using a free-hand
technique with or without fluoroscopic guidance. A crucial step involves placing screws in the
pedicles of vertebrae to provide fixation points to fuse neighboring vertebrae. The accuracy of
pedicle screw placement in published studies varies greatly. Recent reviews and meta-analyses
indicate breaches >4 mm in 1-6,5 % of pedicle screws placed using the free-hand technique
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[2—4]. Misplaced screws may result in complications ranging from inadequate fixation to serious
vascular and neurological injury. In turn, this may result in repeat surgery, new complications
and extended hospital stay [5].

Improved surgical accuracy could increase patient safety and reduce complications. Several
technological aids have been investigated in order to detect an impending pedicle breach.
Electrical conductivity has been used in order to allow detection of the cortical bone at the edge
of vertebrae [6,7]. It has the drawback that it does not allow for feedback regarding in what
direction the cortical bone is detected. Optical technologies have the potential to allow for a
directed optical measurement to be performed. Raman spectroscopy, typically based on laser
illumination of tissues, has been used to asses bone quality both invasively and transcutaneously
[8,9]. However, Raman spectroscopy has yet to be applied surgically, possibly due to acquisition
times being one to two orders of magnitude higher than those typically used in other optical
methods [10,11].

Diffuse reflectance (DR) spectroscopy is a spectral sensing technique that has been investi-
gated and adapted to discriminate between cancellous and cortical bone through Monte Carlo
simulations, but not yet statistically validated in tissues nor in a surgical setting [12]. Using
this optical spectroscopy-based technique, tissue is illuminated by sending white light from a
broad-spectrum light source through an optical fiber. After hitting the tissue, the light is reflected,
scattered, or absorbed. The net effect is a diffuse reflectance pattern, which is collected through a
second optical fiber and analyzed for spectral changes [13]. These changes originate from highly
specific reflection, scattering, and absorption and scattering characteristics of individual tissue
types [14]. Thus, by analyzing the reflected light, different tissue types can be distinguished [15].
It has previously been demonstrated that the estimated fraction of blood, lipids, and collagen
as well as specific optical properties such as scattering parameters can be used to discriminate
between tissues during breast, liver, esophagus, maxillofacial, and colon surgery as well as
needle insertions during lumbar punctures [16-22]. In spinal fixation surgery, DR spectroscopy
technology at the tip of a surgical instrument could provide real time feedback to the surgeon
regarding the tissue type that the instrument passes through. We postulate that such a smart
instrument could warn the surgeon before breaching through the cortical bone, to reduce the
number and severity of complications.

In this study, we examine the utility of DR spectroscopy in a surgical setting, while performing
pedicle screw placements in human cadavers. The study was designed to illustrate typical pedicle
screw breaches and the corresponding DR spectroscopy data to provide a basis for future research,
elucidating if the technology can be used to detect clinically relevant breaches in the lateral,
medial, inferior and anterior direction. The area where cancellous bone shifts into cortical bone
is given special interest, as its recognition could be used to warn the surgeon of impending
breach. We define this area as the pre-cortical zone (PCZ). Based on the findings of this study,
the technology could be used to design a “smart” and clinically valuable surgical instrument.

2. Materials and methods
2.1. Surgical setup

Surgeries were performed on six human cadavers, 4 females and 2 males with an age range of
53-92 years. The study was conducted in compliance with ethical guidelines for human cadaver
studies. All cadavers were donated for scientific research. Informed consent had been signed
before death by the donors or after death by relatives, according to local guidelines.

The cadavers were placed in the prone position on an operating table and midline incisions
were made along the thoracic and lumbar spine. Soft tissue was dissected with standard surgical
technique to gain access to the posterior aspects of the spine, including spinous processes, lamina,
facet joints and transverse processes. Pedicle screw paths were planned using an augmented reality
surgical navigation (ARSN) system, as previously described in the literature [23]. Accordingly, a
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cone beam computed tomography (CBCT) acquisition was performed and used for automatic
spine segmentation and creation of a 3D-model of the spine [24]. Based on this 3D-model, using
the system’s surgical navigation software, pedicle screws were purposefully planned to result in
either lateral, inferior, anterior, or medial breach. Subsequently, an integrated pedicle screw and
screwdriver equipped with optical fibers at the tip was used to place pedicle screws according to
the planned trajectories. DR spectra were recorded systematically throughout the procedure and
matching navigation data was recorded for every DR-spectra measurement to provide positional
data. CBCT acquisitions were performed at key positions close to, or at, tissue borders to verify
exact position of the device. Tissue labelling was later performed based on anatomical position
according to the CBCT imaging by a trained physician blinded to the DR-spectral readings.

2.2. Diffuse reflectance spectroscopy system

DR spectroscopy measurements were performed using a semi-portable spectroscopic system.
The general principles of DR spectroscopy, calibration procedure and instrumentation have been
previously described [25]. Tissue was probed using an integrated pedicle screw and screwdriver
equipped with two optical fibers at the tip of the screw. The fiber-to-fiber distance between the
optical fibers was 1.22 mm (Fig. 1). This inter-fiber distance was chosen based on previous studies
and is based on a trade-off between wanting to maximize the separation for good DR readings
while keeping a mechanical strength needed for bone sampling [12,26]. The tool consists of an
inner stylet containing the optical fibers, leading up to the tip of the screw, that allows for turning
the tool without twisting the optical fibers. An in-depth description of the tool setup has been
published previously [12]. One fiber was connected to a broad-spectrum halogen light source
(Avantes Aval.ight-Hal-S) to transmit light into the tissue, while the other was used to receive
reflected light. To resolve light between 400 and 1600 nm, the receiving fiber was connected to
two spectrometers resolving light in the visible (Maya2000 Pro, Ocean Optics) and near-infrared
regions (NirQuest 512, Ocean Optics). The acquisition time of each measurement was set to
50-150 ms. An in-house developed LabVIEW software (National Instruments, USA) was used to
control the spectrometers and acquire the spectral data.

2.3. Diffuse reflectance spectral data analysis

Spectral analysis was performed with custom developed software using Matlab (MathWorks
Inc., Natick, MA). DR spectra acquired from the pedicle screw insertions were analyzed in

Light path in
)»\\"é
% 122mm

Fig. 1. A depiction of the integrated pedicle screw and screwdriver used in the study. Inside,
a freely rotating stylet carries two optical fibers running to the tip of the screw, ensuring that
the optical fibers do not rotate with the screw and screwdriver. The fiber-to-fiber distance at
the tip is 1.22 mm.
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the wavelength range of 400 to 1600 nm. A fitting algorithm was used in which the measured
spectra could be translated into meaningful physiological or chemical parameters, as has been
described previously [18,27,28]. To do this, a light propagation computational model was first
used to generate spectra based on chromophore volume fractions and light-scattering [18,28,29].
The fraction of each parameter within the tissues was then estimated by fitting chromophore
spectra generated by the computational model to the spectra collected from tissues. The fitting
algorithm worked by iteratively minimizing the difference between spectra generated by the
computational model and the spectrum acquired from the tissue. The computational model
included chromophore simulations of hemoglobin, beta-carotene, methemoglobin, lipids, water,
and collagen [16,28]. It also included light-scattering simulations including Mie-to-Rayleigh
scattering fraction, Mie scattering slope, and scattering amplitude at a wavelength of 800nm, as
has been described previously [27]. As output for the lipid content, a normalized ratio was used;
lipid content divided by the sum of total lipid and water content. For collagen volume fraction,
a non-normalized reading denoted by arbitrary units (a.u.) was used, as previously described
[30]. In our study, the use of hemoglobin and methemoglobin were considered of less value
since all insertions were done on cadavers. Thus, these tissue constituents were part of the fitting
algorithm to provide a reliable output but were not included in the final data analysis.

2.4. Imaging data analysis

Each pedicle insertion and breach were classified as either an anterior, inferior, medial or lateral
pedicle breach. All labelling of tissue type based on anatomical positions was done using CBCT
verification scans and carried out by an experienced physician in a blinded fashion, i.e. without
knowledge of the corresponding DR-spectral readings. Anatomical regions of interest were
defined as cancellous bone, cortical bone, a pre-cortical zone (PCZ), i.e. the zone of transition
between the cancellous and cortical bone, and extravertebral tissue, i.e. breach. Based on
previous experience, the PCZ was defined as the distance within 3 mm from the cortical bone
[12]. Breach was defined as the first 3 mm after breaking through the cortical bone.

2.5. Support vector machine

To investigate the performance of the technology in detecting impending breach using multiple
tissue constituents, support vector machine (SVM) classification [31] was used. Before training
the SVMs, all features were scaled to a mean of 0 and a standard deviation of 1. For training the
SVMs, RStudio (RStudio Team. RStudio: Integrated Development for R. RStudio, Inc., Boston)
and the e1071 package (Probability Theory Group, 2019), based on LIBSVM [32], was used
with a radial kernel and standard parameters (cost: 1, and gamma: 1/no. of data dimensions).
First, a 1:2 ratio split was used to train a model on 66 % of the data. The remaining 33 % was
used as validation data to calculate accuracy, sensitivity and specificity for the model based on
the confusion matrix of the validation data. Second, a leave-one-specimen-out cross-validation
approach was used where the classification models were trained on all but one cadaver, and the
validation was performed on the remaining cadaver. Validation was only performed on cadavers
with >5 tissue readings in both cancellous and cortical bone, to ensure enough validation data.
This approach was repeated until all included cadavers had been left out once, with the confusion
matrices being added up. This was to show how the classification algorithms work on truly
independent data.

2.6. Statistical analysis

A P-value less than 0.01 was considered significant. Data was normally distributed except DRS
readings for collagen in the PCZ and all breached data, both with bimodal distributions on a group
level. Given that most tissues on a group level, as well as specific insertion data, were normally
distributed, DR spectroscopy readings were reported as means (standard deviations). SVM results
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were reported as means [min-max]. For analyzing “DRS profiles of typical breaches”, DRS data
from single insertions were categorized according to tissue type and a Mann-Whitney-Wilcoxon
test was used to evaluate differences between tissues. For analyzing “aggregated data for detecting
the cortical border”, DRS data from all insertions were grouped according to tissue type and a
Mann-Whitney-Wilcoxon test was used to evaluate differences. Statistical analysis was performed
using RStudio (RStudio Team. RStudio: Integrated Development for R. RStudio, Inc., Boston).

3. Results

3.1. DRS profiles of typical breaches

The four types of breach studied are presented below. In Figs. 2 to 5 they are illustrated in axial
and sagittal CBCT images with corresponding DRS analysis results presented in conjunction.
An illustration of an inferior breach is presented in Fig. 2. The initial position of the screw
tip in the cancellous bone at the superficial entry into the pedicle saw a high lipid fraction
(69.11 0.47 %) and medium collagen fraction (0.60 0.01 a.u.). The transition of the screw
tip from cancellous bone to the PCZ saw a drop in lipid fraction and an increase in collagen

Fig. 2. DR spectroscopy readings and associated imaging of an inferior pedicle screw
breach. The first and second column shows axial and sagittal computed tomographies of
each position, respectively. The third column shows acquired spectra at each position in red
and the fitted spectrum in blue. The fourth and fifth column shows the measured lipid and
collagen fractions, respectively.
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fraction (9.71 3.21% and 1.41 0.02 a.u., respectively). When progressed into the cortical
bone a further decline in lipid fraction (<0.01 0.00 %) and continued high collagen fraction
(1.27 0.05 a.u.) was observed. Finally, when the screw tip was breached outside the vertebra a
sharp increase in lipid fraction (80.71 0.52 %) and a steep drop in collagen fraction (0.21 0.01
a.u.) occurred. CBCT imaging confirmed a likely position in the spinal nerve root canal, in
accordance with the very high lipid content.

As seen in Fig. 3, a typical lateral breach was associated with cancellous bone readings similar
to those of the inferior breach insertion. However, due to the shallow depth of the screw into
the bone, it could not hold and support the weight of the probe. Thus, performing a CBCT
to document probe position was not possible in cancellous bone in any of the lateral breach
cases. Instead, navigational data is presented. The transition of the screw tip from cancellous
bone to the pre-cortical transition zone (PCZ) was associated with a steep drop in the lipid
fraction (64.32 8.78 to 47.33 0.28 %) and an increase in collagen fraction (0.57 0.01 to

Fig. 3. DR spectroscopy readings and associated imaging of a lateral pedicle screw breach.
The first and second column shows axial and sagittal computed tomographies (CT) of each
position, respectively. For cancellous bone, imaging from the navigation software is shown,
since pedicle screw depth was not enough to allow for a CT. The screw is represented in
green and the planned trajectory in blue. The third column shows acquired spectra at each
position in red and the fitted spectrum in blue. The fourth and fifth column shows the
measured lipid and collagen fractions, respectively.
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1.10  0.01 a.u.) and as the tip advanced into cortical bone a gradual decline in lipid fraction (to
4.15 2.65 %) and continued high collagen fraction (1.19 0.01 a.u.) was seen. As the screw
protruded outside of the vertebra, a sharp increase in lipid fraction (to 53.67 2.14 %) and a drop
in collagen fraction (to 0.77 0.03 a.u.) was seen, in accordance with reading more lipid-rich
tissues just outside the bone.

A medial breach is presented in Fig. 4. In accordance with previous insertions, cancellous bone
had a high lipid fraction (48.28 1.95 %) and relatively low collagen fraction (0.68 0.02 a.u.).
As the screw tip was slowly progressed into the PCZ and subsequently the cortical bone, a decline
in lipid fraction (14.13 1.83 t0 2.78 6.03 %) and corresponding increase in collagen fraction
(1.02 0.01to1.16 0.15 a.u.) was seen. When breaching medially, consecutive readings in the
spinal canal was met with low lipid values (4.35 1.28 %) and low collagen values (0.13  0.01
a.u.).

Fig. 4. DR spectroscopy readings and associated imaging of a medial pedicle screw breach.
The first and second column shows axial and sagittal computed tomographies of each
position, respectively. The third column shows acquired spectra at each position in red
and the fitted spectrum in blue. The fourth and fifth column shows the measured lipid and
collagen fractions, respectively.

An illustration of a typical anterior breach is presented in Fig. 5. The transition of the screw
tip from cancellous bone in the vertebral body to the pre-cortical transition zone (PCZ) was
associated with a steep drop in the lipid fraction (from 50.19 0.59 to 21.74 0.73 %) and an
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increase in collagen fraction (from 0.37 0.01to 0.77 0.01 a.u.). As the screw tip was slowly
progressed into the cortical bone a further gradual decline in lipid fraction (to <0.01  0.00 %)
and corresponding increase in collagen fraction (to 0.95 0.01 a.u.) was noticed. Finally, the
transition from cortical bone to a clear breach of the screw tip outside of the vertebra was met
with an increase in lipid fraction (to 46.22 0.85 %) while the collagen fraction continued to
stay high (1.04 0.01 a.u.). CBCT imaging confirmed a likely position in the aortic wall, in
accordance with the high presence of collagen.

Fig. 5. DR spectroscopy readings and associated imaging of an anterior pedicle screw
breach. The first and second column shows axial and sagittal computed tomographies of
each position, respectively. The third column shows acquired spectra at each position in red
and the fitted spectrum in blue. The fourth and fifth column shows the measured lipid and
collagen fractions, respectively.

3.2. Aggregated data for detecting the cortical border

A total of 45 pedicle screw breaches were performed in thoracic (21) and lumbar (24) vertebrae
of the six cadavers. The complete dataset included 1615 DR spectroscopy measurements
with verified tissue positions. The mean lipid fraction was 49.19 16.28 %, 25.06 14.76 %,
0.42 2.12%, and 42.79 32.28 % for cancellous bone, PCZ, cortical bone, and after breach,
respectively (Fig. 6A). There were statistically significant changes in mean lipid fraction between
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all consecutive tissues (P < 0.001 for all). For collagen, there were statistically significant changes
as well between all consecutive tissues (P <0.001 for all), with mean collagen readings of
0.60 0.26a.u.,0.84 0.25a.u.,1.03 0.19a.u.,and 0.60 0.37 a.u. for cancellous bone, PCZ,
cortical bone, and after breach, respectively (Fig. 6B).

Fig. 6. Mean lipid fraction (A) and collagen volume fraction (B) for each tissue type during
45 pedicle screw breaches (n=1615) of varying types (anterior, lateral, medial, and inferior).
Each step-wise change is associated with a statistically significant change as indicated by
asterisks (*** =P < 0.001) Abbreviations: PCZ = Pre-cortical zone

The PCZ was found to correlate to a binomial distribution of lipid fraction readings indicating
a step-wise decrease in lipid content as the probe moved closer to the cortical bone (Fig. 7A).
However, the spread of collagen readings in the PCZ indicated a dichotomous behavior (Fig. 7B)
with binomially distributed peaks well correlated to either cancellous or cortical bone.

Fig. 7. Density plots of lipid fraction (A) and collagen volume fraction (B) for all 45 pedicle
screw breaches for cancellous bone, cortical bone, and the pre-cortical zone. In (A), the
lipid content of the pre-cortical zone follows a binomial distribution in between the two
bone types whereas in (B) collagen exhibits a dichotomous behavior in the pre-cortical zone.
Abbreviations: PCZ = Pre-cortical zone

For parameters indicating scattering, there were also statistically significant changes in the
means between each tissue type and parameter (Appendix, Fig. 8, D-F, P < 0.01 for all). However,
the spread and overlap of data was greater than for lipids and collagen, indicating that the
discriminatory power was lower. Although not included in the final analysis (as stated in the
Materials & Methods), data for hemoglobin, methemoglobin and beta-carotene can be found in
Appendix, Fig. 8, A-C.
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3.3. Tissue classification using support vector machines

By training the model on 66 % of the data and validating on the remaining 33 %, the model
achieved a sensitivity of 98.1 %, specificity of 98.9 %, and an accuracy of 98.7 % when using
only fat fraction and collagen content as input (for SVM classification plots, see Appendix,
Fig. 9). For the LOO method, 4 cadavers met the criteria for acting as a validation set, meaning
4 cross-over validations were performed. The LOO method resulted in a mean sensitivity of
98.3 % [94.3-100 %], a mean specificity of 97.7 % [91.0-100 %], and a mean accuracy of 97.6 %
[93.0 %-100 %] when using fat fraction and collagen as input to the model. When basing the
LOO-models on fat fraction, collagen, and scattering parameters (Mie scattering slope and
Mie-to-Rayleigh fraction) the mean sensitivity was 99.4 % [97.8-100 %], the mean specificity
was 97.6 % [90.2-100 %], and the mean accuracy was 97.9 % [92.5-100 %].

4. Discussion

In this study, we examined the use of DR spectroscopy for cortical breach detection in spinal
fixation surgery. The method accurately and reproducibly detected impending breach defined as
entry into the pre-cortical zone (PCZ) and subsequently the cortical bone, for various types of
breaches. The most robust spectral change was seen in measurements of lipid fraction. In each
type of pedicle breach, a sharp drop in DR spectroscopy levels representing lipid fraction was
seen with the transition from fatty cancellous bone to the PCZ and cortical bone with a very low
lipid fraction (Fig. 2-5). On an aggregate level, lipid fraction also showed a narrow spread of
the data for each tissue type. The limited overlap of lipid fraction readings between cancellous
and cortical bone meant that the tissue type could, in many cases, be reliably determined from
analysis of lipid fraction only. The use of lipid fraction is also supported by a strong correlation
between lipid fraction levels according to DRS and MRI, meaning that the generalizability of lipid
values is facilitated when extending the technology to different patient groups [33]. However, the
inclusion of collagen and scattering parameters would increase reliability for safe clinical use.

Previously, the same technology was investigated using Monte-Carlo simulations and tested
during a single vertebral insertion [12]. It was found that water did not significantly contribute to
discriminatory power. Blood (hemoglobin) did contribute, but in a cadaveric setting makes little
sense to study when the use-case would be in the living. Meanwhile, collagen content was not
studied. In this manuscript our purpose was to validate the technology in a cadaveric setting
and in actual surgical use-cases with statistical rigor. As part of this, we also added collagen
as a discriminatory factor because of the well-known difference in collagen content between
cancellous and cortical bone [34].

When applying SVMs to distinguish between cancellous and cortical bone, a sensitivity of
98-99 % and a specificity of 98-99 % was achieved. Although this indicates that clinically relevant
reliability is possible, it should be further validated in larger study. The same approach can be
applied to separate cancellous bone from the PCZ, but would require a significantly larger dataset
to test reliably on. Still, having a high accuracy for distinguishing cancellous and cortical bone
ensures that breaches are very rarely missed while giving few false alarms.

4.1. Possible future components of tissue labelling algorithms

While collagen and scattering parameters were significantly different between tissue types,
the spread of data was large enough that one-parameter readings would not be sufficient for
determining the tissue type. However, by using the parameters selectively in conjunction to the
lipid fraction the overall reliability could be increased, as was done with the SVMs. A practical
example of this is demonstrated in Fig. 3, where a comparatively high lipid content was present
in all tissue types when compared to other insertions. If relying only on lipid fraction, and in
absence of knowing the previous cancellous readings, both the PCZ and cortical reading could
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have been misinterpreted as cancellous bone due to the high lipid content. However, from the
aggregated data (Fig. 6) we found that while a low collagen fraction has a low sensitivity and
specificity for tissue identification, high values are almost exclusively encountered in the PCZ
and cortical bone. Thus, the high collagen fraction seen in the case of Fig. 3 would clearly
indicate that the tissue belongs to either the PCZ or cortical bone. In a similar fashion, scattering
parameters could be structured for increasing the discriminatory power of DR spectroscopy for
tissue labelling in future studies. This has previously been demonstrated by Liu et al, using only
scattering parameters to detect the cortical border in a lab setup [35]. They reached a similar
conclusion, that more parameters would be needed to increase the reliability in detecting the
cortical border. Thus, we suggest that these parameters be used in combination with lipid fraction
to increase sensitivity and specificity in future breach prevention algorithms.

An interesting finding was the dissimilar behavior of the lipid and collagen fractions in the PCZ.
The lipid fraction was seen to predictably decrease during the transition from cancellous bone, to
the PCZ, and to cortical bone. On the other hand, the collagen fraction showed a clear bimodal
distribution indicating a dichotomous behavior (Fig. 7B) where the distribution peaks correlated
well with the distributions of the cancellous and cortical bone, respectively. This indicates that
collagen might be used as a distinct indicator of impending breach while lipid content could
provide a progressive scale indicating distance to the border. However, this hypothesis could not
fully be proven in this study because of the small distances in question (0-3 mm) in relation to the
distance between the optical fibers in the probe (1.22 mm), meaning that the uncertainty of fiber
position (which could not be visualized on CBCT) was large enough not to enable investigation
of a direct linear relationship between distance and DRS readings in the PCZ.

Another way of increasing the precision of the technology for determining tissue types is
implementing a temporal component in the analysis. During an insertion, while continuously
providing values on lipid fraction, collagen fraction, scattering etc., a considerable relative change
in the right direction, e.g. a drop in lipid fraction when approaching the cortex, could be as
valuable as the absolute DR spectroscopy values. This relative change-model could thus be
beneficial in situations where an atypical bone constitution leads to unreliable absolute values,
which could be the case in bone altering diseases such as osteoporosis or osteoarthritis. This is
one of the natural next steps in future studies in the research area.

4.2. Risk of misclassification of tissues

In our analysis of spectral data, we primarily relied on fitted parameters for determining tissue
constituents, and specific physical parameters such as scattering. The data included both visible
light and the near-infrared spectrum. This has the advantage of being less sensitive to aberrant
readings at certain specified wavelengths, as was the case for early DR spectroscopy studies in
human tissues [36,37]. Conversely, there is still a risk of misclassification either due to aberrant
tissue composition or due to an abundancy of chromophores making readings of other tissue
constituents harder. This was one of the limitations of our study, as hemoglobin is one such
chromophore and our experiments were done on cadavers where, although hemoglobin was
present, perfusion was absent. However, studies on other parts of the body using the same type
of DR spectroscopy technology have shown good reliability for determining tissue types despite
this fact [16,38].

One way to reduce the likelihood of a tissue misclassification having a clinical impact, would
be to introduce a warning system for ‘bad fits’ of the spectral curve. Aberrant spectral readings or
light inferences would most likely lead to spectral curves that are not immediately recognizable by
the fitting algorithms, therefore, such interference can be detected by above-normal discrepancies
between the actual spectral curve and the fitted curve. Such a warning system was already part of
the research software used in this study and provided an indication on when the spectral output
and the resultant fitted curve contained deviations beyond a pre-determined threshold. In such a
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circumstance, the surgeon would receive an indication that the DR spectroscopy readings were of
limited quality.

4.3. Similar technologies and uses

Current widely used breach detection methods involves simple tactile feedback using pedicle
feelers as well as neurophysiological monitoring involving electrical stimulation at the pedicle
screws after placement to detect any direct contact with nerve roots [39]. These methods may
help to identify pedicle breach but have not sufficed in reducing pedicle screw misplacements
rates to acceptable levels [2].

There have been other forays into the field of surgical instruments aiming to warn surgeons
of impending breach in spinal surgery. One of the alternative technologies relies on electrical
conductivity at the tip of a probe used during surgery [6,7]. This technology provides a validated
warning system for impending pedicle breach in real-time, in a similar fashion to what this study
investigates by applying DR spectroscopy to the tip of a probe. One of the draw-backs of relying
on electrical conductivity, however, is that such technology does not provide feedback on the
direction of the impending breach, including if the cortical border is simply close but in parallel
to the instrument [6]. Instead, it is left to the surgeon to figure out what went wrong and how to
correct it. This shortcoming could potentially be corrected using DR spectroscopy instead of
electrical conductivity, as the light cone has a specific direction. By using one forward-looking
light cone, as was done in this study, the system will give a warning only if the cortical border is
in front of the instrument and at risk of breach. A DR spectroscopy probe with multiple light
cones in different directions could even provide directional feedback to the surgeon, i.e. how to
correct the screw path in order to avoid breach.

In summary, the addition of an optical sensing technology to the tip of a surgical instrument
used in spine surgery for pedicle screw placement, can potentially improve surgical outcomes and
reduce complication rates by preventing cortical breaches. This, in turn, may also prevent repeat
surgeries and thereby lower overall medical costs related to spine surgery. This initial cadaveric
study serves as a proof-of-concept that the technology reliably identifies differences between
cancellous bone, cortical bone, and an in-between transition zone we call the pre-cortical zone.

5. Conclusions

DR spectroscopy technology reliably identifies the area of transition from cancellous to cortical
bone in typical breach scenarios. DRS technology in the tip of a surgical instrument has the
potential to help the surgeon avoid pedicle screw breach in spinal fixation surgery.

Appendix
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Fig. 8. Boxplots of (A) hemoglobin, (B) methemoglobin, (C) betacarotene, (D) mie
scattering slope, (E) scattering at 800 nm, and (F) mie-to-rayleigh scattering fraction for
each tissue type during 45 pedicle screw breaches (n=1615). For scattering parameters, ***
indicates P <0.001 and ** indicates P < 0.01. Other parameters were not tested statistically,
as indicated in the Materials and Methods section. Abbreviations: PCZ = Pre-cortical zone

Fig. 9. SVM classification plots depicting the fat fraction and collagen content of all
cancellous (blue) and cortical (red) readings. To the left, a plot of the training set (n = 746).
To the right, a similar plot on the test set (n=384). Purple areas highlight everything
classified as cancellous bone by the SVM, while red areas are classified as cortical. Data
points used as support vectors for the SVM are depicted as circles, the rest are depicted as
triangles. For this SVM, only the fat fraction and collagen parameters were used.
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