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Modern operating rooms are becoming increasingly advanced thanks to the emerging
medical technologies and cutting-edge surgical techniques. Current surgeries are
transitioning into complex processes that involve information and actions from multiple
resources. When designing context-aware medical technologies for a given intervention,
it is of utmost importance to have a deep understanding of the underlying surgical
process. This is essential to develop technologies that can correctly address the clinical
needs and can adapt to the existing workflow. Surgical Process Modeling (SPM) is a
relatively recent discipline that focuses on achieving a profound understanding of the
surgical workflow and providing a model that explains the elements of a given surgery as
well as their sequence and hierarchy, both in quantitative and qualitative manner. To date,
a significant body of work has been dedicated to the development of comprehensive
SPMs for minimally invasive baroscopic and endoscopic surgeries, while such models
are missing for open spinal surgeries. In this paper, we provide SPMs common open
spinal interventions in orthopedics. Direct video observations of surgeries conducted in
our institution were used to derive temporal and transitional information about the surgical
activities. This information was later used to develop detailed SPMs that modeled different
primary surgical steps and highlighted the frequency of transitions between the surgical
activities made within each step. Given the recent emersion of advanced techniques that
are tailored to open spinal surgeries (e.g., artificial intelligence methods for intraoperative
guidance and navigation), we believe that the SPMs provided in this study can serve
as the basis for further advancement of next-generation algorithms dedicated to open
spinal interventions that require a profound understanding of the surgical workflow (e.g.,
automatic surgical activity recognition and surgical skill evaluation). Furthermore, the
models provided in this study can potentially benefit the clinical community through
standardization of the surgery, which is essential for surgical training.

Keywords: surgical process modeling, open spinal surgery, spinal fusion, spinal instrumentation, pedicle screw,
top-down modeling, bottom-up modeling
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INTRODUCTION

With the advent of new medical technologies, surgical
interventions are increasingly becoming sophisticated and
specialization of physicians is more abundant (1). As projected
in (2), with the introduction of Computer Assisted Surgery
(CAS) (3), robotic surgery (4), medical augmented reality
(5), and medical Artificial Intelligence (AI) (6), the average
Operating Room (OR) today involves different types of digital
equipment, information, staff, and processes that collectively
aim at improving the patient outcome. As a newly emerging
field, “Surgical Data Science,” has been recently defined that aims
at “improving the quality of interventional healthcare and its
value through capturing, organization, analysis, and modeling of
data” (7).

Although surgeries are complex processes, which involve
numerous steps, tasks, and actions, surgeries of the same kind
are commonly performed with a rather similar and reproducible
workflow (8). Many of the modern surgical technologies rely on
a proper understanding of the aforementioned surgical workflow
and appropriate “models” that highlight the relationships
between different interactions within the workflow. Deep
understanding of the surgical workflow is crucial when
designing context-aware medical technologies that can adapt
to the underlying surgical action at any given time. Context-
awareness of medical technologies has been noted as a criteria
that can increase the operational efficiency (9). Furthermore,
standardized models that accurately depict the surgical workflow
are essential for surgical training and education (10, 11), OR
management (12), and treatment quality evaluation (13).

There is a notable body of literature dedicated to the
derivation of models that can capture the surgical workflow
based on different sensory observations (i.e., Surgical Process
Modeling, SPM). As stated in (14), a surgical process model
can be defined as “a set of sequential and parallel activities,
executed by clinical and technical team members with different
expertise, through preparing and using equipment and tools with
the ultimate goal of high-quality treatment of a patient without
complications.” In general, the SPM of a given operation can be
acquired through a bottom-up or a top-down approach (15). In
a top-down modeling strategy, the entire operation is observed
and later broken down into different steps. Contrary, the bottom-
up approach starts by first defining the individual steps and
then finding the inter-connections between them, and linking
them until the entire operation is represented. Extensive prior
work exists on surgical process modeling and surgical activity
recognition that are tailored to minimally invasive laparoscopic
surgeries given the readily available endoscopic camera feed that
can be used for activity recognition purposes. Dynamic time
warping methods were used in (16, 17) to detect the usage
of laparoscopic tools visible in the endoscopic camera videos.
Feature-based surgical action recognition methods have also
been introduced that rely on hand-crafted features extracted from
the video feed [e.g., (18)]. More recently, deep learning methods
have been proposed that can identify the surgical tasks and phases
based on Convolutional Neural Network (CNN) principles in

an end-to-end fashion without the need for derivation of hand-
crafted features, which can provide superior accuracies (19-21).

Despite the recent technological advances that are tailored to
orthopedic surgeries [e.g., (22-25)], to the best of our knowledge,
there is a general scarcity of publications that focus on delivering
SPMs for such interventions, specifically for ubiquitous open
operations. Hence the primary objective of the herein study
is to develop a method for creation of a standard SPM for
such surgeries.

Compared to other orthopedic pathologies, low back pain can
be noted as one of the most prevalent conditions that is present
in two thirds of adults once in their life (26) and is among the
leading causes of years lived with disability (27-29) associated
with prominent socio-economic impacts (30) such as decreased
quality of life (31) and early retirement (32). While conservative
treatment options exist for patients with mild symptoms (33,
34), instrumented spinal fusion remains the baseline method of
treatment for more severe cases of degenerative disk disease with
failed conservative treatment (35). Additionally, spinal fusion is
the preferred surgical treatment for selected spinal fractures (36),
spinal infections (37), and spinal deformity corrections (38) and
congenital spinal anomalies (39).

Spinal instrumentation (i.e., spondylodesis) is a common
intervention during which pedicle screw implants are placed
within the pedicle corridor of each vertebra to provide anchoring
support for the interconnecting longitudinal rods (40). Due to the
proximity of the anatomy to spinal cord, nerves and blood vessels,
this is a technically demanding procedure involving a complex
range of surgical actions (41). Screw breaches can happen and
are associated with potential complications such as dural lesions,
irritation of the nerve root, and other neurological damages in
as high as 2, 4, and 3% of the inserted pedicle screws in the
thoracolumbar region respectively (42). Such misplacements can
result in up to a 6% rate of revision surgeries as previously
reported (43).

Although different open spinal interventions achieve
the desired patient outcome through different means (e.g.,
decompression of neural structures, intervertebral cage
insertion for spinal fusion, osteotomy for deformity correction,
fracture reduction, and tumor debulking or resection) spinal
instrumentation can be noted as the underlying process that is
utilized mostly in the aforementioned surgeries.

With the adoption of newer surgical techniques, the
perioperative complication rate associated with spinal
instrumentation has decreased; however, challenges such
as dural tears and neurological deficits can still occur (44)
due to the complexity of the procedure. Despite the recent
advent of modern computer assisted navigation systems for
the aforementioned interventions, it was reported in a world-
wide survey that only 11% of the surgeries make use of such
systems and the majority of the procedures are performed in an
“free-hand” fashion (45) (in contrast to operations performed
through the use of computer assisted surgery). Non-navigated
open procedures are proven to be associated with a low rate
of pedicle screw insertion accuracy, with a median accuracy
of 86.6% (46).
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Considering the abovementioned lack of comprehensive
SPMs for orthopedic surgery and the ubiquity of open spinal
surgeries, the focus of this work is to develop a SPM that
can capture the common surgical elements performed in such
interventions and the inter-connections between the events. To
that end, we provide first the theoretical basis and ontological
background on which our work is built on. Afterwards, we
describe the data collection process, and we elaborate on the
model creation steps followed for the generation of the SPMs.
The SPMs will be developed in a way that they are capable
of encompassing not only different granularity levels and event
frequencies, but also the possibility of including unexpected
deviations in the surgical workflow. The end goal of the
resulting SPMs is to serve as the basis for development of future
automatic assistive technologies specific to open spine surgeries
(e.g., surgical activity recognition and phase detection based
on the emerging Al algorithms). Furthermore, the proposed
SPMs can be used for surgical training, activity monitoring, and
procedure standardization.

METHODS

The following sections will provide a detailed overview into
the development of the SPMs for open spinal fusion surgery.
First, in Ontology and Deductive Modeling of SPM for Open
Spinal Surgeries, we provide the theoretical basis and ontological
background of the SPMs developed in our work, including the
nomenclature and the terminology used throughout the paper.
Afterwards, in Data Collection and Annotation we explain the
data collection and analysis process of the surgical workflow for
the open spinal surgeries, and finally, in Creation and Refinement
of the SPM for Spinal Surgery we describe the model creation and
refinement process of the SPM based on the collected data.

Ontology and Deductive Modeling of SPM

for Open Spinal Surgeries

There exist several works that focus on the definition and the
implementation of SPMs (14). While efforts have been made for
standardization of SPM ontology definition (47), there exist a
wide range of techniques that are tailored to a specific type of
intervention [e.g., (48-50)]. Furthermore, as stated in (51), there
are multiple definitions of modeling granularity levels available
in the prior-art with no consensus across different domains. To
this end, we have chosen a combination of recognized modeling
schemes presented in (15, 52, 53), which are among the most
widely used approaches to date that describe a SPM based on
6 granularity levels (j1) that correspond to different hierarchical
elements, with p € [0,5]. The highest granularity level (L = 5)
encompasses the surgical procedure itself, therefore SPM will
often have only one element at this granularity level. In the
model described by (52), surgical procedures are further divided
into steps (L = 4), sub-steps (L = 3), tasks (L = 2), sub-
tasks (W = 1) and down to the lowest hierarchical level (u
= 0), which describes each motion performed by the surgeon.
This model provides information about the granularity level
and hierarchy but does not provide other important parameters,

Granularity Hierarchy
Level (n) Level
5 Surgical 0 spinal S
Procedure pen spinal surgery
4 Step Implantation of Pedicle
Screws
|
4 Sub-step Bone Preparation
2 Task Pedicle Probe
Predefine
1 Sub-task
Screw Channel
g ==y
0 Action | Event !

FIGURE 1 | Nomenclature for the Granularity and Hierarchy Levels used in our
SPMs. Each elements is depicted with a distintive geometrical shape
throughout the manuscript. We show here an example case for each of the
given granularity levels. The higher granularity level (i = 5) correspond to the
surgical procedure itself and is depicted as a marked rectangle. @ = 4 and
= 3 correspond to steps and substeps and are denoted by a filled and a
non-filed rectangle, respectively. p = 2 and n = 1 correspond to tasks and
sub-tasks and are denoted by a filled and non-filled rounded rectangle,
respectively. Actions (i = 0) are denoted by hexagon and events are

represented by a dashed rectangle.

such as temporal information, technologies used, structures
involved, and participants. The SPM technique developed in (53)
presented a model, which includes such missing information and
is focused on integrating the control systems in the operation
room. However, the granularity level used in (53) does not allow
for an easy clinical description of the surgical workflow, as the
processes are described in a rather technical manner and are
not intuitive for clinical setup. Thus, in the herein study we
used a modified version of the model presented in (52), with
enhancements inspired from (15) and (53).

Hierarchical Decomposition and Nomenclature of
Surgical Process Models
We propose a SPM with specific shapes and shadings for each
hierarchical level as shown in Figure 1, so that we can easily
identify different levels of granularity. This is required in order
to capture the highly dynamic changes of surgeries within the
SPM. During the normal surgical workflow, the surgeon often
revisits one of the previous tasks or subtasks while still focusing
on the same surgical step, meaning that the surgeon could
complete elements of different granularity levels. For example,
the surgeon might decide to cement the bone (u = 0) while
inserting a pedicle screw (ju = 3), because the quality of the bone
is not as expected and the screw purchase might be otherwise
compromised. In order to capture these changes throughout
hierarchical levels, we needed to allow for our SPMs to operate
at different granularity levels.

As indicated in Figure 1, granularity level p = 5 corresponds
to the surgical procedure itself:, open spinal surgery (e.g., spinal
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fusion surgery), as presented also in (52). This surgical procedure
is subsequently decomposed into surgical steps (i = 4). In our
model, the surgical steps correspond to the set of standardized
steps in the clinical literature of each procedure, with the
purpose of maximizing compatibility with the clinical workflow,
and to facilitate the identification of the different steps during
the surgical process analysis. Thus, granularity level . = 4 is
associated to each of the steps that define the spinal fusion
procedure from a high-level perspective.

In order to include a more dynamic representation of the
real workflow of the surgery, steps must be further divided into
lower levels of granularity. Hence, in our model, surgical steps
are further decomposed into sub-steps (v = 3). These sub-
steps are defined as the collection of smaller units that can be
associated to surgical checkpoints during the intervention. To
this end, technical manuals provided by spinal fusion implant
manufacturers (USS Universal Spine System, OPAL, MATRIX
Spine System, Synthes GmbH, Oberdorf, Switzerland) were a
valuable source that allowed a better insight into the definition
of the sub-steps and tools used in the surgical procedure. For
instance, in the example case presented in Figure 1, for the step
“Implantation of pedicle screws”, there are two surgical sub-units
or sub-steps that must be executed for the overarching step to
be completed. In a first sub-step, the bone must be prepared for
the screw insertion, and in a second sub-step the insertion of the
screw itself is performed. This level of granularity also has the
attribute of repetition, meaning that a sub-step could be done
several times before moving on to the next one.

Subsequently, sub-steps can be further split into surgical tasks
and sub-tasks with i = 2 and @ = 1, respectively. Surgical tasks
and sub-tasks are smaller workflow elements that are needed
for the completion of a sub-step and that can be associated to
specific techniques or tools during the surgery. The difference
between a task and a sub-task, is that tasks are directly related
to a specific sub-step in the hierarchy, whereas the same sub-task
can be found across different sub-steps. Using again the example
of Figure 1, for the sub-step “Bone preparation,” the task “Pedicle
probe” is needed, which entails predefining the screw channel and
performing hemostasis to stop bleeding (sub-tasks, i = 2). The
latter is not exclusive to the bone preparation step, and it is in fact
performed across different steps and sub-steps throughout the
surgical procedure. The lowest hierarchical level “Action” with
granularity . = 0 included in our model defines the surgical
actions, which refer to specific workflow units related to the
action performed by the surgeon, i.e., hammering, cementing,
cutting, etc.

We have also included some enhancements to our SPM
analysis inspired by the model in (15): First, the surgical tool used
is indicated within the name of the “Action” when appropriate.
Second, we have included an additional element with granularity
levels i < 1, denominated “Event” and it is used to represent
unexpected deviations in the standard surgical protocol that
might happen more than once.

Deductive SPM for Open Spinal Surgeries
The systematic analysis of a surgical process required an in-depth
insight into the surgical procedure and a sufficient understanding

of the main steps, the used instruments, and technical aspects
of the surgeries. Therefore, before the analysis and creation of
the SPMs from empirical data, a deductive SPM of the surgical
procedure was created at the step level (W = 4) and is shown
in Figure 2. Five surgical steps were identified from the available
clinical literature: (I) superficial incision, (II) deep incision, (III)
implantation of pedicle screws, (IV) rod insertion, and (V)
wound closure. Considering the variations amongst different
surgical techniques that are dedicated to specific conditions
(e.g., trauma, deformity correction, tumor surgery, etc.) an
intermediate step between steps (IV) and (V) was identified and
highlighted in a different color in Figure 2. Given that almost all
open spinal interventions share the steps (I)-(V) in common,
this work only focuses on providing detailed SPMs for those
steps. These steps were proposed based on orthopedic textbooks
(54) and online resources with process descriptions and surgical
guidelines of spinal fusion procedures (www.orthobullets.com).
Furthermore, consultations with surgery specialists were made
to ensure the adequacy of the initial deductive model (See
Appendix). This deductive SPM at the step level was validated
using two video recordings of spinal fusion surgery, recorded
at our institution as part of the standard clinical procedure (see
Data Collection and Annotation). In particular, the workflow at
the hierarchical level of surgical steps is conceived as successive,
meaning that the steps are expected to follow a forward direction
from the first step, up to the last one.

As stated before, in our SPM, the connection between
elements can happen across different hierarchical levels and
this evolution between different elements of the SPM is
denominated as “Transition” and is represented with a solid
arrow. These transitions indicate the standard or expected
workflow. Transitions that occur due to repetition, or that
happen as consequence of deviations of the standard workflow
are depicted with a dashed arrow.

Through iterative top-down analyses of surgical procedures
and bottom-up analyses of tool motions, we provided detailed
decomposition of the procedures down to the level of actions.
From observable surgical elements based on the data collection
(Data Collection and Annotation), we have operationally defined
the beginnings and endings of surgical steps, sub-steps, tasks,
sub-tasks and actions. We have recorded the process from the
main surgeon’s perspective, therefore the target participant was
always the same. In terms of the anatomy, as the SPM is specific
for the spine, the body part was always the vertebrae.

Data Collection and Annotation

We collected videos from open spinal operations performed
at our clinic on 24 patients, between April and July 2019.
We included videos captured from spinal fusion operations
performed mainly in the lower thoracic and lumbosacral
region (Th11-S1), which are performed more commonly. The
included operations were performed to account for the following
pathologies (some patients had multiple pathologies): fracture,
degenerative disc disease, foraminal stenosis, spinal canal
stenosis and spondylolisthesis. Each operation was performed by
two surgeons and data from a total of 5 surgeons were included.
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FIGURE 2 | Deductive SPM for open spinal surgery at the step level (i = 4), showing the 5 main surgical steps identified for open spinal surgery: (I) superficial
incision, (Il) deep incision, (lll) implantation of pedicle screws, (IV) rod insertion, and (V) wound closure. Additional pathology-specific steps are depicted in orange and

A total of 157 pedicle screws and 30 interconnecting longitudinal
rods were inserted.

Given the practical limitations in recording the entire
duration of the surgeries, we identified the step “implantation
of pedicle screws” to have the highest priority given its inherent
surgical complexity. Therefore, we ensured that all the recordings
at least included the entirety of this step and possibly more of the
surgical steps.

We collected intraoperative video recordings of the
aforementioned spinal operations using 3 different camera
systems: a flexible crane camera (custom-made model for our
hospital; Medical-Polecam, Apoint Film GmbH, Switzerland),
a fixed camera integrated into the operation room’s surgical
light (truvidia wireless camera, 3.8-38 mm focal length, 1,080p
resolution; Trumpf Medical, Germany) and an eye-tracking
head-mounted camera (SMI eye tracking glasses; iMotions
GmbH, Bern, Switzerland). The intraoperative videos acquired
from the crane and fixed camera were previously recorded for
training or quality control purposes in the frame of the standard
surgical procedure. The videos captured using the eye-tracking
camera were acquired within the frame of a related project
within our group (BASEC No. 2018-00533). In total, we collected
the video data from 24 spinal fusion surgeries performed at our
institution resulting in roughly 40 h and 30 min of video footage.
Information about screw insertion and fluoroscopy times was
obtained from the operation protocol of each corresponding
surgery. We also noted auxiliary information about the relevant
intraoperative events, which could not be inferred from the
video recordings, namely: the position of the two main surgeons
(which surgeon was on which side of the patient and who
performed which surgical steps), and unexpected events leading
to deviations in the surgical procedure.

We investigated all the recordings to find the starting and
the ending points in which all the primary surgical elements
took place. The starting point of a video was set at the
localization of the target spine levels and the dorsomedial skin
incision; thereafter, the ending point was set at the wound
closure. Later, we temporally annotated all of the events that
were observable in the video data up to granularity level p
= 0 (if necessary for the respective surgical step). For each
operation, all the transitions between the observed elements
were recorded in a spreadsheet, which allowed to keep track of
their frequency.

Creation and Refinement of the SPM for
Spinal Surgery

Having a set of recordings for the surgical procedures is one of
the first steps for the analysis and generation of the SPMs. Manual
labeling of the videos data and tracking of the transitions between
the different states of the surgery allowed for working out the
relationship between all the elements of the surgical workflow.
For the exploration of several recorded processes and general
overview of all the elements of the intervention under analysis,
the hierarchical decomposition of the procedure is needed. Based
on the surgical steps of the deductive SPM presented in Figure 2,
and the aforementioned ontology, we generated the hierarchical
decomposition for spinal fusion surgeries, and its graphical
representation is presented in Figure 3. The upper most level (i
= 5) is dictated by the surgical procedure itself, which is then
branched into the identified surgical steps (i = 4). Subsequently,
the hierarchical tree was iteratively refined using the information
of the spreadsheet generated based on the annotated videos, the
temporal information about the surgical task (0 < p < 4), and
the transitions between the elements.

In a first iteration, each surgical step was extended into
their corresponding sub-steps (i = 3). In case the sub-step
level was not sufficient to describe the corresponding workflow
of the surgery, it was further decomposed into tasks (L =
2). The iterative process was performed until the granularity
level was sufficient to describe the surgical element in question
(from a clinical perspective), or until the lowest granularity
level was reached (n = 0). If an unexpected event happened
during one of the surgical recordings, which is not normally
part of the operation or which had to be performed because
of a deviation of a surgical element, the event was noted and
the number of transitions to that event was measured; however,
the element was not linked to the rest of the hierarchical tree.
These events are represented by a dashed square and are located
directly below the corresponding surgical steps where they have
been identified. The hierarchical decomposition of Figure 3 is
used as a guide to generate the individual SPM of each of
the surgical steps of the spinal fusion procedure shown in
Figure 2.

The final SPMs presented in this study have a granularity
level i < 3, which includes sub-steps, tasks, sub-tasks, and
actions. For the generation of each SPM, an iterative approach
was followed. In a first phase and for each surgical step, all
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surgical elements with L = 3 were identified from the hierarchical
tree (Figure 3). Subsequently, the transition between the sub-
steps was set using the annotated information in the spreadsheet.
After each iteration, the number of transitions between the
same sub-steps among all recorded operations was updated.
The total number of transitions between every two elements
is indicated with an integer above the connecting arrows. As
stated previously, transitions that occur due to repetition, or that
happen as consequence of deviations of the standard workflow
were depicted with a dashed arrow. Iteratively, the transitions
between all the workflow elements were updated for each
granularity level, down to the level of actions. The final SPMs
are given in the form of digital diagrams and were generated
using the diagramming software Microsoft Visio (Creative Cloud,
Microsoft Corporation, Redmond, Washington, U.S., 2020) and
the tools for workflow drawing provided by Microsoft Power
Point (Microsoft Office 2020, Microsoft Corporation, Redmond,
Washington, U.S.). Finally, all of the generated SPMs were
presented to one of the chief spine surgeons at our institution,
who evaluated the quality and accuracy of the models and
confirmed their validity.

RESULTS

Based on our collected data, the operations took an average of
2.5h and were performed on an average of 3-4 spinal segments.
For each of the 5 steps, we have generated individual SPMs with
a minimum granularity level of L = 0 wherever it was needed.
Each step was further divided according to the process described
in the methodology.

As stated earlier, the implantation of pedicle screws step
was included in all of the 24 recordings of the surgeries;
however, a lower number of case recordings were present for
the rest of the steps. An overview of the total number of cases
for which a given surgical step was recorded is presented in
Table 1.

TABLE 1 | Overview of the total number of cases recorded for a given
surgical step.

Surgical step Number of cases recorded

Superficial incision 11
Deep incision 22
Screw Implantation 24
Rod-Insertion 15
Wound Closure 12

The first step was the superficial incision of the tissue over the
vertebral segments to be fused. The resulting SPM for this step is
shown in Figure 4.

The following step, corresponds to the deep incision of the
musculature after opening the muscle fascia so that the vertebral
bodies are visualized. The obtained SPM is depicted in Figure 5.

In the third and fourth step, the intended instrumentation
of the pedicle screw system and the insertion of the connecting
rods takes place, Figures 6, 7 respectively. As stated before,
these two steps are optionally followed by various procedures
depending on the underlying conditions. Depending on the
operation, procedures for decompression of the spinal canal or
spinal nerves via various techniques can be performed and cages
can be inserted for anterior stabilization of the spinal column
(TLIF and PLIF). Also, pedicle subtraction osteotomies (PSO)
might be performed at this point. However, such condition-
specific steps are excluded in this work to provide SPMs that can
generalize to a wider range of open spinal surgeries.

Finally, the SPM of the last step of the surgical procedure is
shown in Figure 8, corresponding to the wound closure.

DISCUSSION

With the recent advent of advanced medical technologies
and the ever-increasing surgical workflow complexity, it is
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important to derive comprehensive surgical process models that
can capture the activities conducted in a common surgical
intervention and the inter-relationships between the events.
Such models are of utmost importance for objectives such
as: standardization of the interventions, surgical training and
communication, surgical team workload analysis and operating
room management, and development of algorithms that are
focused on applications such as: surgical activity recognition
[e.g. (55)], surgical skill evaluation [e.g. (56)], prediction of
next surgical tasks [e.g. (57)], intervention time prediction [e.g.
(58)]. Despite the abundance of methods and algorithms for
generating SPMs for laparoscopic and endoscopic procedures
[e.g. (49)], modeling of open spinal interventions remains an
underrepresented task. Therefore, in this study, we provided
an SPM dedicated to spinal fusion surgery through annotation
and analysis of direct video observations captured during
such operations.

An analogy similar to (52) was used to classify the hierarchy
of the surgical elements. In the pre-modeling phase, we relied on
the available intervention-specific literature [e.g., (54)] to derive
a high-level model of the surgeries up to granularity level p = 4.
The process models were then further expanded up to the action
level (@ = 0) based on manual annotation and analysis of the
captured video observations. We encountered challenges when
analyzing recordings captured by the fixed OR light camera. First,
the view was often obscured by the surgeons’ heads or due to
the moving of the operating light. This resulted in difficulty in
assessing the position of the anatomy only based on the static
two-dimensional video feed provided by this camera assembly.
In addition, most operations were performed within a large
operating area, and the operating table was often moved up
and down, making it harder to observe the surgical elements
based on the fixed OR light camera feed. We overcame these
challenges by using the recordings that were available from the

Frontiers in Surgery | www.frontiersin.org

January 2022 | Volume 8 | Article 776945


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Carrillo et al.

Surgical Process Modeling for Spine Surgery

:l Surgiflo
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FIGURE 7 | SPM for the Rod Insertion step. A snapshot illustrating the specific surgical step is shown on the upper left corner. Transitions are indicated with an arrow
and the number of transitions between the elements are indicated above the arrow with an integer number. Dashed arrows indicate repetitions or deviations from the

two other camera modalities. The crane camera footage provided
more viewing angles since it was manually placed at a position to
provide a view with a low level of obscurity, usually at an angle
between the OR lights, or at an oblique angle from cranial or
caudal directions, as well as from oblique lateral direction. Using
the control unit on the embedded 3-axis remote camera head of
the crane camera, the position was altered in the recordings to

achieve a clear view on to the anatomy. Additionally, the zoom
function on this camera platform provided both wide-range
overview shots and clos-up views. The video recordings from
the crane camera provided a more reliable view of the operating
area, the anatomy at which the operation was performed, the
forearms of the surgeon, and the instruments used. However,
those videos provided limited information about events that
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occurred outside the surgical area (e.g., cutting and bending
of connecting rods) and interactions between the surgeons and
the assistants. Using the video recordings from the eye-tracking
head-mounted camera we were able to address these limitations.
The first-person view provided additional information about
the surgeon’s line of sight, which captured many auxiliary
surgical elements that were happening outside the operating
area (e.g., fluoroscopy, interaction with the team, viewing the
MRI/CT images).

We provided detailed SPMs for each major surgical step
that are common in most open spinal surgeries and highlighted
the transitions between different surgical elements and the
frequencies associated with those transitions. During the
analysis of the videos, we noticed some deviations from
the expected surgical workflow, and we included those as
events into the generated SPMs. Even though these unexpected
events are rather common during surgery, they cannot be
classified as a part of a surgical step and are currently
difficult to predict. For instance, during spine surgeries, it
might be necessary to correct the position of a pedicle
screw or to change its length intraoperatively, due to low
bone density in the pedicle or to a slight deviation from
the afore planned surgery. These events are unavoidable but
could be reduced to a minimum with an improved surgical
guidance. Therefore, creating SPMs which accounts also for these
deviations could eventually allow surgeons to anticipate such
errors during the specific steps where they are more prompt
to occur.

Knowing beforehand the possible transitions between the
surgical steps, sub-steps, task, sub-task, and motions could not
only improve the surgical workflow, but it could also assist novice
surgeons and less experienced surgical scrub technicians to be
better prepared during the surgery.

Following, we would like to discuss some of the limitations
of this work. Firstly, it should be noted that although the inter-
institution variability was taken into account in the developed
SPMs (given that we have analyzed the data from five different
spine surgeons), further data is required to improve the
generalizability of the developed model to other institutions
and surgeons. This is because the herein presented SPMs are
closely linked to the clinical setting and to the surgical technique
utilized at our clinical institution. If, for instance, a different
pedicle screw supplier would be used, this might modify or
introduce additional elements into the surgical workflow, which
our SPMs do not currently account for. In other words, the
inter-clinical variability of the generated SPMs highly depends
on the adopted surgical techniques of each operating room.
Another limitation of our work was the manual labeling
of the video recordings, which is very time consuming and
requires surgical and orthopedic knowledge. The quality of
the manual video annotations is also subjective to the quality
of the video and to the different perspectives available. A
possible solution could be the use of a specialized software
such as the SWAN-Suite (59), which has proven to be highly
accurate when registering and analyzing surgical workflows in
several institutions. There exist other video-based algorithms
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(60-62) that could help in improving the labeling accuracy of
the SPM creation process. However, most of the recent data-
driven surgical activity recognition methods rely on a proper
understanding of a model that describes the underlying surgical
’process’; therefore, the presented SPMs in this study can serve
as the basis for the development of such algorithms that can be
used in open spinal surgery applications. Finally, the generated
SPM in this study was only validated based on the feedback from
one surgeon.

Similar validation methods that are based on structured
interviews with surgeons have been previously introduced [e.g.,
(63)]. A more extensive evaluation and validation protocol will
contribute to refinement and standardization of the developed
SPMs through follow-up studies based on input from multiple
surgeons and multiple centers, as well as a technical validation
through additional surgery observations with a dedicated SPM
Ontology software [e.g., (55, 59, 60)].

CONCLUSION

The herein study presents the methodological process through
which we generated a series of SPMs corresponding to the
most common surgical steps required for open spinal surgeries.
For this, we followed a top-down modeling approach for
the first theoretical model of the SPM, and a bottom-up
granularization approach derived from the video analysis.
Combining these two development directions ensured a
thorough description of the entire surgical procedure. The
resulting SPMs represent a first step into digitizing surgery
information and can help to improve the current intraoperative
guidance methods, as well as easing the future integration of
augmented reality and machine learning approaches into the
daily clinical practice.
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APPENDIX

Surgical Step

Description

Superficial incision
Preoperative marking
Identification of landmarks

Skin incision over the target segments
Dissection of subcutaneous tissue

Opening of the thoracolumbar fascia
Deep incision
Detach paraspinal muscles

Insertion of deep retractors
Implantation screw system (Pedicle screws)

Bone preparation
Localization of the screw entry point

A.Driling

A.1. Pre-drilling

A.2. Check the screw canal
B. Insertion of K-wire

C. Conventional method
C.1. Opening of cortex

C.2. Pre-define screw channel with surgical bone awl (optional)
C.3. Insert gear shift pedicle probe / pedicle deepening awl

C.4. Check the screw canal
Insert Pedicle Screw
Check screw purchase
Check Screw position

Preparation until the thoracolumbar fascia is reached.
Check if patient has been preoperatively marked at the planned level.

Mark bony prominences (posterior superior iliac spine, iliac crest, spinous processes, inter
spinal window) and draw incision line. Ensure with fluoroscopy that correct levels are identified.

Incision over the entire planned instrumentation length and through the full thickness of the skin.

Preparation of subcutaneous fat until the thoracolumbar fascia is reached. Insertion of
retractors is performed.

Opening of the thoracolumbar fascia and exposure of spinous process.
Exposure of bony landmarks

Subperiosteal detachment of the paraspinal musculature with electrocautery/Cobb Elevator.
Remain strictly subperiosteal.

Insert Deep retractors.

Metal implants are placed in the pedicles so that on the one hand they provide
optimal stability and on the other hand they do not injure critical soft tissues.

Various options to prepare the pedicle for screw insertion (tagged as A,B and C).

Localization of the screw entry point using anatomical landmarks. (Pars interarticularis,
mamillary process, lateral border of the superior articular facet, mid transverse process).

Definition of screw trajectory with drill (detailed in the following points).

Direct drilling of the screw channel with a drill.

Use ball tip probe to check for perforations and confirm length of pedicle screw.
Direct drilling of a K-wire as a guide for a cannulated screw.

Definition of screw trajectory with awl (detailed in the following points).

Opening the cortex with luer or pointed awl.

Use the awl to predefine the screw channel.

Determine the length and diameter of the required screw using the attached marking and
imaging information.

Use ball tip probe to check for perforations and confirm length of pedicle screw.
Insert pedicle screw into predefined channel and maintain the trajectory.

Check insertional torque and pull-out resistance.

Check screw position with intraoperative radiograph.
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