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A SYSTEM FOR PROVIDING INTRAOPERATIVE TRACKING
TO ASSIST SPINAL SURGERY

BACKGROUND
Field
The present application relates to a system for providing intraoperative tracking to
assist spinal surgery.

Description
Spinal surgery is one of the most frequently performed surgical procedures worldwide.

Generally speaking, spinal surgery may involve implantation of a spinal rod to correct the
curvature of the spine of a patient and to prevent further deterioration. As such, the particular
curvature of the spinal rod can be a key factor in obtaining successful results from surgery.
Intraoperative imaging such as fluoroscopy and/or CT scans can be used for
intraoperative assessment of spinal curvatures (correction). However, this kind of process only
provides instantaneous vision/assessment of spinal curvatures.
Devices allowing live-tracking of spinal curvatures/angulations may provide
substantial assistance to the surgeon as he can make further corrections to the spine and under
live control. However, this kind of devices, usually based on optoelectronic passive sensors
disturb surgeon's workflow as many additional steps are required compared to usual surgery.

SUMMARY
The invention related to a system for providing intraoperative tracking to assist spinal

surgery, the system comprising:
two or more active sensors, wherein each of the two or more active sensors
comprises one or more accelero meters and/or one or more gyroscopes;
two or more attachment devices, wherein each of the two or more attachment
devices comprises one or more of said active sensors, a power source, and a wireless
transmitter, wherein the two or more attachment devices are configured to be attached
to two or more vertebrae in a configuration such that two of three axes of position data
to be collected by the two or more active sensors are on a plane assumed to be parallel,

or substantially parallel with a determinate angle, to a sagittal plane of a patient for
spinal surgery,

wherein when the two or more attachment devices are attached to two or more
vertebrae during spinal surgery, each of the two or more active sensors are configured
to provide position and/or orientation data of each of the two or more vertebrae to which

each of the two or more attachment devices are attached to;
one or more computer readable storage devices configured to store a plurality

of computer executable instructions; and
one or more hardware computer processors in communication with the one or

more computer readable storage devices and configured to execute the plurality of

computer executable instructions in order to cause the system to:
receive the position and/or orientation data from the wireless transmitter
of each of the two or more attachment devices in substantially real-time;
dynamically determine, based at least in part on the position and/or
orientation data one or more inertial measurement units and using gravity as a
common reference among the position and/or orientation data received from the
wireless transmitter of each of the two or more attachment devices, the position

and/or orientation of the two or more vertebrae to which the two or more
attachment devices are attached to;

dynamically generate one or more performance metrics for spinal
surgery based at least in part on comparing the determined position and

orientation of the two or more vertebrae to which the two or more attachment
devices are attached to with a predetermined surgical plan; and

dynamically generate, based at least in part on the generated one or more
performance metrics, guidance instructions for performing spinal surgery.

According to one embodiment, each of the one or more active sensors is configured to
be an inertial measurement unit with six degrees of freedom.
According to one embodiment, each of the one or more active sensors is configured to
be an inertial measurement unit with nine degrees of freedom.

According to one embodiment, the two or more attachment devices comprises a
vertebral anchor.
According to one embodiment, the two or more attachment devices comprises a
vertebral screw.
According to one embodiment in this case, the vertebral screw is a monoaxial screw
comprising at least one sensor. According to another embodiment, the vertebral screw is a
polyaxial screw comprising at least one sensor.
According to one embodiment, the two or more attachment devices comprises a
surgical tool.
According to one embodiment, the two or more attachment devices comprises a screw,
nut, anchorage, and/or other implant and an additional housing structure configured to be

coupled to said screw, nut, anchorage, and/or other implant, this additional housing structure
comprising said one or more active and/or passive sensors.
The additional housing structure is configured to be used with and/or coupled to a

removable handle that is usable for affixing the screw, nut, anchorage, and/or other implant to
the vertebrae.
BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the devices and methods described herein will be appreciated
upon reference to the following description in conjunction with the accompanying drawings,
wherein:

Figure 1 is a flowchart illustrating an overview of an example embodiment(s) of an
iterative virtuous cycle for developing patient-specific spinal treatments, operations, and
procedures;

Figure 2 is a flowchart illustrating an example embodiment(s) of pre-operative imaging
analysis and/or case simulation for developing patient-specific spinal treatments, operations,
and procedures;
Figure 3 is a flowchart illustrating an example embodiment(s) of implant production,
case support, and/or data collection for developing patient-specific spinal treatments,

operations, and procedures;

Figure 4 is a flowchart illustrating an example embodiment(s) of data collection,
machine learning, and/or predictive modeling for developing patient-specific spinal treatments,
operations, and procedures;

Figure 5 illustrates an example embodiment(s) of case simulation delivery for
developing patient-specific spinal treatments, operations, and procedures;
Figure 6 illustrates an example embodiment(s) of case simulation delivery for
developing patient-specific spinal treatments, operations, and procedures;
Figures 7A and 7B illustrate example embodiments of spinal rods that can be produced
and/or selected using certain embodiment(s) of systems, devices, and methods for patientspecific spinal treatments, operations, and procedures;
Figure 7C illustrates an example embodiment of a cage(s) that can be produced and/or
selected using certain embodiment(s) of systems, devices, and methods for patient-specific
spinal treatments, operations, and procedures;

Figure 7D illustrates an example embodiment of a screw(s) that can be produced and/or
selected using certain embodiment(s) of systems, devices, and methods for patient-specific
spinal treatments, operations, and procedures;

Figure 8 is a flowchart illustrating an example embodiment(s) of cage and/or screw
design, production, modification, and/or selection;

Figure 9A is a flowchart illustrating an example embodiment(s) of cage design,
production, modification, and/or selection;
Figure 9B illustrates an example embodiment(s) of cage design, production,
modification, and/or selection;
Figure 9C illustrates an example embodiment(s) of cage design, production,
modification, and/or selection;
Figure 10A is a flowchart illustrating an example embodiment(s) of cage design,
production, modification, and/or selection;
Figure 10B illustrates an example embodiment(s) of cage design, production,
modification, and/or selection;
Figure IOC illustrates an example embodiment(s) of cage design, production,
modification, and/or selection;

Figure 11A is a flowchart illustrating an example embodiment(s) of cage design,
production, modification, and/or selection;
Figure 11B is a schematic diagram illustrating an example embodiment(s) of cage
design, production, modification, and/or selection;

Figure 12A is a flowchart illustrating an example embodiment(s) of screw design,
production, modification, and/or selection;
Figure 12B is a schematic diagram illustrating certain aspect(s) of an example
embodiment(s) of screw design, production, modification, and/or selection;
Figure 13A is a schematic illustrating an example embodiment(s) of intraoperative
tracking;
Figures 13B-13G illustrate example embodiments of screws and/or sensors that can be
used for intraoperative tracking;
Figures 14A-14E illustrate example embodiments of tools and/or sensors that can be
used for intraoperative tracking;
Figure 15 is a flowchart illustrating an example embodiment(s) of predictive modeling;
Figure 16 is a schematic diagram illustrating an embodiment of a system for developing
patient-specific spinal treatments, operations, and procedures; and
Figure 17 is a block diagram depicting an embodiment of a computer hardware system
configured to run software for implementing one or more embodiments of a system for
developing patient-specific spinal treatments, operations, and procedures.

DETAILED DESCRIPTION
Although several embodiments, examples, and illustrations are disclosed below, it will
be understood by those of ordinary skill in the art that the inventions described herein extend
beyond the specifically disclosed embodiments, examples, and illustrations and includes other
uses of the inventions and obvious modifications and equivalents thereof. Embodiments of the
inventions are described with reference to the accompanying figures, wherein like numerals
refer to like elements throughout. The terminology used in the description presented herein is
not intended to be interpreted in any limited or restrictive manner simply because it is being
used in conjunction with a detailed description of certain specific embodiments of the

inventions. In addition, embodiments of the inventions can comprise several novel features
and no single feature is solely responsible for its desirable attributes or is essential to practicing
the inventions herein described.
Spinal surgery is one of the most frequently performed surgical procedures worldwide.

Generally speaking, spinal surgery may involve implantation of one or more implants, such as
spinal rod(s), cage(s), and/or one or more screw(s) to correct the curvature of the spine of a
patient and to prevent further deterioration. As such, correspondence between one or more
spinal implants and patient anatomy can be a key factor in obtaining successful results from
surgery. In particular, the particular curvature, dimensions, shape and/or size of one or more
spinal rods, cages, and/or screws can be crucial to obtain successful surgical results.

Various embodiments described herein relate to systems, methods, and devices for
developing patient-specific spinal treatments, operations, and procedures.

In some

embodiments, systems, methods, and devices described herein for developing patient-specific
spinal treatments, operations, and procedures can comprise an iterative virtuous cycle. The

iterative virtuous cycle can further comprise preoperative, intraoperative, and postoperative
techniques or processes. For example, the iterative virtuous cycle can comprise imaging
analysis, case simulation, implant production, case support, data collection, machine learning,

and/or predictive modeling. One or more techniques or processes ofthe iterative virtuous cycle
can be repeated.
In some embodiments, a system for providing intraoperative tracking to assist spinal

surgery comprises: two or more active sensors, wherein each of the two or more active sensors
comprises one or more accelerometers and/or one or more gyroscopes; two or more attachment
devices, wherein each of the two or more attachment devices comprises one or more of said
active sensors, a power source, and a wireless transmitter, wherein the two or more attachment
devices are configured to be attached to two or more vertebrae in a configuration such that two

of three axes of position data to be collected by the two or more active sensors are on a plane
assumed to be parallel, or substantially parallel with a determinate angle, to a sagittal plane of
a patient for spinal surgery, wherein when the two or more attachment devices are attached to
two or more vertebrae during spinal surgery, each of the two or more active sensors are
configured to provide position and/or orientation data of each of the two or more vertebrae to

which each of the two or more attachment devices are attached to; one or more computer
readable storage devices configured to store a plurality of computer executable instructions;

and one or more hardware computer processors in communication with the one or more
computer readable storage devices and configured to execute the plurality of computer
executable instructions in order to cause the system to: receive the position and/or orientation
data from the wireless transmitter of each of the two or more attachment devices in
substantially real-time; dynamically determine, based at least in part on the position and/or
orientation data and using gravity as a common reference among the position and/or orientation
data received from the wireless transmitter of each of the two or more attachment devices, the

position and/or orientation of the two or more vertebrae to which the two or more attachment
devices are attached to; dynamically generate one or more performance metrics for spinal
surgery based at least in part on comparing the determined position and orientation of the two
or more vertebrae to which the two or more attachment devices are attached to with a
predetermined surgical plan; and dynamically generate, based at least in part on the generated
one or more performance metrics, guidance instructions for performing spinal surgery.

In certain embodiments, the one or more active sensors are configured to be an inertial

measurement unit with six degrees of freedom. In certain embodiments, the one or more active
sensors are configured to be an inertial measurement unit with nine degrees of freedom. In

certain embodiments, the two or more attachment devices comprises a vertebral anchor. In
certain embodiments, the two or more attachment devices comprises a surgical tool. In certain
embodiments, the two or more attachment devices comprises a vertebral screw. In certain
embodiments, the vertebral screw is a mono-axial screw comprising at least one sensor. In
certain embodiments, the vertebral screw is a poly-axial screw comprising at least one sensor.
In particular, there can be a desired surgical outcome that is particular to each patient.

For example, based on the current state of a patient's spine, it can be known from past data,
experience, and/or literature, that a particular patient's spine should be corrected in a certain

way and/or degree. In turn, in order to obtain such corrective results, it can be advantageous
to design, generate, and/or other formulate specific dimensions and/or other variables

pertaining to one or more implants that are specific to the particular patient. For example, there
can be one or more desirable variables and/or parameters for one or more spinal rods, cages,

and/or screws for implantation for a specific patient. As such, certain systems, devices, and
methods described herein are configured to utilize one or more medical images of a patient and

analyze the same to determine one or more desired parameters and/or variables of one or more
spinal rods, cages, and/or screws for implantation. Based on the determined one or more

desired parameters and/or variables, certain systems, devices, and methods described herein
can be further configured to manufacture, produce, modify, select, provide guidance for
selection of, and/or generate instructions to manufacture, produce, modify, and/or select one
or more spinal rods, cages, and/or screws that are specifically customized for a particular
patient.
In addition to designing, producing, and/or otherwise obtaining an ideal or desired

spinal implant, it can be equally, if not more, important that such implant is correctly implanted

according to a desired and/or predetermined surgical plan. In other words, even if one or more

spinal rods, cages, and/or screws are produced, selected, or otherwise obtained for a specific
patient, its effects can be limited if the implantation or other surgical procedure is not
conducted according to a desired or predetermined plan. As such, it can be advantageous to
be able to ensure or at least increase the chances that surgery or a procedure thereof is
performed as desired. To such effect, certain systems, devices, and methods described herein
provide intraoperative tracking to provide guidance and/or performance evaluation during
spinal surgery.

Further, although every patient is different and can have unique spinal conditions, some
spinal conditions can be more similar than others. Also, certain individual characteristics of
patients' spinal conditions can be more similar than others. As such, it can be advantageous
to be able to analyze data relating to specific patient spinal conditions pre-operation and/or

post-operation and utilize the same in order to predict the outcome of spinal surgery for a new
patient. The predictive analysis can also be used in generating a patient-specific surgical plan,

which can comprise one or more parameters and/or variables for one or more spinal rods,
cages, and/or screws. Accordingly, certain systems, methods, and devices disclosed herein are

configured to utilize predictive modeling to generate predictive surgical outcome(s) and/or
patient-specific surgical plan(s).
Iterative Virtuous Cycle

Figure 1 is a flowchart illustrating an overview of an example embodiment(s) of an
iterative virtuous cycle for developing patient-specific spinal treatments, operations, and
procedures. As illustrated in Figure 1, some embodiments of the systems, methods, and
devices comprise one or more processes that can form an iterative virtuous cycle. For example,
an iterative virtuous cycle can comprise one or more of the following: (1) imaging analysis; (2)

case simulation; (3) implant production; (4) case support; (5) data collection; (6) machine
learning; and/or (7) predictive modeling. Certain embodiments may comprise any subset of

the aforementioned processes. Further, one or more processes or techniques of a virtuous
iterative cycle can be repeated.
Certain processes or techniques of the virtuous iterative cycle can be performed at
different points in time. For example, imaging analysis, case simulation, and/or implant
production can be performed pre-operation. Case support and/or data collection may be
performed during operation or intra-operation. Lastly, some data collection, machine learning,
and/or predictive modeling can be performed post-operation. The whole virtuous iterative
cycle and/or portions thereof can be repeated for the same and/or different patient in certain

embodiments.

Figure 2 is a flowchart illustrating an example embodiment(s) of pre-operative imaging
analysis and case simulation for developing patient-specific spinal treatments, operations, and
procedures. Imaging analysis can relate to analysis of one or more medical images. For
example, one or more x-ray images of a patient, such as a frontal x-ray and sagittal x-ray image,

may be analyzed. In other embodiments, the one or more medical images can comprise an
MRI scan, other x-ray image, CT scan, and/or any other medical image. The analysis of the
one or more medical images can comprise drawing one or more rod designs as an overlay onto

the one or more medical images. For example, in some embodiments, one or more rods with
particular curvatures can be drawn as an overlay onto one or more x-ray images.
As illustrated in Figure 2, in some embodiments, a medical imaging system can be

configured to obtain and/or access one or more medical images of a patient at block 202. The
one or more medical images can be two-dimensional and/or three-dimensional. The one or

more medical images can be a sagittal view x-ray, a frontal view x-ray, a flexion x-ray,
extension x-ray, a CT scan, and/or MRI scan of the spine of a patient. The medical facility

client system can be configured to access and/or obtain the one or more medical images for
output to a main server system for developing patient-specific spinal treatments, operations,
and/or procedures.
At block 204, the main server system can be configured to receive and/or access the
one or more medical images from the medical facility client system. For example, the one or

more medical images can be electronically transmitted over the Internet in some embodiments.
In other embodiments, one or more medical images can be inputted to the main server system
offline, for example through a portable electronic storage medium, image film, or the like.
In embodiments in which CT and/or MRI scans are utilized, a complete threedimensional reconstruction of the spine may be obtained directly from the CT and/or MRI scan
itself. This can be useful for further analysis, such as determining one or more parameters

and/or variables from the medical image(s), to generate appropriate and/or desired spinal
treatments, operations, and/or procedures specific to a patient. However, CT or MRI scans
may not be available for all patients due to the added expense and general availability of such
modalities.
Rather, in some embodiments, the system can be configured to utilize one or more xray images, which are more widely available, to determine one or more parameters and/or

variables in order to generate appropriate and/or desired spinal treatments, operations, and/or
procedures specific to a patient. In some embodiments, the system is configured to analyze
one or more two-dimensional x-ray images, such as sagittal view, front view, flexion, and/or

extension images, separately and/or in combination for further analysis, for example to
determine one or more parameters and/or variables. In certain embodiments, the system can
be configured to combine one or more two-dimensional x-ray images, such as those describe
above, to obtain a three-dimensional reconstruction of the spine for further analysis. For
example, the system can be configured to combine a frontal x-ray view and a sagittal x-ray
view for flexion and/or extension states. In other embodiments, the system can be configured
to utilize a combination of one or more x-ray, MRI, and/or CT images.

In order to effectively utilize a plurality of medical images, the system can be
configured to calibrate the plurality of medical images at block 206. More specifically, a
common point of reference among the plurality of medical images can be identified and used

for calibration and analysis. The system can be configured to identify a common point of

reference among a plurality of medical images either automatically and/or by manual input
from a user. For example, a central point of the sacrum end plate or vertebra can be identified
as a common point of reference on a plurality of medical images. In particular, the center point

of the sacrum vertebra on a frontal view x-ray image and a sagittal view x-ray image can be
identified.
Further, in certain embodiments, the plurality of medical images can be scaled for
consistency among the plurality of images. The calibration process can comprise identifying
a common part, portion, and/or shape of the spine of the patient in a plurality of x-ray images
and adjusting the scale of one or more of the plurality of x-ray images based on such
commonality. For example, if the L3 plate length is chosen as a common feature, the length
of the L3 plate can be measured on each of a plurality of x-ray images, and the x-ray images
can be scaled to match such length.

The calibration process or technique can be fully or partially automated. In some
embodiments, the calibration and/or adjustment processes can be automated by extracting the
colon spine and/or measuring the central plate for example. After a plurality of medical images
are calibrated, the system can be configured to generate a composite three-dimensional image

at block 208 for further analysis. In other embodiments, a single medical image or scan is used,

thereby not requiring any calibration.
The system can be configured to analyze the one or more medical images at block 210.

Image analysis can comprise identifying one or more end plates, identifying the distance and/or

curvature between one or more end plates, drawing one or more lines between one or more end
plates, or the like. The one or more parameters can be obtained by the system automatically
and/or by manual input. In addition, image analysis can further comprise modifying one or
more medical images, for example by rotating one or more portions thereof, for example
around an identified reference point and/or axis, to mimic a desired surgical outcome of the
spine. In some embodiments, one or more image analysis processes can be performed prior to

and/or after image modification such as rotation of one or more portions of the one or more
medical images.

Analysis of the one or more medical images can depend on a number of factors, such
as parameters and/or variables identified by surgeons, literature, and/or a historical database of

the system. Accordingly, as illustrated in Figure 2, the system at block 210 can be configured
to communicate with one or more of a surgeon database 212, literature database 214, plan

database 216, and/or operation database 218 in analyzing the one or more medical images.
Each or all of the surgeon database 212, literature database 214, plan database 216, and/or
operation database 218 can be configured to be updated continuously and/or periodically.
The surgeon database 212 can comprise preferences of a particular surgeon, for
example certain surgical procedures or choices a particular surgeon routinely utilizes or favors
and certain parameters of the spine that may be required to meet such surgeon preferences.
Based on such determination, the system can be configured to analyze the one or more medical
images to meet the preferences of a particular surgeon for example.
The literature database 214 can comprise one or more medical literatures, for example

related to spinal surgery. As medical research is developed, additional parameters of the spine
can be identified as being helpful in surgical planning. In addition, more real-life patient data

can be made available, which can include pre-operative and/or post-operative data. As such,
in certain embodiments, the literature database 214 can be used by the system to identify certain

parameters, variables, and/or additional data of the spine that the system can utilize in
analyzing the one or more medical images.
The plan database 216 and/or operation database 218 can comprise internal data of the
system. In other words, the plan database 216 can comprise data related to one or more

previous spinal surgical plans developed by the system. Similarly, the operation database 218
can comprise data related to actual spinal surgeries previously performed, including surgeries

performed utilizing the system. Such data related to previously planned and/or executed spinal
surgeries can also provide or identify parameters for the system to identify and/or determine
as part of analyzing the one or more medical images.

After image analysis, surgical planning can be performed as part of case simulation at
block 220. Surgical planning can comprise, for example, the design, production, modification,
and/or selection of one or more spinal rods, screws, and/or cages to be used for a particular
patient, for example based on the analysis of one or more medical images. More specifically,

in certain embodiments, a surgical plan generated by the system can comprise one or more of

the length, diameter, curvature, angulation, and/or other dimension of an implant, such as a
spinal rod, screw, and/or cage. For example, the system can be configured to draw and/or
allow a user to draw a spinal rod of a particular curvature as an overlay onto the one or more
medical images. In particular, in some embodiments, the system can be configured to draw a
spline on the spine on one or more medial images and obtain a global measurement of the spine
as drawn. The system can be also configured to obtain local data, such as the corner of every

vertebra for analysis. In certain embodiments, the system can be configured to generate a
surgical plan comprising design and/or selection of a range, root, length and/or diameter of one
or more spinal screws. Moreover, in certain embodiments, the generated surgical plan can
comprise a design, shape, size, material, or the like of specific implant, such as a body device
or cage.
Similar to image analysis, the system can be configured to communicate with one or
more of a surgeon database 212, literature database 214, plan database 216, and/or operation
database 218 in conducting surgical planning. For example, the system can be configured to
take into account surgeon-specific preferences in planning. The system can also be configured
to consider medical literature. The system can also be configured to consider its internal

database comprising previously determined and executed surgical plans and operations. The
system can be configured to identify one or more previous spinal surgeries conducted utilizing
the system that may be similar and/or other provide guidance to the current patient case, based
on age, severity of deformation, bone strength or density, or the like. The system can be
configured to look in one or more databases to identify similar cases that were previously
performed, identify the surgical strategies previously used in those cases, and identify the
results to assist in planning. For example, in some embodiments, the system can take into
account the trajectory and/or insertion depth of a screw(s) and/or the position of cages. More
specifically, the trajectory and/or insertion depth of a screw from one or more previous
surgeries can be used as an input in determining a desired screw length, trajectory, and/or
insertion depth for a current surgery. In some embodiments, the system can be configured to
determine a recommended implant design, positioning, and/or material(s) for a spinal rod,
screw(s), or cage(s) based on previously collected data. For example, the previously collected

data may be selected from certain cases comprising particular clinical results and/or bone
quality and/or age of a patient.
In some embodiments, the generated surgical plan can comprise a particular design
and/or curvature of a spinal rod for a particular patient, including rod diameter, material, length,
curvature or the like. For example, for the upper vertebrae, the system may recommend using
a cervical thoracic rod(s). In some embodiments, only one plan is designed and provided to a
surgeon. In other embodiments, more than one plan can be designed and provided to a surgeon

for final determination. For example, the number of surgical plans developed by a system for
a single set of medical images of a single patent can comprise two, three, four, five, six, seven,
eight, nine, and/or ten plans. In some embodiments, the system can be configured to develop

and provide a surgeon with three plans. For example, the system can be configured to provide
a first plan based on surgeon-inputted strategy and/or objectives. A second plan generated by
the system can be based purely on scientific literature, and a third plan can be based on internal
data of previously planned surgeries by the system. In particular, previously collected data can
be analyzed to determine which strategies or plans had high success rates, over 90% for
example, based on clinical outcomes such as angulation measurements for similar patients.
The system can be further configured to receive a selection from a surgeon between one or
more plans developed for a single patient.

In other words, the system can be configured to

generate a plurality of alternative surgical plans for a single patient.
In some embodiments, the system can be configured to provide case simulation

guidance, for example to a surgeon, as part of developing patient-specific spinal treatments,
operations, and procedures. In certain embodiments, the system can be configured to generate
one or more surgical plans based on a surgeon's strategy and/or objectives that may have been

previously inputted into the system. Additionally or alternatively, the surgical plan design can
be data-driven, for example based on scientific literature and/or other data from previous
surgeries.

The scientific literature can be from 10-20 or more surgeons and/or can be

continuously and/or periodically updated. The scientific literature can also be based on internal
data collected from previous cases generated by the system. The system can also utilize
machine-learning in some embodiments to continuously improve its surgical planning based

on previous internal data and/or scientific literature. Surgical planning can also be based on

big data and may utilize one or more big data processing techniques.
Objectives of spinal realignment can include, for example, surgeon-inputted guidelines,
correction of thoracic kyphosis, age-related objectives, and/or future theory around sitting
position. For example, growth of the spine can be considered in the planning stage for younger
patients. Further, surgical balance of a patient may be dependent on the age of the patient.
Case simulation capabilities of the system can include surgeon-inputted guidelines and/or

strategy, strategy based on Smith-Petersen Osteotomy (SPO)(s), strategy based on Pedicle
Subtraction Osteotomy (PSO) and SPO(s), strategy based on cage(s), and/or strategy based on
cage(s) and SPO(s), and/or any combination of the above. Additional simulations can include

Spondylolisthesis correction, compensatory mechanism of the thoracic area, and/or
compression/distraction as requested and/or necessary. Some examples of surgeon inputs can
include a type of spinal surgery, insertion of screws at certain portions, conducting a PSO at a

certain level, conducting an SPO at a certain level, insertion of a cage at a particular portion,
or the like.
In some embodiments, a surgical plan generated by the system can comprise one or

more pre-operative images and/or surgical plan images. Figures 5 and 6 illustrate example
embodiments of case simulation delivery for developing patient-specific spinal treatments,
operations, and procedures. As illustrated in Figures 5 and 6, as part of the planning process,
the system can be configured to produce one or more plan images, in which a spinal rod, one
or more screws, and/or one or more cages can be depicted on one or more modified or analyzed
pre-operative images. For example, as part of the planning process, the system can be
configured to partition a medical image into one or more portions and rotate such portions with
respect to one another to obtain a depiction of post-operative results or objectives. In certain
embodiments, the system is configured to identify each vertebra and rotate the same to obtain
a post-operative estimated result or curvature of the spine. Rotation of each vertebra and/or
one or more portions of a medical image that may comprise one or more vertebrae can be data-

driven based on historical data and/or automated in certain embodiments. An overlay of a
spinal rod can be added onto such planning image to provide a visual depiction of the surgical
plan.

The surgical plan can also comprise one or more pre-operative and/or planned
spinopelvic parameters, such as pelvic tilt (PT), pelvic incidence (PT), sacral slope (SS),
lumbar lordosis (LL), PI-LL, thoracic kyphosis (TK), T l pelvic angle, and/or sagittal vertical
axis (SVA). The surgical plan can also comprise one or more cervical parameters, surgical
steps, implant requirements, such as screws, and/or rod type.

Referring back to Figure 2, the system can be configured to electronically transmit the
generated one or more surgical plans or otherwise allow a user to view or access the one or
more surgical plans. For example, in some embodiments, a user access point system can be
configured to receive one or more surgical plans and/or steps thereof at block 222. The user
access point system can be a personal computer (PC), smartphone, tablet PC, or any other
electronic device used by one or more medical personnel. The one or more generated plans
can be sent to one or more medical personnel by e-mail, application message or notification,
or the like.
The user access point system can be configured to display the one or more surgical
plans and/or steps thereof at block 224. In some embodiments, a PDF or other viewable copy
of the actual surgical plan can be transmitted to the user access point system for viewing. For
example, Figure 5 illustrates an example surgical plan in the form of a PDF memo that can be
sent to medical personnel through one or more electronic communications methods, such as email. In other embodiments, a link can be transmitted to a medical personnel or user access

point system. By activating the link, the user access point system can be configured to display
the one or more generated surgical plans, for example on a webpage or application page. For
example, Figure 6 illustrates an example surgical plan on a system platform, such as a webpage
or application page viewable to one or more medical personnel by the system.
As briefly discussed above, a single surgical plan can comprise one or more steps, such
as a PSO, SPO, cage insertion, and/or screw insertion. Each step of the plan can relate to a

particular surgical procedure and/or result starting from a pre-operative state. For example, a
surgical plan can comprise one, two, three, four, five, six, seven, eight, nine, ten, or more steps.
All steps of a surgical plan can be made viewable to a user by the system.

In some

embodiments, the system and/or user access point system can be configured to allow a user to
"deactivate" one or more steps, in order for example. In other embodiments, the system can

be configured to allow a user to "deactivate" all steps of a plan at once to essentially view a
pre-operative state.
In some embodiments, the image analysis, case simulation, and/or surgical planning

can utilize one or more three-dimensional medical images to generate a three-dimensional plan.
In certain embodiments, one or more two-dimensional medical images can be combined and/or

otherwise utilized to generate a three-dimensional plan. For example, one or more x-ray
images from different views, such as sagittal and/or frontal views, can be combined to generate

a three-dimensional composite image, which can in turn be utilized to generate a threedimensional surgical plan. More specifically, in some embodiments, a frontal x-ray image and
a sagittal x-ray image can be combined using one or more scaling methods discussed above to
form a composite three-dimensional image after scaling and/or coordination.

In some

embodiments, a generated three-dimensional plan can be used to determine one or more desired
parameters and/or variables for one or more patient-specific spinal implants, such as spinal
rod(s), cage(s), and/or screw(s) in three dimensions.
The systems, methods, and devices described herein can also be used to design, select,

and/or produce other patient-specific implants as well, such as cages. In particular, CT
scanning and/or three-dimensional printing can be utilized for the design, selection, and/or

production of patient-specific cages. One or more features or techniques relating to composite
x-ray images described herein can also be used for developing patient-specific cages. EOS xray imaging systems can also be used in connection with any embodiment herein.
Referring back to Figure 2, in some embodiments, the user access point system can be
configured to receive input from one or more medical personnel at block 226 regarding the
generated one or more plans. For example, one or more medical personnel may select and/or
validate one of a plurality of surgical plans developed by the system. Additionally, and/or
alternatively, one or more medical personnel may request that a particular surgical plan be
modified, for example by inserting comments and/or changing certain parameters and/or
variables. The user access point system can be configured to relay or transmit such input to
the main server system, which can further be configured to modify the one or more surgical
plans at block 228 based on input received from the one or more medical personnel. At block

230, the system can be configured to present the final surgical plan(s) to one or more medical

personnel, such as a surgeon, through a user access point system.
Subsequently, in certain embodiments, the system can be configured to produce,
modify, and/or select, for example from pre-existing inventory, one or more patient-specific
spinal rods, cages, and/or screws for implantation. For example, the system can be configured
to produce, modify, and/or select one or more spinal rods that can be bent or otherwise

desirable and/or specific to a particular patient prior to surgery. The one or more spinal rods
can be configured to be used in minimally invasive surgery (MIS). In certain embodiments,
an added benefit can be that real-time x-ray during surgery can be minimized or not used

altogether to minimize radiation by the patient. Further, in some embodiments, the system can
be configured to produce, modify, and/or select one or more cages and/or screws desirable
and/or otherwise specific to a particular patient prior to surgery.
Figure 3 is a flowchart illustrating an example embodiment(s) of implant production,
case support, and data collection for developing patient-specific spinal treatments, operations,

and procedures. In some embodiments, a computing system at an implant production and/or
selection facility can be configured to access and/or receive a final surgical plan or a plurality
thereof at block 302, for example via the Internet or a portable electronic storage medium. The
implant production facility can be configured to produce, modify, and/or select one or more
parts for the surgical procedure at block 304. For example, the implant production facility can
be configured to produce a spinal rod(s), cage(s), and/or screw(s) based on specifications
and/or materials specified in the surgical plan(s). Similarly, the implant production facility can
be configured to select and/or modify one or more pre -produced spinal rods, cages, and/or
screws based on specifications and/or materials specified in the one or more surgical plans.

In some embodiments, a spinal rod, cage, and/or screw can be produced from one or

more different materials. The particular material to be used for a particular patient-specific
rod(s), screw(s), and/or cage(s) can depend on data and/or can be selected by a surgeon. The
particular material can also depend on the particular patient's height, weight, age, bone density,
and/or bone strength, among others.
Figures 7A and 7B illustrate example embodiments of spinal rods that can be produced
and/or selected, for example from a pre-existing range of spinal rods, using certain

embodiment(s) of systems, devices, and methods for patient-specific spinal treatments,
operations, and procedures. In some embodiments, the system can be configured to design,

select, and/or produce one or more of thoraco lumbar rods, cervico thoracic rods, MIS rods,
and/or 3D bent rods. In certain embodiments, a spinal rod can be made of titanium, cobaltchrome alloy, and/or any other material.
As discussed above, in some embodiments, the system can be configured to produce,

select, and/or modify a rod that is bent in one or more directions. Generally, it can be difficult,

if not impossible, for a surgeon to bend a rod in even one direction, let alone more than one
direction, using tools prior to or during surgery. In contrast, by utilizing a composite of twodimensional x-ray images and/or three-dimensional medical images, the system can be
configured to produce, and/or select from pre-existing inventory, a rod that is bent or curved
in more than one direction, for example sideways and also in a sagittal direction.

Figure 7C illustrates an example embodiment of a cage(s) that can be produced and/or
selected, for example from a pre-existing range of cages, using certain embodiment(s) of
systems, devices, and methods for patient-specific spinal treatments, operations, and

procedures. Figure 7D illustrates an example embodiment of a screw(s) that can be produced
and/or selected, for example from a pre-existing range of screws, using certain embodiment(s)
of systems, devices, and methods for patient-specific spinal treatments, operations, and
procedures.
Referring back to Figure 3, one or more medical personnel can select one or more
implants, such as spinal rod(s), cage(s), and/or screw(s) for implantation at block 306 that was

produced, modified, and/or selected by the implant production facility based on the surgical
plan at block 304.
In some embodiments, one or more medical personnel can attach and/or activate one

or more sensors for intraoperative tracking at block 308. The one or more sensors can be
located in one or more screws and/or nuts for attaching to a patient's vertebrae and/or tools for
attaching the same. One or more sensors that can be used in certain embodiments are discussed
in more detail below. In some embodiments, for spinal surgeries, a sensor can be placed in or

attached to every vertebra. This can be advantageous for providing accurate data. However,
this may not be desirable in some situations due to the size of data. For example, a large

amount of unnecessary data can be collected, when the angle of the vertebrae can be one of the
most important parameters. As such, a sensor may be attached to only a subset of vertebrae
that can provide valuable position and/or angular data of the spine.
In some embodiments, the system can be configured to utilize data collected from one
or more sensors inside or attached to one or more screws implanted into the vertebrae instead

of relying on imaging techniques, for example assuming that an implanted screw will be
parallel to an endplate, in order to provide intraoperative tracking. In other words, angulation
of a screw in a sagittal plane can be assumed to be equal or substantially equal to the vertebra
angulation. In some embodiments, a top portion of a screw can comprise an active or passive
sensor. The top portion can be broken off later during surgery in some embodiments such that

the sensors can be re -used. The one or more screws comprising one or more sensors can be
inserted into every vertebra or a subset thereof. For example, in some embodiments, sensors
can be attached to all 20 vertebrae. In other embodiments, sensors can be attached to only a
subset thereof, for example two or more sensors attached to the upper lumbar and/or two or
more attached to the lower vertebra. The sensors can then be utilized for providing data
relating to the position and/or angle or orientation of the vertebrae in six degrees of freedom
(or nine degrees of freedom) in translation and rotation in real-time, near real-time, and/or

substantially real-time. The raw data collected by the one or more sensors can be transmitted
to a computer system to translate the raw data into tracking the position and/or orientation of
one or more vertebrae, for example to assist in determining a spinal curvature and/or surgical

correction.
Based on real-time, near real-time, and/or substantially intraoperative tracking or
monitoring, the system can be configured to track the position and/or orientation or angulation
of the vertebrae and/or screw(s). In other words, in some embodiments, correction of the spine
during surgery can be monitored in real-time, near real-time, and/or substantially real-time.
Referring again to Figure 3, in certain embodiments, tracking data corresponding to the
position and/or angulation of each vertebra can be transmitted to the main server system and/or
a client system at the medical facility at block 310.
In certain embodiments, after one or more medical personnel inserts one, two, or more
screws into the spine of a patient, the main server system and/or medical facility client system

can be configured to track, analyze, and/or store movement of the different vertebrae during
the correction and other operating procedure data at block 312. One or more medical personnel
can thus visualize or otherwise track the position, orientation, correction and/or angulation of
the vertebrae in real-time, near real-time, and/or substantially real-time and determine when
desirable conditions, for example matching a pre-determined surgical plan, have been obtained.

Such live-tracking can provide substantial assistance to the medical personnel. For example,

without intraoperative tracking, a surgeon may believe that a 30 degree correction can be
obtained when PSS is performed; however, in reality, a performed PSS may only result in a 10
degree correction. By providing intraoperative tracking or monitoring, in such situations, the
surgeon can make further corrections as necessary before closing up the operation.
In certain embodiments, the system can be configured to conduct analysis of the tracked

data by comparing the same to a pre-determined surgical plan. To do so, the system can
retrieve data from the plan database 216 and/or operation database 218. Based on such
comparison and/or analysis, the system can be configured dynamically generate and/or provide
guidance to the surgeon during the operation in real-time and/or near real-time in block 314.

For example, based on the tracked data, the system can be configured to instruct or guide the
surgeon to change the angle of one or more vertebra based on the tracked data to obtain a
curvature of the spine closer to the pre-determined planned.
The system can further be configured to provide an audible and/or visible alert and/or
guidance to the surgeon. The audible and/or visible alert and/or guidance can comprise

instructions to the surgeon to perform the surgery in a particular way or degree and/or alert the

surgeon when the position and/or angulation of one or more vertebrae is within a predetermined
threshold. For example, the system can be configured to provide an alert when the position
and/or angulation of one or more screws and/or vertebrae is within about 1%, about 2%, about
3%, about 4%, about 5 %, about 10%, about 15%, about 20%, about 25% of the predetermined

plan and/or when within a range defined by two of the aforementioned values. In certain
embodiments, the system can be configured to provide a visual depiction of the position,
location, orientation, and/or angulation of each vertebra on a display based on the tracked data
to guide the surgeon.

Once an acceptable level of angulation of the vertebrae if obtained, the surgeon can

insert a spinal rod and/or tighten the screws to the rod and lock all parts for example to complete
the surgery at block 316. In certain embodiments, the surgeon can then remove and/or
deactivate the one or more sensors at block 318.
The system can further be configured to collect and/or utilize postoperative data in
certain embodiments, for example to provide predictive modeling and/or other post-operation
features or services. Moreover, in some embodiments, the system can be configured to take
into account a level of sophistication and/or preferences of a surgeon to provide surgeon-

specific recommendations for future cases.

In certain embodiments, comparison and/or

analysis of preoperative, intraoperative, and/or postoperative data and/or surgeon input can be
used to determine a skill level and/or strategic preferences of a surgeon. The particular skill
level of the surgeon and/or strategic preferences can be used to develop subsequent surgical
planning for that surgeon. In addition, in some embodiments, data relating to growth of the
spine and/or other subsequent developments, such as relating to curvature, can also be obtained

from one or more postoperative x-ray images. Such long-term effects can also be utilized in
preparing subsequent planning.
In some embodiments, as part of predictive modeling and/or machine learning, the
system can be configured to analyze one or more different plans that were developed for a
particular case. For example, in some embodiments, a first generated plan can be based on the
strategy and/or objectives of a surgeon. A second generated plan for the same case can be
based on data from scientific literature. A third generated plan for the same case can be based
on historical data collected by the system through performance of surgical procedures. As
more data is collected, and as more feedback and input are given and received from surgeons,
and/or as more scientific research is conducted, the one or more generated plans and/or
particular features thereof for a single case may converge. Certain parameters that converge
more so than others can be utilized more heavily by the system in subsequent planning stages.
Further, in certain embodiments, the system can be configured to compare a given case to
previous cases in the planning stage. For example, the system can be configured to parse one
or more databases to find one or more spines that match a given case and/or certain features
thereof to make certain recommendations and/or predictions for planning.

Figure 4 is a flowchart illustrating an example embodiment(s) of data collection,
machine learning, and predictive modeling for developing patient-specific spinal treatments,
operations, and procedures. In some embodiments, the system can be configured to retrieve

preoperative, intraoperative, and/or postoperative data at block 402 from a plan database 216
and/or operation database 218.
In particular, in some embodiments, the system can be configured to collect one or

more sets of data comprising one or more quantitative parameters and/or one or more x-ray

images or other medical images. The one or more quantitative parameters can comprise, for
each or one or more vertebra, and for each or one or more of pre-operation, planning stage,
and/or post-operation, pelvic tilt (PT), pelvic incidence (PT), sacral slope (SS), lumbar lordosis
(LL), PI-LL, thoracic kyphosis (TK), T l pelvic angle, and/or sagittal vertical axis (SVA). The

one or more x-ray images can be from pre-operation, planning stage, post-operation, and/or
one or more years post-operation. The data collected can be used to build a database for future

reference for data-driven and/or partially data-driven planning purposes for example.
In some embodiments, post-operation data can be collected continuously and/or

periodically. For example, post-operation data, one or more parameters or variables thereof,
and/or one or more medical images, such as x-ray images, of a patient's spine can be collected
at or prior to three months post-operation, at or around six months post-operation, at or around

one year post-operation, at or around two years post-operation, at or around three years post-

operation, at or around four years post-operation, at or around five years post-operation, at or

around ten years post-operation, at or around fifteen years post-operation, at or around twenty
years post-operation, and/or between any of the aforementioned values and/or within a range

defined by two of the aforementioned values.
In certain embodiments, the system can be further configured to retrieve surgeon

inputted data and/or literature-based data at block 404.

The surgeon-based data and/or

literature -based data can be retrieved from the surgeon database 212 and the literature database

214 as described above.
In some embodiments, the system can be configured to analyze the preoperative,

intraoperative, and/or postoperative data at block 406 and/or generate a report or other statistics
at block 408. For example, in some embodiments, the system can be configured to compare

one or more x-ray images from the planning stage, the operation stage, and post-operation. In

order to provide an accurate comparison, the system can be configured to calibrate one or more
x-ray images taken from different points in time in a similar manner as described above in
relation to calibration of one or more x-ray images from different views. For example, a
common point of reference, such as the center point of the sacrum endplate, can be selected on
each of the x-ray images taken from different points in time. A length of a common feature,
such as a plate length, can also be identified and used as a basis for scaling the x-ray images.
Based on calibrated x-ray images, the system can be configured to generate a report
comprising an overlay of the spine of a patient pre -operation, intra-operation, and/or postoperation. One or more post-operative x-ray images may be provided, for example after 1
month from surgery, 6 months from surgery, 1 year from surgery, 2 years from surgery, 3 years
from surgery, 5 years from surgery, 10 years from surgery, or the like. The x-ray images taken
from different points in time and/or overlay(s) thereof can provide a visual sense of how closely

the surgery was performed and/or how closely the surgical results were to the surgical plan.
The generated report can further comprise one or more sacral parameters, such as SVA,
PI, LL, PI-LL, PT, or the like. The generated report can also comprise a percentage of

achievement in comparison to the surgical plan. Accordingly, by comparing pre-operative and
post-operative data, data relating to strengths and/or weaknesses of results of the surgical plan
can be obtained. Further, by comparing preoperative and intraoperative data, data relating to
strengths and/or weaknesses of implementation by a particular surgeon can also be obtained.
The system can be configured to transmit the generated report and/or statistics to the
surgeon who performed the surgery. For example, a user access point system of the surgeon
can receive such generated report and/or statistics at block 410. After reviewing, the surgeon

may provide input at block 412 through the user access point system. For example, the surgeon
may provide input that certain procedures and/or selections could be improved. The surgeon
may also provide and/or change general preferences based on the report. All such data can be
stored in a database of the system for future reference. Such analysis can then be used for
subsequent pre-operating planning and/or case simulation at block 414.
In certain embodiments, the system can also be configured to utilize machine learning

techniques or processes. For example, the system can be configured to learn from previous

plans and surgeries based on classification of a patient's severity, age, weight, height, and/or
any other personal feature. The system can be configured to extract data from such machine
learning database and/or process.
Cage/Screw Planning Overview
As discussed herein, in certain embodiments, the system can be configured to design,

produce, modify, and/or provide guidance for selection of one or more patient-specific screws
and/or cages to provide increased effectiveness of spinal surgery and/or to control cost. For
example, one or more patient-specific screws and/or cages can be selected from a pre-existing
range or inventory of screws and/or cages. In particular, in some embodiments, the system can
be configured to design, produce, modify, and/or provide guidance for selection of one or more
screws and/or cages to be used for a specific patient at a specific anatomical site, such as a
particular vertebra and/or intervertebral space, based at least in part on analysis of one or more
medical images. For example, the system can be configured to design a specific screw(s) for
insertion into a specific vertebra and/or a specific cage(s) for insertion into a specific
intervertebral space.
In particular, in some embodiments, the system can be configured to provide and/or

recommend screw selection and/or one or more design parameters and/or dimensions thereof,
including for example the diameter and/or length of one or more screws, as determined based
in part on analysis of one or more x-ray images, MRI slices, and/or other medical image.

Similarly, in some embodiments, the system can be configured to provide and/or recommend
cage selection and/or one or more design parameters and/or dimensions thereof, including for

example a footprint, posterior height, anterior height, width, length, and/or lordosis, as
determined based in part on analysis of one or more x-ray images, MRI slices, and/or other
medical image.
In certain embodiments, a surgical plan and/or image analysis output generated by the

system can comprise one or more of a length(s), diameter(s), dimension(s), and/or angulation
of an implant, such as a cage(s) and/or screw(s). More specifically, in some embodiments, the
system can be configured to determine and/or generate a desired length and/or diameter of a
screw, for example for insertion into a particular vertebra of a particular patient. In certain
embodiments, the system can be configured to determine and/or generate a desired design,

shape, size, and/or angulation of a specific interbody device, such as a cage, for example for
insertion into a particular intervertebral space of a particular patient.
As such, in some embodiments, the system can be configured to design and/or

determine one or more desired parameters of a patient-specific spinal cage(s) and/or screw(s)
based on one or more specifications of a generated surgical plan(s), in order to ensure optimal
and/or desired correspondence between one or more implants and the specific anatomy of a
given patient. Accordingly, in certain embodiments, this process can reduce related costs by
decreasing the necessary inventory of screws and/or cages that must be manufactured and/or
kept in stock. Related costs can even further be reduced due to reduced sterilization costs of
the same. An additional advantage can relate to decreased surgery time and simplification of
surgical procedures. For example, in some embodiments, the system can be configured to
determine and/or generate certain criteria and/or dimensions for possibly acceptable screws
and/or cages for use in a surgery for a particular patient. Based on such determination, in
certain embodiments, a personalized caddie comprising a fewer selection of cages and/or
screws, as determined prior to surgery, can be provided at the time of surgery.
Figure 8 is a flowchart illustrating an example embodiment(s) of cage and/or screw
design, production, modification, and/or selection.

As illustrated in Figure 8, in some

embodiments, a medical facility client system is configured to access and/or obtain one or more
two-dimensional and/or three-dimensional medical images at block 802. The one or more
medical images can comprise one or more sagittal and/or frontal view x-ray images, flexion
and/or extension x-ray images, CT images, MRI images, and/or medical images obtained using
one or more other imaging modalities. In certain embodiments, a main server system can be

configured to receive one or more two-dimensional and/or three-dimensional medical images
from the medical facility client system at block 804, for example in a similar manner as
described in relation to Figure 2 . In particular, one or more features described in relation to
Figure 2 relating to receiving and/or accessing medical images can be applicable to one or
more process illustrated in Figure 8 as well.
In some embodiments, the system can be configured to calibrate and/or scale one or
more two-dimensional and/or three-dimensional medical images at block 806, for example to
generate one or more composite medical images at block 808, for example in a similar manner

as described in relation to Figure 2 . In particular, one or more features described in relation to

Figure 2 relating to calibrating and scaling medical image(s) and generating a composite
image(s) thereof can be applicable to one or more processes illustrated in Figure 8 as well.
In certain embodiments, the system can be further configured to conduct one or more
analyses of the one or more medical images at block 810. For example, in some embodiments,
the system can be configured to utilize posterior longitudinal ligament (PLL)-based analysis,
anterior longitudinal ligament (ALL)-based analysis, and/or mid-plate -based analysis for
planning and/or designing patient-specific cages as will be described in more detail below.
In some embodiments, analysis of the one or more medical images for purposes of cage
and/or screw planning can also depend on a number of factors, such as parameters and/or
variables identified by surgeons, surgeon preferences, spinal anatomical data, literature, and/or
a historical surgery database of the system. Accordingly, as illustrated in Figure 8, the system
at block 810 can be configured to communicate with one or more of a surgeon database 212,

literature database 214, plan database 216, and/or operation database 218 in analyzing the one
or more medical images. Each or all of the surgeon database 212, literature database 214, plan
database 216, and/or operation database 218 can be configured to be updated continuously
and/or periodically.
In certain embodiments, based at least in part on the analyses conducted in block 810,
the system can be configured to generate one or more desired parameters for a patient-specific
cage(s) and/or screw(s) at block 812. For example, in some embodiments, the system can be
configured to specify one or more of the following patient-specific parameters for one or more
screws to be used in spinal surgery: root, length, and/or diameter. In addition, in certain
embodiments, the system can be configured to specify one or more of the following patientspecific parameters for one or more cages to be implanted: type, design, shape, size, material,
width, height, angulation, orientation, and/or length.
In some embodiments, a computing system at an implant production facility and/or
medical facility client system can be configured to access and/or receive the generated desired
one or more parameters for a patient-specific cage(s) and/or screw(s), for example via the

Internet or a portable electronic storage medium.

In certain embodiments, the implant

production and/or selection facility and/or medical facility client system can be configured to

produce, modify, and/or provide guidance for selection of one or more patient-specific screws
and/or cages at block 814, based at least in part on the generated one or more desired
parameters thereof.
Cage Planning - Posterior Approach

In certain embodiments, the system can be configured to provide cage planning and/or
cage design, as part of case support for example. The system can be configured to determine

certain cage(s) that are likely to fit a certain patient and recommend such one or more cage(s).
More specifically, in some embodiments, the system can be configured to determine and/or
focus on the length(s) of one or more ligaments that can be used as a guideline to ensure not to

over-distract a particular patient's spine and/or attempt to over-correct the spine beyond its
physiological capability. More specifically, for cage selection, it can be important not to select
a cage(s) that may result in overstretching the spine beyond the length of a particular patient's
longitudinal ligament(s). Accordingly, in some embodiments, the system is configured to
measure one or more dimensions of one or more longitudinal ligaments, rather than simply
measuring a straight line along the spinal column.
Figure 9A is a flowchart illustrating an example embodiment(s) of cage design,
production, modification, and/or selection. As illustrated in Figure 9A, in some embodiments,
the system can be configured to utilize a posterior approach or a posterior-anterior approach.
More specifically, in certain embodiments, the system is configured to access and/or obtain
one or more two-dimensional and/or three-dimensional medical images, for example of a

patient's spine, at block 902. The one or more medical images can comprise one or more
sagittal and/or frontal view x-ray images, flexion and/or extension x-ray images, CT images,
MRI images, and/or medical images obtained using one or more other imaging modalities.
In some embodiments, the system can be configured to measure the length of one or

more ligaments from the one or more medical images. In order to account for maximum length,
in some embodiments, the system is configured to determine an extended ligament length, for

example from one or more medical images taken from when the patient was in an extension
state. In certain embodiments, the system can be configured to measure the anterior and/or

posterior length of a ligament accounting for both the horizontal and vertical lengths.

More specifically, in certain embodiments, the system can be configured to determine
lengths of one or more ligaments of a patient, such as the posterior longitudinal ligament (PLL)

and/or anterior longitudinal ligament (ALL), from one or more MRI images and/or x-ray
images. The one or more x-ray images can be dynamic, such as flexion and/or extension xrays. In the illustrated embodiment in Figure 9A, the system can be configured to determine

the length of a patient's PLL and/or ALL of a particular vertebral segment on one or more
MRI, x-ray and/or dynamic x-ray images at block 904, although this process may be optional
in certain embodiments.

In certain embodiments, from one or more MRI images, the system can be configured
to obtain the length(s) of one or more ligaments, such as ALL and/or PLL, through direct

measurement of the ligaments. Figure 9B illustrates an example embodiment(s) of cage
design, production, modification, and/or selection. In particular, in the example embodiment

illustrated in Figure 9B, an MRI image 920 is provided on which the system is configured to
determine lengths of both the ALL and PLL. In the illustrated example, the length of the PLL
of a particular vertebral segment is determined to be roughly 6 1.5mm, and the length of an
ALL of the same particular vertebral segment is determined to be roughly 64.3mm.
Further, in some embodiments, from one or more x-ray images and/or dynamic x-ray
images, the system can be configured to estimate and/or determine the length(s) of one or more
ligaments, such as ALL and/or PLL, such as through estimating a range of motion of one
vertebra against another considering one intervertebral space. For example, from an x-ray
image taken when a patient is in a flexed position, the system can be configured to estimate
and/or determine a PLL length for a particular vertebral segment of the patient.
As such, referring back to Figure 9A, in certain embodiments, the system can be

configured to determine and/or estimate the length of a particular patient's PLL along a
particular vertebral segment on a fiexion x-ray image at block 906. Figure 9B further illustrates
a flexion x-ray image 916, on which the system is configured to estimate and/or determine the
length of the PLL along a particular vertebral segment. In the illustrated example, the length
of the PLL along a particular vertebral segment is determined to be roughly 6 1 .5mm.
Referring back to Figure 9A, in some embodiments, the system can be configured to
determine and/or estimate the length of a particular patient's ALL along a particular vertebral

segment on an extension x-ray image at block 908. Figure 9B further also illustrates an
extension x-ray image 9 18, on which the system is configured to estimate and/or determine the
length of the ALL along a particular vertebral segment. In the illustrated example, the length
of the ALL along a particular vertebral segment is determined to be roughly 64.3mm.
Based at least in part on such measurements taken from one or more MRI images and/or
x-ray or dynamic x-ray images, the system can further be configured to determine and/or take
into account the anterior and posterior height of a cage(s), and further take into account

angulation and/or positioning in certain embodiments, in designing and/or determining one or
more patient-specific cages. As such, in certain embodiments, by taking into account an
assessment of the length(s) of one or more ligaments, the system can ensure that a generate
surgical plan does not over-distract a patient's spine.
More specifically, referring back to Figure 9A, the system can be configured to overlay,
draw, and/or allow a user to overlay and/or draw one or more anterior curves (AC) along the
anterior column and/or one or more posterior curves (PC) along the posterior column on an xray image, such as a postural x-ray image, at block 910 for further analysis. In certain

embodiments, the system can be configured to identify one or more curves along the AC and/or
PC automatically and/or semi-automatically, for example without displaying and/or overlaying

the same on a display.
Figure 9C illustrates an example embodiment(s) of cage design, production,
modification, and/or selection. In particular, in the example embodiment illustrated in Figure
9C, a postural x-ray image 922 is provided on which the system is configured to simulate

implanting a cage(s) with particular dimensions to a vertebral segment. In the illustrated
example in particular, the system can be configured to overlay a posterior curve and/or an
anterior curve. In the illustrated example, the PC is identified and/or drawn as going through
the 4 posterior vertebra corner, and the AC is identified and/or drawn as going through the 4
anterior vertebra comer. In the illustrated example, the AC for a particular vertebral segment
of interest is determined to be roughly 59.4mm, and the PC for the particular vertebral segment
of interest is determined to be roughly 56.5mm.
Referring back to Figure 9A, in some embodiments, the system can be configured to
increase the posterior height (Hpost) of one or more cages until the length of PC equals the

length of PLL on an x-ray image, such as a postural x-ray image, at block 912 for further
analysis. As such, at block 912, in certain embodiments, the system can be configured to

modify the postural x-ray image on which the AC and/or PC was drawn by increasing Hpost
of a proposed cage for implantation until the length of the PC equals the length of the PLL. In
certain embodiments, the system can be configured to increase Hpost of one or more cages
until the length of PC equals the length of PLL automatically and/or semi-automatically, for
example without displaying and/or overlaying the same on a display. In some embodiments,
the system can be configured to increase Hpost of one or more cages while ensuring that the
PC is shorter than or equal to or substantially equal to the PLL.

Figure 9C further illustrates a postural x-ray image 924 on which the system is
configured to increase Hpost of a proposed cage in a particular intervertebral space for
implantation until the length of PC becomes equal to the length of PLL. In the illustrated
example, the Hpost of a proposed cage is increased until the PC curve length and PLL length
are both determined and/or estimated to be roughly 61.5mm.

Further, in the illustrated

example, the length of the AC is determined to be roughly 62.1mm, and the length of the ALL
is determined to be roughly 64.3mm.

Referring back to Figure 9A, in some embodiments, the system can be configured to
increase lordosis, while keeping the AC length shorter than or at least equal to the ALL length
for a particular vertebral segment of interest at block 914. As such, at block 914, in certain

embodiments, the system can be configured to further modify the postural x-ray image on
which the AC and/or PC was drawn and/or on which Hpost of a proposed cage was increased,
for example by increasing lordosis. In certain embodiments, the system can be configured to
increase lordosis, while keeping the AC length shorter than or at least equal to the ALL length
automatically and/or semi-automatically, for example without displaying and/or overlaying the
same on a display.

Figure 9C further illustrates a postural x-ray image 926 on which the system is
configured to increase lordosis while keeping the AC length shorter than or at least equal to
the ALL length for a particular vertebral segment of interest. In the illustrated example, the
PC length and PLL length are both determined and/or estimated to be roughly 61.5mm, as

previously determined in the postural x-ray image 924. Further, in the illustrated example, by

increasing lordosis in the manner described above, the AC length is determined to be roughly
64mm, and the length of the ALL is determined to be roughly 64.3mm. Based at least in part
on the modified and/or identified PC, PLL, AC, and/or ALL, the system can be configured to
determine, design, and/or estimate one or more dimensions of a patient-specific cage, such as
anterior height (Hant), posterior height (Hpost), and/or lordosis, for example to maximize
spinal correction results without overstretching the patient's spine. For example, in the
illustrated example, it can be determined and/or estimated that a patient-specific cage should
comprise a Hant of roughly 10mm, Hpost of roughly 7mm, and/or lordosis of about 6°.
As such, in some embodiments, when designing and/or planning patient-specific

cage(s), the system can be configured to determine, estimate, and/or define the anterior and/or
posterior height of one or more patient-specific cages by assessing and/or analyzing the
length(s) of one or more spinal ligaments, such as ALL and/or PLL, in order to not over-distract
the spine. Further, in certain embodiments, the system can also be configured to determine,
estimate, and/or define angulation of one or more patient-specific cages by taking into account
positioning of such one or more cages, for example on a postural x-ray or other medical image.
In some embodiments, such determined one or more cage parameters, such as posterior height,

anterior height, global height, length, width, angulation, or the like, can be used by the system
to design, produce, and/or select, for example from a pre-existing range or inventory, one or
more patient-specific cages.
Cage Planning - Anterior Approach
In some embodiments, the system can be configured to utilize an anterior or posterior
approach in measuring one or more ligament lengths and using the same in designing or
determining one or more dimensions of a patient-specific cage to ensure that the patient spine
is not overstretched as a result of surgery. Figure 10A is a flowchart illustrating an example

embodiment(s) of cage design, production, modification, and/or selection. In particular, as
illustrated in Figure 10A, in some embodiments, the system can be configured to utilize an
anterior approach.
More specifically, in certain embodiments, the system is configured to access and/or
obtain one or more two-dimensional and/or three-dimensional medical images, for example of
a patient's spine, at block 1002. The one or more medical images can comprise one or more

sagittal and/or frontal view x-ray images, flexion and/or extension x-ray images, CT images,
MRI images, and/or medical images obtained using one or more other imaging modalities.
In some embodiments, the system can be configured to determine lengths of one or
more ligaments of a patient, such as the posterior longitudinal ligament (PLL) and/or anterior
longitudinal ligament (ALL), from one or more MRI images and/or x-ray images. The one or
more x-ray images can be dynamic, such as flexion and/or extension x-rays. In the illustrated
embodiment in Figure 10A, the system can be configured to determine the length of a patient's
PLL for a particular vertebral segment on one or more MRI, x-ray and/or dynamic x-ray images
at block 1004, although this process may be optional in certain embodiments.

In certain embodiments, from one or more MRI images, the system can be configured
to obtain the length(s) of one or more ligaments, such as ALL and/or PLL, through direct
measurement of the ligaments. Figure 10B illustrates an example embodiment(s) of cage
design, production, modification, and/or selection. In particular, in the example embodiment
illustrated in Figure 10B, an MRI image 1016 is provided on which the system is configured
to determine the length of the PLL for a vertebral segment of interest. In the illustrated
example, the length of the PLL of a particular vertebral segment is determined to be roughly
61.5mm.
In addition, in some embodiments, from one or more x-ray images and/or dynamic xray images, the system can be configured to estimate and/or determine the length(s) of one or
more ligaments, such as ALL and/or PLL, such as through estimating a range of motion of one
vertebra against another considering intervertebral spacing. For example, from a flexion x-ray
image, the system can be configured to estimate and/or determine a PLL length for a particular
vertebral segment of the patient.
As such, referring back to Figure 10A, in certain embodiments, the system can be

configured to determine and/or estimate the length of a particular patient's PLL along a
particular vertebral segment on a flexion x-ray image at block 1006. Figure 10B further
illustrates a flexion x-ray image 1014, on which the system is configured to estimate and/or
determine the length of the PLL along a particular vertebral segment.

In the illustrated

example, the length of the PLL along a particular vertebral segment is determined to be roughly
61.5mm.

In some embodiments, the system can be configured to overlay, draw, and/or allow a
user to overlay and/or draw one or more anterior curves (AC) along the anterior column and/or
one or more posterior curves (PC) along the posterior column (PC) on an x-ray image, such as
a postural x-ray image. Referring back to Figure 10A, in certain embodiments, the system can
be configured to overlay, draw, and/or allow a user to overlay and/or draw one or more
posterior curves for a particular vertebral segment of interest at block 1008.

In certain

embodiments, the system can be configured to identify one or more posterior curves and/or
anterior curves automatically and/or semi-automatically, for example without displaying
and/or overlaying the same on a display.
Figure IOC illustrates an example embodiment(s) of cage design, production,
modification, and/or selection. In particular, in the example embodiment illustrated in Figure
IOC, a postural x-ray image 922 is provided on which the system is configured to simulate

implanting a cage(s) with particular dimensions to a vertebral segment. In the illustrated
example in particular, the system can be configured to overlay a PC. In the illustrated example,
the posterior curve is identified and/or drawn as going through the 4 posterior vertebra corner.
In the illustrated example, the posterior curve for a particular vertebral segment of interest is

determined to be roughly 56.5mm.
Referring back to Figure 10A, in some embodiments, the system can be configured to
apply and/or increase lordosis of a cage(s) at block 1010. As such, at block 1010, in certain
embodiments, the system can be configured to further modify the postural x-ray image on
which the PC curve was drawn, for example by applying and/or increasing lordosis of a
simulated cage. In certain embodiments, the system can be configured to apply and/or increase
lordosis of the cage automatically and/or semi-automatically, for example without displaying
and/or overlaying the same on a display.
Figure IOC further illustrates a postural x-ray image 1020 on which the system is
configured to apply and/or increase lordosis of a cage(s).

In the illustrated example, by

applying lordosis of a cage for a particular intervertebral space, it can be determined that the
cage lordosis is roughly 9° and that the PC for a vertebral segment of interest is roughly
54.7mm.

Referring back to Figure 10A, in some embodiments, the system can be configured to
increase the cage height, for example globally, until PC equals PLL on an x-ray image, such
as a postural x-ray image, at block 1012. As such, at block 1012, in certain embodiments, the

system can be configured to modify a postural x-ray image on which a PC curve was drawn
and/or cage lordosis was applied, by increasing global cage height for a particular intervertebral
space until the length of the PC curve equals the length of PLL for a particular vertebral
segment. In certain embodiments, the system can be configured to increase global cage height
until PC equals PLL automatically and/or semi-automatically, for example without displaying
and/or overlaying the same on a display. In some embodiments, the system can be configured
to increase global cage height while ensuring that the PC is shorter than or equal to or
substantially equal to the PLL.
Figure IOC further illustrates a postural x-ray image 1022 on which the system is
configured to increase global height for a cage(s) in a particular intervertebral space(s) until
PC becomes equal to PLL. In the illustrated example, Hant of the proposed cage is determined

to be roughly 12mm, and Hpost of the proposed cage is determined to be roughly 8mm, after
globally increasing the cage height until the PC length equals the PLL length for the particular
vertebral segment of interest. Further, in the illustrated example, lordosis is still maintained at
9°, and the lengths of the PC and PLL are determined to be roughly 61.5mm after globally

increasing the cage height accordingly.
As such, in some embodiments, when designing and/or planning patient-specific

cage(s), the system can be configured to determine, estimate, and/or define the anterior and/or
posterior height of one or more patient-specific cages by assessing and/or analyzing the length
of a single spinal ligament, such as either ALL or PLL, in order to not over-distract the spine.
Further, in certain embodiments, the system can also be configured to determine, estimate,
and/or define angulation of one or more patient-specific cages by taking into account
positioning of such one or more cages, for example on a postural x-ray or other medical image.
In some embodiments, such determined one or more cage parameters, such as anterior height,
posterior height, global height, length, width angulation, or the like, can be used by the system
to design, produce, and/or select, for example from a pre-existing range or inventory, one or
more patient-specific cages.

Cage Planning - Mid-Plate Analysis

In some embodiments, the system can be configured to analyze and/or other focus on

the curve defined by the middle of each vertebral endplates for designing or determining one
or more dimensions of a patient-specific cage, for example to ensure that the patient spine is
not overstretched or over-distracted as a result of surgery. Figure 11A is a flowchart illustrating
an example embodiment(s) of cage design, production, modification, and/or selection. Figure

1IB is a schematic diagram illustrating an example embodiment(s) of cage design, production,
modification, and/or selection. In particular, as illustrated in Figures 11A and 1IB, in some
embodiments, the system can be configured to utilize a mid-plate approach.
More specifically, in certain embodiments, the system can be configured to measure

the height of one or more discs along a curve crossing the middle of the vertebrae endplates,
for example taking into account both vertical and/or horizontal displacement. Based on the

determined one or more disc height measurements, the system can be configured to calculate
the mean repartition of each of the disc heights as a percentage of the total disc height, such as
along the spine or portion of the spine, for example lumbar spine as illustrated in the example

embodiment of Figure 1IB. In some embodiments, the system can be configured to obtain the
position and/or undulation of one or more mid-plate positions along the curve. Such data can
be compared to historical data from previous cases and/or to data from scientific literature for

predictive planning purposes, such as to design and/or determine one or more dimensions, such
as global height and/or angulation, of one or more patient-specific cages.

In some embodiments, the system can be configured to utilize a data-driven technique

and/or process for cage planning. In particular, in certain embodiments, the system can be
further configured to compare and/or analyze such percentage(s) against data obtained and/or
pre-existing from a healthy and/or asymptomatic population.

In particular, in certain

embodiments, if the calculated percentage of a particular disc height for a particular patient is

different compared to that of the healthy population, the system can be configured to determine
that a cage(s) needs to be implanted for that disc(s). Based on such analysis, the system can
further be configured to determine one or more dimensions for a patient-specific cage(s) for
that disc(s) to restore an acceptable disc height, measured as a percentage of the total disc
height for example. In addition, in certain embodiments, the same and/or similar technique or

process can also be applied to define repartition of angulations among cages to obtain a defined
global angle correction.
Referring back to Figure 11A, in some embodiments, the system can be configured to
access spinal measurement data of a healthy or asymptomatic population at block 1102. In
some embodiments, the system can comprise a database 1104 that has stored data collected
from a healthy and/or asymptomatic population, including data related to the height and/or
angulation of one or more particular discs as a percentage of total disc height and/or as a
percentage of total angulation. Such database 1104 can be internal or external to the system.
Such database 1104 may be built by the system or may be imported into and/or otherwise
accessed by the system.
In certain embodiments, the database 1104 can be updated continuously and/or
periodically. In particular, in some embodiments, the system can be configured to determine
and/or update repartition of individual disc height(s) and/or angulation(s) as a percentage of
total disc height and/or angulation for a healthy population at block 1106, for example as new
and/or updated healthy population spinal data is made available. This process can be repeated
in some embodiments continuously and/or periodically in order to update the database 1104.
More specifically, in order to build a reference database of a healthy and/or
asymptomatic population, the system can be configured to measure and/or otherwise
determined individual disc height along a straight line or curve crossing the middle of the
vertebrae.

In addition and/or alternatively, in certain embodiments, the system can be

configured to measure the disc height along an anterior and/or posterior line.

In some

embodiments, the system can be configured to automatically measure or determine the disc
height(s) based on a medical image(s). In other embodiments, the disc height(s) are determined
manually.
Based on the determined disc height and/or angulation measurement(s), the system can
be configured to determine the mean repartition of all disc heights and/or angulation as a
percentage(s) of the total disc height and/or angulation. By doing so, the system can be
configured to obtain reference percentage(s) of repartition of disc heights for a healthy
population, as illustrated in schematic 1120 of Figure 1IB. In addition, the same and/or similar

technique or process can also be applied to define repartition of angulations among cages to
obtain a defined global angle correction.
This reference data 1 120 can subsequently be used for comparison with specific patient
data to determine recommended cage(s) for that patient. In particular, referring back to Figure
11A , the system can be configured to analyze one or more detail images of a patient, such as
x-ray, MRI, CT, or the like, to determine repartition of one or more disc heights and/or
angulations as a percentage of the patient's total disc height and/or angulation at block 1108.
In order to do so, referring to schematic 11 16 of Figure 1 1B, the system can be
configured to determine the height of one or more individual discs of a patient along a midplate curve, for example based on one or more medical images of a vertebral segment of interest
of the patient. In some embodiments, one or more disc heights of a particular patient can be
measured or obtained pre-operation. In certain embodiments, the system can be configured to
obtain measurement of a patient's lumbar disc height, automatically or manually from one or
more medical images, by level and/or total. Based on such measurement, the system can be
configured to determine that a particular patient may need a cage replacement for one or more
discs for example if there is a large discrepancy compared to data from a healthy population.
In the illustrated embodiment 11 16, the system may determine that a patient may need cage
replacements at L4L5 and/or L5S1 .
As discussed, in certain embodiments, the system can be configured to use the

measured or determined individual disc heights and/or angulations to calculate percentage(s)
of each disc height and/or angulation compared to the total sum of disc heights and/or
angulations at block 1108 . For example, in the example embodiment illustrated in Figure 11B,
and in particular in schematic 11 18, the height of L4L5 and L5S 1 as a percentage(s) of the total
lumbar spine disc height can be determined to be roughly 9.5% and 19.0%.
In some embodiments, the system can further be configured to compare and/or analyze
such percentage(s) against the data obtained from a healthy population at block 11 10. For
example, in the example illustrated in Figure 1IB and in particular in schematic 1120, the disc
height of L4L5 and L5S1 as a percentage(s) of the total lumbar spine disc height can
correspond to 20.7% and 27.6% for a healthy population.

If the calculated percentage of a particular disc height for a particular patient is too low
compared to the healthy population, the system can be configured to determine that cage(s)
must be implanted for that disc to restore an acceptable disc height. In certain embodiments,
if a particular disc height of a particular patient is below a predetermined threshold value when
compared to the healthy population, the system can be configured to recommend cage
implantation of a certain height or range of heights. For example, in some embodiments, the
system can be configured propose one or more cage heights, such as anterior and/or posterior
cage heights, for replacing a particular disc at block 1112 of Figure 11A.
In some embodiments, the system can be further configured to simulate results of one

or more proposed cage heights and/or angulations and/or compare the simulated results in
terms of percentage of one or more cage heights and/or angulations against data collected from
a healthy population at block 1114. Based on such simulation results, the system can be
configured to generate modified proposed height(s), angulation(s), and/or other dimensions for
one or more cages. As such, in some embodiments, the system can further be configured to

compare and/or analyze such percentages against the database of an asymptomatic population.
Based on such comparison, if the difference between such values is below a predetermined
threshold, the system can be configured to accept or finalize the cage planning proposal.
However, if the difference is above a certain predetermined threshold, the system can be
configured to reject the cage planning proposal and continue to refine the proposal, for example
by increasing and/or decreasing one or more heights, angulations, or other dimensions of a
cage. As such, the system, in some embodiments, can be configured to apply a reiterative

process or technique. In some embodiments, such determined one or more cage parameters,
such as posterior height, anterior height, global height, length, width, angulation, or the like,
can be used by the system to design, produce, and/or select, for example from a pre-existing
range or inventory, one or more patient-specific cages.

Screw Planning
As discussed herein, in certain embodiments, the system can be configured to design,

produce, modify, and/or provide guidance for selection of one or more patient-specific screws.

This can be advantageous by substantially reducing costs by decreasing the inventory of screws
that need to be manufactured and/or kept in stock. Related costs can even further be reduced

due to reduced sterilization costs. An additional advantage can be decreased surgery time and

simplification of surgical procedures for the surgeon and staff as fewer screws, cages, and/or
sets thereof are provided as a personalized caddie for each surgery.

For example, as opposed to providing every single available screw or sets of screws,
which can amount to 400 or 500 or more screws for a typical deformity tray, some
embodiments can allow provision of only about 10 screws, about 20 screws, about 30 screws,
about 40 screws, about 50 screws, about 60 screws, about 70 screws, about 80 screws, about
90 screws, about 100 screws, about 110 screws, about 120 screws, about 130 screws, about
140 screws, about 150 screws, about 160 screws, about 170 screws, about 180 screws, about
190 screws, about 200 screws, and/or a number of screws within a range defined by two of the

aforementioned values for an operation that generally requires only about 2 to 60 screws for
example. As a non-limiting example, in some embodiments, for a 5-level surgery, the system
can be configured to provide selection and/or recommendation to include a maximum of 72
screws with particular dimensions in a personalized caddie.
As such, in some embodiments, the system is configured to assess one or more adequate

dimensions to design patient-specific screws and/or other implants from analysis of and/or
measurements obtained from one or more medical images, such as two-dimensional x-ray
images and/or MRI sagittal slice(s). In certain embodiments, the system can be configured to
combine one or more measurements obtained from one or more medical images with literature
and/or data driven additions to obtain sufficient accuracy and/or precision to substantially
define patient-specific screw designs and/or one or more dimensions thereof.
Figure 12A is a flowchart illustrating an example embodiment(s) of screw design,
production, modification, and/or selection. In particular, as illustrated in Figure 12A, the
system, in some embodiments, can be configured to design and/or determine one or more
dimensions of a patient-specific screw(s) for insertion into a particular vertebra, which can be
used to design, produce, modify, and/or select one or more patient-specific screws.
In certain embodiments, the system is configured to access and/or obtain one or more

two-dimensional and/or three-dimensional medical images, for example of a patient's spine, at
block 1202. The one or more medical images can comprise one or more sagittal and/or frontal
view x-ray images, flexion and/or extension x-ray images, CT images, MRI images, and/or

medical images obtained using one or more other imaging modalities. As such, in some
embodiments, screw selection and/or design can be based on three-dimensional imaging scan
data, such as a CT scan. Based on a CT scan, the system can be configured slice a vertebra to
which a screw will be inserted and determine precise measurements of each required screw,
such as the length and/or diameter of the screw. However, to do so, three-dimensional mu lti
planar reconstruction (MPR) may be required, which can be time-consuming. Also, a CT scan
can be necessary, which is not a routine image.
In

some

embodiments,

patient-specific

screw

design,

selection,

and/or

recommendation can be based on three-dimensional medical images and/or two-dimensional
medical images, as described above in relation to Figure 2 . For example, in some embodiments,
the system can be configured to utilize one or more sagittal x-ray images only to obtain certain
measurements. In certain embodiments, the system can be configured to utilize a sagittal xray image and a frontal x-ray image to obtain a composite three-dimensional image as
described above to obtain more accurate screw length and/or diameter estimates. In some
embodiments, the system can be configured to utilize a full three-dimensional image to obtain
certain measurements.
In certain embodiments, the system can be configured to utilize one or more two-

dimensional x-ray and/or MRI image data. X-ray images can be routine and widely available.
In some embodiments, the system can be configured to provide one or more precise

specifications and/or dimensions of one or more patient-specific screws based on analysis of
one or more two-dimensional x-ray images and/or MRI slices. In certain embodiments, the
system can be configured to combine one or more measurements obtained from one or more
two-dimensional x-ray images and/or MRI slices with one or more measurements and/or other
features from the literature and/or other data to obtain increased accuracy and/or precision, for
example in order to at least substantially decrease the total number of screws that may be
required for a particular surgery.
More specifically, in some embodiments, the system can be configured to utilize one
or more features derived from spinal anatomical data, scientific/medical literature, surgeon
preference or other input, and/or other data in order to obtain certain values and/or assumptions
in determining one or more parameters or variables for designing patient-specific screws.

Referring back to Figure 1 A, in some embodiments, the system can be configured to
determine and/or obtain one or more values and/or assumptions at block 1204 based at least in
part on scientific or medical literature, spinal anatomical data, and/or surgeon preference or
input that can be stored in a database 1206. The one or more values and/or assumptions can
be specific for each vertebra of interest. For example, in certain embodiments, the system can
be configured to obtain one or more values and/or assumptions regarding angulation of a screw
in a sagittal plane in reference to an endplate of the vertebra in which the screw is inserted in

(a), angle between vertebra axis and pedicle axis on a transverse plane ( β) which can be levelspecific, ratio between screw length and screw insertion axis length (y/x), and/or ratio between
vertebral body width (VBW) and minimum pedicle width (W) which can be level-specific.
Figure 12B is a schematic diagram illustrating certain aspect(s) of an example
embodiment(s) of screw design, production, modification, and/or selection. In particular, as
illustrated in schematic 1214 of Figure 12B, in some embodiments, the system can be
configured to assume and/or obtain angulation a of an implanted screw in reference to an
endplate in which the screw is inserted. For example, in some embodiments, it can be assumed
that an implanted screw will be parallel to an endplate based on scientific literature and/or
spinal anatomical data. In other words, angulation a of a screw in a sagittal plane can be
assumed to be equal or substantially equal to the considered vertebra (and upper vertebral
endplate) angulation. As such, in certain embodiments, this angulation a can be assumed to
be zero, for example based on scientific literature and/or spinal anatomical data. In some
embodiments, the system can be configured to assign any other angle value to angulation a ,
for example based on surgeon habits and/or preferences and may be surgeon-specific.
Further, as illustrated in schematic 1216, in certain embodiments, the system can be
configured to obtain and/or assume an angle β between the vertebra axis and the pedicle axis
(in transverse plane) at each level, for example from scientific literature and/or spinal

anatomical data. This angle β between the vertebra axis and the pedicle axis (in transverse
plane) can be level-specific. In some embodiments, the system can be configured to assign
any other angle value to angle β, for example based on surgeon habits and/or preferences and
may be surgeon-specific.

Similarly, as illustrated in schematic 1218, in some embodiments, the system can be
configured to obtain and/or assume a ratio (y/x) between screw length and screw insertion axis
length (SIA), for example based on scientific literature and/or spinal anatomical data. For
example, in some embodiments, the system can be configured to assume 70% penetration of
the vertebral body by a screw for optimal bone screw anchorage, as may be suggested by
scientific literature. In certain embodiments, SIA may be surgeon-specific and/or may depend
on a preference and/or surgical goal of a particular patient. Surgeon preferences can also be
considered for screw orientation in a transverse plane (in line with pedicle, convergent or even
divergent). Based on a data-driven process, scientific literature, and/or surgeon preference, the
system can be configured to assume SIA to be about 10%, about 20%, about 30%, about 40%,
about 50%, about 60%, about 70%, about 80%, about 90%, and/or within a range defined by
two of the aforementioned values.
Further, as illustrated in schematic 1220, in certain embodiments, the system can be
configured to obtain and/or assume a ratio between vertebral body width (VBW) and minimum
pedicle width (W), for example from scientific literature and/or spinal anatomical data. The
ratio between VBW and W can be level-specific. As such, the system can be configured to
obtain a ratio between VBW and W for each level vertebra in certain embodiments. In some
embodiments, the system can be configured to assign any other angle value to VBW, W, and/or
a ratio thereof, for example based on surgeon habits and/or preferences and may be surgeonspecific.
Referring back to Figure 12 A, in some embodiments, the system can be configured to
measure one or more parameters from the one or medical images at block 1208. In particular,
the system can be configured to measure from the one or more medical images, one or more
of a screw insertion axis (SIA) projected length on the sagittal plane (SIAp) and/or vertebral
body width (VBW) for each vertebra of interest. In particular, in certain embodiments, SIAp
and/or VBW measurement(s) can be obtained from a sagittal x-ray image and/or an MRI slice
for each vertebra of interest.

In certain embodiments, the length of an endplate can be

measured from a sagittal x-ray image. In some embodiments, the length from a pedicle entry
to an anterior wall of the vertebra can be obtained. In certain embodiments, both endplate

length and length from a pedicle entry to an anterior wall of the vertebra can be measured for
each vertebra of interest.
In certain embodiments, based on such assumptions and data from scientific literature
and/or surgeon input and further based on SIAp and/or VBW, the system can be configured to
determine and/or estimate the length and/or diameter of each patient-specific screw.

In

particular, in some embodiments, the system at block 1210 can be configured to determine the
length(s) of each screw(s) for each level(s) of interest based in part on SIAp, VBW, angle
between vertebrae axis and pedicle axis, and/or screw penetration ratio.

In certain

embodiments, the system at block 1212 can be configured to determine the diameter(s) of each
screw(s) for each level(s) of interest based in part on SIAp, VBW, and/or ratio between VBW
and a minimum pedicle width (W). In some embodiments, the VBW to W ratio can be assumed
from the literature to be about 10%, about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, and/orwithin a range defined by two ofthe aforementioned
values.
As such, in some embodiments, a desired diameter and/or length of a screw(s) to obtain

sufficient anchorage for one or more vertebra of interest and/or every vertebra or a subset
thereof can be determined for a specific patient.

Screw design, recommendation, and/or

selection of certain screws prior to surgery can be based on any one of the patient-specific
features and/or analysis discussed above. Screw design, recommendation, and/or selection can
vary according to the bone quality, size of the diameter, length of screw and/or material. For
example, the diameter of a screw can range from about 3.5 mm to about 10.5 mm in certain
embodiments. In some embodiments, such determined one or more screw parameters, such as
length, diameter, material, anchorage, or the like, can be used by the system to design, produce,
and/or select, for example from a pre-existing range or inventory, one or more patient-specific
screws.
Intraoperative Tracking Sensors
Generally speaking, certain intraoperative imaging such as fluoroscopy and/or CT
scans can be used for intraoperative assessment of spinal curvatures and/or correction thereof.

However, such processes generally only provide instantaneous vision/assessment of spinal
curvatures.

As such, it can be advantageous

to allow live-tracking

of spinal

curvatures/angulations to provide substantial assistance to the surgeon, thereby further
allowing the surgeon to make further corrections to the spine as may be necessary under live
control. At the same time, certain live-tracking devices, such as those that may be based on

optoelectronic passive sensors, may disturb the surgeon's workflow as many additional steps
may be required compared to usual surgery.
Accordingly, in some embodiments described herein, systems, device, and methods are
provided that allow for intraoperative monitoring. In particular, in certain embodiments, the
system can be configured to track a surgeon's performance in real-time, near real-time, and/or
in substantially real-time and further compare the same to the preoperative planning, while

adding only a minor footprint on surgery workflow.

In some embodiments, the system can allow a surgeon to manipulate a patient's spine

and follow one or more positions and/or one or more orientations of one or more sensors that
are attached to one or more vertebrae. One or more sensors attached to one or more vertebrae

can be configured to provide tracking data relating to one or more positions and/or orientations
of the vertebra the sensor is attached to. As such, in certain embodiments, based on such
tracking data and/or guidance data derived therefrom, the surgeon can then manipulate the
patient's spine until one or more sensor readings show that the positioning of the spine is
optimal, desirable, and/or matches a predetermined plan.
In some embodiments, intraoperative imaging processes or techniques, such as

fluoroscopy and/or CT scans can be used for intraoperative imaging. For example, in certain
embodiments, intraoperative fluoroscopy can be used to assess the position of screws regarding
anatomy structures to provide intraoperative tracking. In certain embodiments, one or more
sensors can be used in conjunction with one or more infrared cameras and/or electromagnetic
detection. In some embodiments, the position(s) and/or orientation(s) of the one or more

sensors and/or bones can be identified by use of active sensors. In certain embodiments, one
or more passive sensors can also be used.
In some embodiments, the system can be configured to identify the position(s) and/or

orientation(s) of one or more pedicle screws, and in turn one or more bones and/or vertebrae
to which the one or more pedicle screws are attached thereto, by use of one or more active

sensors. As such, in certain embodiments, the system is configured to utilize one or more

active sensors, without the need for any receivers to interpret the position, orientation, and/or
angulation of one or more sensors on a common axes system.

In other words, in some

embodiment, the whole intraoperative tracking system and/or device may include only one or
more sensors and one or more computer devices or systems treating the signal of the one or
more sensors and displaying one or more measurements obtained therefrom.
In some embodiments, a sensor, as the term is used herein, can comprise a power source,
such as a battery, a wireless transmitter, and one or more active and/or passive sensors for real
time tracking. In certain embodiments, the one or more sensors can comprise one or more
accelerometers and/or one or more gyroscopes to provide one or more inertial measurement
units, such as in 6 degrees of freedom (DOF) and/or 9 DOF. In some embodiments, the system
can comprise one or more active sensors which are configured to be an inertial measurement
unit in 6 DOF and/or 9 DOF. In some embodiments in which the system is configured to
utilize one or more passive sensors, visual tracking can be utilized to provide intraoperative
tracking in real-time, near real-time, and/or in substantially real-time. In other embodiments
in which only active sensors are used, the system can be configured not to rely on visual
tracking. Rather, the system can utilize wireless transmission of motion data for intraoperative
tracking in real-time, near real-time, and/or in substantially real-time.
In certain embodiments, the system can be configured to determine relative orientation
and/or position of two or more sensors attached to a patient's spine to measure and/or calculate
spinal curvature, for example by interpreting independent sensor data. In particular, in some
embodiments, the system can be configured to interpret independent sensor data obtained from
two or more sensors, using the gravity force vector as a common reference.

In certain

embodiments, two of the three axes of each central units can be assumed or considered to b e
on a plane parallel or substantially parallel with a determinate angle to the sagittal plane of the
patient lying on the operating table. In other words, in certain embodiments, the position and/or
orientation of two or more sensors can be configured such that two of the three axes of position
data to be collected by each sensor are on or assumed to be on a plane parallel or substantially
parallel to the sagittal plane of a patient lying on the operating table. As such, the right
positioning of the inertial unit can be mechanically obtained through a sensor/implant interface
in some embodiments.

In some embodiments, one or more sensors can be attached to every vertebra, for
example through one or more interfaces provided via one or more implants/screws and/or
directly to bone structures. In certain embodiments, one or more sensors can be attached to
only a portion of the vertebrae. As such, in some embodiments, one or more sensors may be
attached to only a subset of vertebra that can provide valuable position and/or angular data of
the spine. Figure 13A is a schematic illustrating an example embodiment(s) of intraoperative
tracking. As illustrated in Figure 13 A, in some embodiments, one or more sensors 1302 may
be attached only to certain vertebrae, for example to which a spinal road 1304 is implanted.
For example, in certain embodiments, one or more sensors may be attached to SI, L I and T4
vertebrae to assess L I -SI lordosis and/or T4-T 12 kyphosis.
In some embodiments in which one or more sensors are directly linked and/or attached
to one or more screws, the system can be configured to assume that angulation of a screw in a

sagittal plane is substantially equal to the vertebra (or superior endplate) angulation.
Optionally, in certain embodiments, intraoperative fluoroscopic images can be used to assess
the position of screws regarding anatomic structures, such as vertebral endplates, in the sagittal
plane, as well as other planes in some embodiments.
Figures 13B-13G illustrate example embodiments of screws and/or sensors that can be
used for intraoperative tracking. In some embodiments, one or more screws and/or other
implants can be mono-axial and/or poly-axial.

Figures 13B-13E illustrate example

embodiments of mono-axial screws, while Figures 13F-G illustrate example embodiments of
poly-axial screws.
In certain embodiments where one or more mono-axial screws are used, the system can

be configured to follow the position and/or angle of every implanted screw, thereby following
the position of a vertebrae based on the screw position. A mono-axial screw may comprise
only one sensor 1302, based on the assumption that every movement of the screw is due to
rigid movement of the vertebrae. In certain embodiments, a mono-axial screw may comprise
one or more sensors 1302.

In some embodiments, a poly-axial screw can comprise one or more sensors and/or two
or more sensors 1302, for example to be able to determine if a particular motion or movement
is due to rigid movement of the vertebrae itself or at least partially or wholly because of motion

between the different portions of the screws, such as in and outside the vertebra, or non-rigid
movement. In some embodiments, the system can be configured to determine that a particular
movement is rigid movement if there is correlation between the two or more sensor readings.
In some embodiments, a top portion of a screw and/or other implant can comprise one
or more active and/or passive sensors. In certain embodiments, the top portion of a screw
and/or other implant can also comprise a power source, such as a battery, and/or wireless
transmitter, as well as one or active and/or passive sensors. In some embodiments, the top
portion can be broken off later during surgery and not implanted. The sensor 1302, or at least
one or more portions thereof, can then be reused, thrown away, and/or repurposed for future

use. For example, in the illustrated example embodiments in Figures 13B-13E, the system can
be configured to utilize one or more monoaxial screws, polyaxial screws, and/or other implants,
each comprising an attaching portion 1306 and a top portion 1308. The top portion 1308 can
comprise a single sensor 1302 for certain screws.

Similarly, in the illustrated example

embodiments in Figures 13F-G, the system can be configured to utilize one or more poly-axial
screws and/or other implants, each comprising an attaching portion 1306 and a top portion
1308. As illustrated, in certain embodiments, the top portion 1308 can comprise two or more

sensors 1302 each for certain screws.
In some embodiments, an intraoperative tracking system or device can require at least
two or more screws to be attached to the vertebrae, wherein each of the two or more screws
comprises at least one sensor. In certain embodiments, an intraoperative tracking system or
device can require at least one, two, three, four, five, six, seven, eight, nine, and/or ten screws
comprising one or more sensors to be attached to the vertebrae. In some embodiments, an
intraoperative tracking system or device can require a certain range of numbers of screws
comprising at least one sensor, wherein the range is defined by two of the aforementioned
values.
In certain embodiments, once one, two, three, four, and/or more screws comprising at
least one sensor are attached to the vertebrae, the system can be configured to obtain one or
more sensor readings of the current position(s), orientation(s), and/or angle(s) of one or more
screws and thus vertebrae. Based on the reading(s) from the one or more sensors and/or
guidance generated therefrom, a surgeon can further manipulate the patient's spine as desired.

For example, in some embodiments, the intraoperative tracking system and/or device can be
configured to continuously and/or periodically provide updated tracking data and/or analysis
therefrom, such that the surgeon can manipulate the patient's spine until one or more sensor
readings show that one or more positioning and/or orientation of the spine are optimal and/or
matches or substantially matches a pre-determined plan.
In some embodiments, the system can also be configured to provide tips, guidance,

and/or suggestions to the surgeon to manipulate the spine in a certain manner and/or direction,
for example to reach and/or more closely follow the predetermined plan. In some embodiments,
a surgeon can implant the spinal rod through the two, three, four, and/or more screws once an
optimal or desired configuration of the spine is obtained. In certain embodiments, after rod
implantation, the top portion of screw that comprises the one or more sensors can be broken
off.

In certain embodiments, the one or more sensors are not provided as part of screws;

rather one or more surgical tools, which can eventually be used to attach screws to the vertebrae,
can comprise one or more sensors. For example, a screwdriver, nut driver, or other specific or

usual surgical tool configured to attach a pedicle screw, anchorage, and/or other implant can
comprise one or more active and/or passive sensors for intraoperative tracking purposes. In
some embodiments, an intraoperative tracking system can require at least one, two, three, four,

five, six, seven, eight, nine, and/or ten surgical tools to comprise one or more sensors. In
certain embodiments, an intraoperative tracking system or device can require a certain range
of numbers of tools to comprise at least one sensor, wherein the range is defined by two of the
aforementioned values.
In some embodiments, a surgical tool comprising one or more sensors for intraoperative

tracking purposes can comprise a button or other signaling mechanism that measures and/or
stores the current position and/or orientation data of the surgical tool, for example in 6 DOF

and/or 9 DOF. As such, in certain embodiments, once a screw, anchorage, or other implant is
put in place, such as attached to a vertebra, using such surgical tool, the surgeon or other
medical personnel can activate the sensor in the tool, thereby detecting and/or providing
orientation and/or position data at that time. As such, in some embodiments, the intraoperative

tracking system can be configured to provide data frozen in time rather than providing real
time tracking data.
Figures 14A-14E illustrate example embodiments of tools and/or sensors that can be
used for intraoperative tracking.

As illustrated in Figure 14 A, in some embodiments, a

screwdriver 1400 can comprise one or more sensors 1302 and/or other electronic components
for intraoperative tracking. In certain embodiments, as illustrated in the example embodiment
of Figure 14A, the one or more sensors 1302 and/or other electronic components can be located
in a shaft 1402 of a screwdriver.

In some embodiments, as illustrated in the example

embodiment of Figure 14B, the one or more sensors 1302 and/or other electronic components
can be located in a handle 1404 of a screwdriver.

Further, as illustrated in the example

embodiment of Figure 14C, a nut driver 1406 can comprise one or more sensor 1302, for
example in the shaft 1408 and/or in the handle.
In some embodiments, as illustrated in the example embodiments of Figures 14D and
14E, an additional housing structure 1410 configured to be coupled to a screw 1306, nut,

anchorage, and/or other implant can comprise one or more active and/or passive sensors 1302.
In certain embodiments, the additional housing structure 1410 can also comprise a power
source, such as a battery, and/or wireless transmitter, as well as one or active and/or passive
sensors 1302. In some embodiments, the additional housing structure 1410 can be configured
to be used and/or coupled to a removable handle 1412. The additional housing structure 1410
can be attached to a screw 1306 and/or other pedicle anchorage or implant. As the spine is
adjusted during surgery, the one or more sensors 1302 can provide data relating to the
orientation and/or position of the screw 1306 as the additional housing structure 1410 is still
attached to the screw 1306. After the spine is adjusted to an acceptable level, a spinal rod 1304
can be inserted, and the screw 1306 and/or other pedicle anchorage or implant can be affixed
to the vertebrae using the removable handle 1412, after which, the additional housing structure
1410 can then be removed. In some embodiments, the additional housing structure 1410 can

provide additional space or volume for the one or more sensors, power source, and/or wireless
transmitter to be placed.
Predictive Modeling

In some embodiments, the system is configured to generate one or more predictive

models or algorithms for surgical operations. In certain embodiments, the one or more

predictive models and/or algorithms are configured to predict one or more surgical parameters
and/or variables that may result from a surgical procedure, for example of the spine. In some
embodiments, the predictive models and/or algorithms are configured to generate a surgical

plan for achieving desired surgical outcomes. For example, the systems disclosed herein can
be configured to access preoperative patient input data and generate a surgical plan for
implanting a spinal rod into the patient where the generated surgical plan that is personalized
for the patient is configured to generate an optimal post-surgical spine curvature for the

particular patient.
When a patient undergoes surgery by a doctor, the surgical outcomes can be generally
determined based on the surgeon's estimations and prior surgical experience. For example,
when a spinal rod is implanted into a patient, the surgeon can analyze the patient's body and
other characteristics. Based on these observations, the surgeon can provide a general estimate
and/or select certain surgical parameters that the surgeon believes will result in a better spinal
curvature for the patient post-surgery. However, in reality, the surgeon's estimations and
selected surgical parameters may not result in the most desired or optimal surgical outcomes.
For example, when performing a spinal surgery for improving a patient's spinal
curvature, the doctor can select a curvature for the spinal rod to be implanted into a patient.
The rod curvature selection can be determined and/or estimated by the surgeon based on the

doctor's observations of the patient, and such determinations and estimations may result in the
patient having a spine curvature that is less than optimal after the surgery. Accordingly, it can
be beneficial for a surgeon and/or a patient to have a system that could predict surgical
parameters post-surgery based on pre-operative patient characteristics. For example, it would
be helpful to determine, before performing spinal surgery, one or more optimal surgical
parameters that should be utilized in a surgical plan in order to achieve the optimal spinal
curvature post-surgery for a particular patient with certain characteristics. Certain systems,
methods, and devices disclosed herein are configured to address the foregoing issues.
In particular, in some embodiments, the system can be configured to access pre-

operative patient characteristics and input one or more such variables into a predictive

algorithm. In certain embodiments, the system can be configured to utilize the predictive
algorithm to generate one or more surgical plans having one or more specific surgical
parameters that are predicted to generate an optimal post-surgical outcome for the patient. For
example, the system can be configured to receive one or more patient characteristics, such as
preoperative spinal curvatures and angles, patient age, genetic mapping or genetic conditions,
and/or other variables. In particular, the existence of certain genes may have a correlation with
a particular condition, such as scoliosis, and/or surgical outcome.

The system can be

configured to utilize such patient characteristics and/or variables for inputting into a predictive
algorithm. The system can be configured to output based on the predictive algorithm specific
surgical parameters, such as the optimal spinal rod curvature and/or instrumentation positions
and/or other variables for achieving the optimal spinal curvature post-surgery for the patient.
In some embodiments, the system is configured to utilize the one or more predictive
algorithms to generate a predictive post-surgical outcome. For example, the system can be
configured to access one or more patient characteristics as well as surgical parameters that a
surgeon intends to use in a surgical plan. In some embodiments, the system can be configured
to utilize the predictive algorithm to determine the post-surgical outcome that will result from
the surgical parameters associated with the surgical plan. For example, the system can be
configured to access patient characteristics, such as preoperative spinal curvature and/or
angles, patient age, genetic conditions, and/or any other variable. The system can also be
configured to access the curvature of the spinal rod that the surgeon intends to implant into the
patient. In some embodiments, the system can be configured to generate a predictive p ost
surgical spinal curvature for the patient based on the inputted of variables, in this example, the
patient characteristics and the curvature of the spine rod to be implanted into the patient.
As one of ordinary skill will appreciate, the systems disclosed herein can be applied to

a myriad of surgical procedures and is not intended to be limited to spinal surgeries. For
example, the systems disclosed herein can be applied to any kind of surgery, including but not
limited orthopedic surgeries, such as, neck, head, hand, foot, leg, and arm surgeries.
In some embodiments, the system is configured to generate a predictive model for
predicting post-surgical parameters.

In some embodiments, the system is configured to

generate the predictive model by selecting a dataset comprising preoperative and/or

postoperative data for one or more patients. As a non-limiting example, in some embodiments,
the system is configured to identify all cases with PJK (proximal junctional kyphosis) and
remove such cases from the dataset. In some embodiments, the system is configured to remove
all pediatric cases from the dataset. In some embodiments, removal of the pediatric cases can

be based on prior knowledge of the cases in the dataset.

In some embodiments, the system is configured to split data based on instrumented
levels into different groups. For example, the system can be configured to split the dataset into
a first group wherein there is instrumentation at L I -L5 and at S1- Iliac, and into a second group
wherein there is instrumentation at T10-T12 and at SI - Iliac. For each group, the system, in
some embodiments, is configured to split data into a training set and a testing set (for example,
-75% of the data for the training set and ~25 % of the data for the testing set).
In some embodiments, the system is configured to select one or more input parameters,

for example, age, PI pre-op value, PT pre-op value, LL pre-op value, TK pre-op value, SVA
pre-op value, lower instrumented level, upper instrumented level, LL post-op target value,
surgeon, weight, shape of the preoperative spline, preoperative x-ray, or the like. In some
embodiments, the system is configured to standardize the range of input parameters and/or
utilize a scaling methodology.
In some embodiments, the system is configured to standardize the data based on the
training set. In some embodiments, the system is configured to select a first model type from
a plurality of model types, such as for example linear models, neural networks, deep learning,
SVR, or the like. In some embodiments, the system is configured to select the best model

using cross validation. In some embodiments, the system is configured to perform cross
validation by splitting the data set into a new training set and a new testing set. In some
embodiments, the system is configured to train the model with the new training set and evaluate
the results with the new testing set.
In some embodiments, the system is configured to repeat the training process until each
data has been once and only once in a testing set. In some embodiments, the system is
configured to train the model selected with the training set. In some embodiments, the system
is configured to utilize a linear model named least-angle regression (LARS) with regularization

and variable selection algorithm least absolute shrinkage and selection operator (LASSO). In

some embodiments, the system is configured to test the trained model with the testing set to
determine whether the trained model satisfies an accuracy threshold level.

In some

embodiments, the system is configured to utilize the trained model to compare with a proposed
surgical plan to determine whether the surgical plan is optimal for the patient and/or will
produce optimal post-operative surgical results for the patient having certain patient
characteristics.
Figure 15 is a flowchart illustrating an example embodiment(s) of predictive modeling.
In the illustrated example embodiment, the system can be configured to access and/or retrieve
one or more preoperative, intraoperative, and/or postoperative data sets at block 1502. The
one or more datasets can be accessed and/or retrieved from one or more databases, such as the

plan database 216 and/or operation database 218 among others.
In certain embodiments, the system can be configured to determine whether the
retrieved or accessed dataset comprises postoperative data at block 1504.

If a dataset

comprises postoperative data, the system can be configured to identify one or more variables
of interest, such as those described herein, from the postoperative data and/or related
preoperative and/or intraoperative datasets at block 1506. Based in part on the identified one
or more variables, the system can be configured to train a predictive modeling algorithm at
block al508 according to one or more processes or techniques described herein. This training
process and/or technique and/or portion thereof can be repeated as necessary. For example, in
certain embodiments, the system can be configured to repeat the training algorithm and/or a
portion thereof as additional data becomes available, such as data from an additional patient
and/or additional postoperative data from a known patient or the like.
In some embodiments, if the retrieved or accessed dataset is for a new case, and as such
does not comprise postoperative data the system can be configured to apply one or more
predictive modeling algorithms to such input preoperative data. In particular, in certain
embodiments, the system can be configured to identify one or more variables from the input
preoperative data and/or compare the same with one or more other datasets at block 1510. In
some embodiments, based on the comparison and/or other data analysis, the system can apply
one or more predictive modeling algorithms to the input preoperative data. Subsequently, in

some embodiments, the system can be configured to generate one or more predicted surgical

outcomes and/or plan and/or one or more variables thereof based on the predictive model at
block 1512. In certain embodiments, based at least in part on the resulting surgical plan and/or
one or more variables thereof, the system can be configured to produce, modify, select, and/or

provide guidance for selection of one or more spinal implants at block 1514, such as spinal
rods, cages, and/or screws.

Other Embodiments for Predictive Modeling
In some embodiments, the system is configured to perform a computer-implemented
method that is configured to generate a predictive model for determining post-operative
parameters, such as thoracic kyphosis or pelvic tilt, wherein the computer-implemented
method comprises accessing a dataset from an electronic database, the dataset comprising data
about the patient (for example, an X-ray images or clinical information) and the surgery
strategy (for example, upper instrumented vertebra, lower instrumented vertebra, or the like).
In some embodiments, the computer-implemented method is configured to define in the dataset
which parameters should be inputs of the model and which parameters should be outputs of
the model. For example, outputs of the model can be the parameters that the system is
configured to be predicted.
In some embodiments, the system is configured to optionally divide the dataset into a
plurality of categories based on the spinal surgery domain knowledge, for example, the dataset
can be configured to separate adult cases and pediatric cases. In some embodiments, the
system can be configured to generate a predictive model for each category.

In some

embodiments, the system is configured to separate the data into a first subcategory and a second
subcategory, wherein the first subcategory is used for training and the second subcategory is
for testing the predictive model. In some embodiments, the system is configured to standardize
the data using the first category.
In some embodiments, the system is configured to select a model algorithm, for
example, neural network, support vector regression, linear models, or the like. In some
embodiments, the system is configured to select the model based on using a cross validation
strategy. In some embodiments, the system is configured to input one or more input values
into the model based on the first subcategory to train the statistical models based on the output

values of the first subcategory. In some embodiments, the system is configured to input one
or more input data values in the generated trained model and compare the outputs generated
by the model with the output values of the first subcategory. In certain embodiments, based
on the foregoing comparison, a model is generated and the performance of the model is known.
In some embodiments, the system is configured to store the first trained statistical model in a

data repository. In some embodiments, the system comprises a computer processor and
electronic memory. In certain embodiments, one or more of the above-identified processes or

techniques are repeated for each of the categories defined by when dividing the dataset based
on a spinal surgery domain knowledge block as described above.
In some embodiments, the system is configured to perform a computer-implemented

method for generating a predictive model for estimating post-operative parameters, wherein
the computer-implemented method comprises accessing a dataset from an electronic database,
the dataset comprising data collected from one or more patients and spinal surgical strategy
employed for the one or more patients. In some embodiments, the system is configured to
divide the dataset into one or more categories based on spinal surgery domain knowledge. In
some embodiments, the system is configured to for each category, separate the data into a first

subcategory and a second subcategory, wherein the first subcategory is used for training and
the second subcategory is for testing the predictive model.
In some embodiments, the system is configured to standardize the data in the first

subcategory. In some embodiments, the system is configured to select a model algorithm to
the data in the first subcategory. In some embodiments, the system is configured to input a
first set of input values from the first subcategory into the model algorithm to train the
predictive model based on a first set of output values from the first subcategory. In some
embodiments, the system is configured to input a second set of input values from the second
subcategory into the trained predictive model and comparing results generated by the trained
predictive model with a second set of output values from the second subcategory. In some
embodiments, the system is configured to store in a data repository the trained predictive model
for implementation or future use.

In some embodiments, the post-operative parameters

comprise one or more of thoracic kyphosis or pelvic tilt. In some embodiments, the system
comprises a computer processor and electronic memory.

In some embodiments, the data collected from one or more patients comprise one or
more of an x-ray or clinical information. In some embodiments, the surgical strategy employed
for the one or more patients comprises data relating to one or more of upper instrumented
vertebra or lower instrumented vertebra. In some embodiments, the spinal surgery domain
knowledge comprises one or more of adult cases or pediatric cases. In some embodiments, the
model algorithm comprises one or more of a neural network, support vector regression, or
linear model or the like. In some embodiments, the model algorithm is selected using a crossvalidation strategy.
In some embodiments, the system is configured to perform a computer-implemented
method for generating a predictive model for estimating post-operative thoracic kyphosis and
pelvic tilt parameters, wherein the computer-implemented method comprises accessing a
dataset from an electronic database, the dataset comprising data from spinal surgeries, wherein
the spinal surgeries involve at least an upper instrumented vertebra and a lower instrumented
vertebra. In some embodiments, the system is configured to analyze the dataset to divide the
dataset into a plurality of categories, the plurality of categories comprising a first category
comprising data from surgeries, wherein the upper instrumented vertebra is positioned between
L I and L5 vertebrae and the lower instrumented vertebra is positioned between SI and iliac.
In some embodiments, the system is configured to select the first category, and access
the data from the surgeries, the data comprising one or more of patient ages, pelvic incidence
pre-operative values, pelvic tilt pre-operative values, lumbar lordosis pre-operative values,
thoracic kyphosis pre-operative values, sagittal vertical axis pre-operative values, lower
instrumented vertebra values, upper instrumented vertebra values, or lumbar lordosis p ost
operative target values for each of the surgeries in the first category. In some embodiments,
the system is configured to standardize the data in the first category.
In some embodiments, the system is configured to separate the data into a first
subcategory and a second subcategory, wherein the first subcategory is used for training and
the second subcategory is for testing the predictive model for determining the post-operative
thoracic kyphosis and pelvic tilt parameters. In some embodiments, the system is configured
to input pre-operative data values in the first subcategory into a plurality of statistical models
to train the statistical models based on the post-operative data values. In some embodiments,

the system is configured to input pre-operative data values in the second subcategory into the
plurality of trained statistical models and comparing output values from the plurality of trained
statistical models with post-operative data values in the second subcategory.
In some embodiments, the system is configured to select a first trained statistical model
from the plurality of trained statistical models, wherein the first trained statistical model
generated an output values nearest to the post-operative data values based on the comparing.
In some embodiments, the system is configured to store in electronic memory the first trained
statistical model. In some embodiments, the system comprises a computer processor and
electronic memory.
In some embodiments, the system is configured to perform a computer-implemented
method for generating a surgical plan based on a predictive model for estimating post-operative
parameters, the computer-implemented method comprising accessing one or more medical
images of a portion of a spine of a patient.

In some embodiments, the system is further

configured to analyze the one or more medical images to determine one or more pre-operative
variables relating to the spine of the patient, wherein the one or more pre-operative variables
comprise at least one of UIL, LIL, age of the patient, pelvic incidence pre-operative values,
pelvic tilt pre-operative values, lumbar lordosis pre-operative values, thoracic kyphosis p re
operative values, or sagittal vertical axis pre-operative values. In some embodiments, the
system is configured to generate a prediction of one or more post-operative variables based at
least in part on applying a predictive model, wherein the predictive model is generated by one
or more of the following processes.
In some embodiments, the predictive model is configured to access a dataset from an
electronic database, the dataset comprising data collected from one or more previous patients
and spinal surgical strategy employed for the one or more previous patients.

In some

embodiments, the predictive model is configured to divide the dataset into one or more
categories based on spinal surgery domain knowledge. In some embodiments, the predictive
model is configured to standardize the data in the first subcategory.
In some embodiments, the predictive model is configured to select a model algorithm
to the data in the first subcategory. In some embodiments, the predictive model is configured
to input a first set of input values from the first subcategory into the model algorithm to train

the predictive model based on a first set of output values from the first subcategory. In some
embodiments, the predictive model is configured to input a second set of input values from the
second subcategory into the trained predictive model and comparing results generated by the
trained predictive model with a second set of output values from the second subcategory.
In some embodiments, the post-operative parameters of the predictive model comprise
one or more of thoracic kyphosis or pelvic tilt. In some embodiments, the system is configured
to generate a surgical plan based at least in part on the predicted one or more post-operative
variables generated by the predictive model.

In some embodiments, the surgical plan

comprises at least one of a number of cages for implantation, location of implantation of cages,
length of a spinal rod for implantation, or curvature of the spinal rod. In some embodiments,
the system comprises a computer processor and electronic memory.
In some embodiments, the system is configured to perform a computer-implemented
method for generating a surgical plan based on a predictive model for estimating post-operative
thoracic kyphosis and pelvic tilt parameters, the computer-implemented method comprising
accessing one or more medical images of a portion of a spine of a patient.

In some

embodiments, the system is further configured to analyze the one or more medical images to
determine one or more pre -operative variables relating to the spine of the patient, wherein the
one or more pre-operative variables comprise at least one of UIL, LIL, age ofthe patient, pelvic
incidence pre-operative values, pelvic tilt pre-operative values, lumbar lordosis pre-operative
values, thoracic kyphosis pre-operative values, or sagittal vertical axis pre-operative values.
In some embodiments, the system is configured to generate a prediction of one or more p ost
operative variables based at least in part on applying a predictive model, wherein the predictive
model is generated by one or more ofthe following processes.
In some embodiments, the predictive model is configured to access a dataset from an
electronic database, the dataset comprising data from spinal surgeries, wherein the spinal
surgeries involve at least an upper instrumented vertebra and a lower instrumented vertebra.
In some embodiments, the predictive model is configured to analyze the dataset to divide the
dataset into a plurality of categories, the plurality of categories comprising a first category
comprising data from surgeries, wherein the upper instrumented vertebra is positioned between
L I and L5 vertebrae and the lower instrumented vertebra is positioned between SI and iliac.

In some embodiments, the predictive model is configured to select the first category,
and access the data from the surgeries, the data comprising one or more of patient ages, pelvic
incidence pre-operative values, pelvic tilt pre-operative values, lumbar lordosis pre-operative
values, thoracic kyphosis pre-operative values, sagittal vertical axis pre-operative values, lower
instrumented vertebra values, upper instrumented vertebra values, or lumbar lordosis p ost
operative target values for each of the surgeries in the first category. In some embodiments,
the predictive model is configured to standardize the data in the first category.
In some embodiments, the predictive model is configured to separate the data into a
first subcategory and a second subcategory, wherein the first subcategory is used for training
and the second subcategory is for testing the predictive model for determining the p ost
operative thoracic kyphosis and pelvic tilt parameters. In some embodiments, the predictive
model is configured to input pre-operative data values in the first subcategory into a plurality
of statistical models to train the statistical models based on the post-operative data values. In
some embodiments, the predictive model is configured to input pre-operative data values in
the second subcategory into the plurality of trained statistical models and comparing output
values from the plurality of trained statistical models with post-operative data values in the
second subcategory.
In some embodiments, the predictive model is configured to select a first trained
statistical model from the plurality of trained statistical models, wherein the first trained
statistical model generated an output values nearest to the post-operative data values based on
the comparing. In some embodiments, the predicted one or more post-operative variables
comprises at least one of lumbar lordosis post-operative target values, thoracic kyphosis p ost
operative values, or sagittal vertical axis post-operative values. In some embodiments, the
system is configured to generate a surgical plan based at least in part on the predicted one or
more post-operative variables. In some embodiments, the surgical plan comprises at least one
of a number of cages for implantation, location of implantation of cages, length of a spinal rod
for implantation, or curvature of the spinal rod. In some embodiments, the system comprises a
computer processor and electronic memory.
Data Elements / Parameters for Predictive Modeling

In some embodiments, in order to perform one or more processes or techniques relating
to predictive modeling, the system can be configured to receive, access, and/or obtain one or

more of the following data elements or parameters that can be collected from one or more
patients.
In particular, in certain embodiments, the system can be configured to receive, access,
and/or obtain one or more demographic characteristics, such as for example, age at surgery,
gender, height, weight, activity level, date of narcotics, disability, education, home care
requirements,

insurance coverage, job,

race, date of return to work/school/sport,

socioeconomic status, and/or the like.
In some embodiments, the system can be configured to receive, access, and/or obtain
one or more patient-reported outcomes, such as for example, Oswestry Disability Index (ODI),

Neck Disability Index (NDI), Scoliosis Research Society (SRS-22), Nurick, and/or the like.
In certain embodiments, the system can be configured to receive, access, and/or obtain
one or more radiographic parameters, such as for example, preoperative and/or postoperative
data such as T4-T12 TK (=Thoracic Kyphosis), L I -SI LL (=Lumbar Lordosis), Lateral C7 to
Sacrum SVA (=Sagital Vertical Axis), PT (=Pelvic Tilts), PI (Pelvic Incidence), L1-S1TK
(=Thoracic Kyphosis), and/or the like.
In some embodiments, the system can be configured to receive, access, and/or obtain
one or more other radiographic parameters as well, such as Apical Translation ThL/Lumbar

Curve-CSVL, C2T1 Pelvic Angle (=CTPA,°), C2C7 SVA (mm) (=Sagital Vertical Axis),
Cervical Lordosis, Lenke Classification, Proximal Jonctionnal Kelphosis (PJK), Rod Tracing,
SS, T 1 Slope (T 1S,°) T 1Tilt Angle and Direction, T 10-L2, T 12-S 1 Lombar Lordodis, T2-T 12,

T2-T5, T5-T12 Thoracic Kyphosis, Th Apex, Th Bend, Th Curve, Th Curve Levels, (Th/L
Lumbar Apex, Th L Lumbar Curve, Th/L Lumbar Curve Direction of curve, Th/L Lumbar
Curve Levels), T l Pelvic Angle (TPA), Anatomical Kyphosis, Anatomical Lordosis, Cobb
Angles, Coordinates of all vertebra comers in the saggital and coronal planes and the femoral
heads, Pre-op or post-operative datas like Apical Translation Th Curve-C7 Plumb, Apical
Translation Th Curve - CSVL, Computerized tomography Performed, Disc Angulation Below
Espace Instrumental Vertebral (EIV), EIV Angulation, ΕΓ Translation, Coronal C7 to CSVL,
T l S-CL(°),TH CUrve - Direction od Curve, Tri-Radiate Cartilage, Upper Th Bend, Upper Th

Curve, Upper Th Curve - Direction of Curve, Upper Th Curve - Levels., External Auditory
Meadus, Pelvic Obliquity, Pelvic Version, Acetabular Index, and/or the like.
In some embodiments, the systems disclosed herein can be configured to generate
spinal surgical strategies comprising one or more surgical data parameters, such as
Instrumentation

Material,

Instrumentation

Size,

Instrumentation

Type,

Lowermost

Instrumented, MIS (=Minimal Invasive Surgery), Number of Levels, Osteotomies Performed,
Rod Bending Degrees and/or Angles, Rod Cutting Parameters, Uppermost Instrumented
Parameters, Upper Instrumented Vertebrae (UIV), Lower Instrumented Vertebrae (LIV),
Surgeon, surgical techniques (in some embodiments, use machine learning algorithms to
analyze surgeon's surgical techniques to be able to simulate the surgery and the rod that will
match surgeon's expectations), radiography as an image, scanner, MRI (image or set of
images), and/or the like.
In an example embodiment, a first set of input values for preoperative and/or
postoperative data can include the following: T4-T12 TK (=Thoracic Kyphosis), L I -SI
LL(=Lumbar Lordodis), Lateral C7 to Sacrum (SVA) (=Sagittal Vertical Axis), Lowermost
Instrumented Vertebrae (LIV), Uppermost Instrumented Vertebrae (UIV), Pelvic Tilt, Age at
the time of surgery, and Pelvic Incidence (PI).
In an example embodiment, a first set of output values for preoperative and/or
postoperative data can include the following: T4-T12 TK (=Thoracic Kyphosis), L I -SI LL
(=Lumbar Lordosis), and Pelvic Tilt.
System
Figure 16 is a schematic diagram illustrating an embodiment of a system for developing
patient-specific spinal treatments, operations, and procedures. In some embodiments, a main
server system 1602 may be comprised of an image analysis module 1604, a case simulation
module 1606, an intra-operative tracking module 1608, a data utilization module 1610, a
predictive modeling module 1628, apian database 1612, an operation database 1614, a surgeon
database 1616, and/or a literature database 1618. The main server system can be connected to
a network 1620. The network can be configured to connect the main server to one or more
implant production facility systems 1626, one or more medical facility client systems 1622,
and/or one or more user access point systems 1624.

The image analysis module 1604 may function by providing image analysis and/or
related functions as described herein. The case simulation module 1606 may function by
performing surgical planning, case simulation, and/or related functions as described herein.
The intra-operative tracking module 1608 may function by performing intra-operative tracking
and/or related functions as described herein. The data utilization module 1610 may function
by retrieving and/or storing data from and to one or more databases and/or related functions as
described herein. The predictive modeling module 1628 may function by performing one or
more predictive modeling processes as described herein.
The plan database 1612 may provide a collection of all plans that have been generated
by the system and/or related data. The operation database 1614 may provide a collection of
all surgical operations that have been performed utilizing the system and/or related data. The

surgeon database 1616 may provide a collection of all surgeons who have utilized the system
and/or related data, such as surgeon preferences, skill levels, or the like. The literature database
1618 may provide a collection of scientific literature related to spinal surgery.

Computer System
In some embodiments, the systems, processes, and methods described herein are

implemented using a computing system, such as the one illustrated in Figure. 17. The example
computer system 1702 is in communication with one or more computing systems 1720 and/or
one or more data sources 1722 via one or more networks 1718. While Figure 17 illustrates an

embodiment of a computing system 1702, it is recognized that the functionality provided for
in the components and modules of computer system 1702 may be combined into fewer
components and modules, or further separated into additional components and modules.
The computer system 1702 can comprise a patient-specific spinal treatment, operations,
and procedures module 1714 that carries out the functions, methods, acts, and/or processes
described herein. The patient-specific spinal treatment, operations, and procedures module
1714 is executed on the computer system 1702 by a central processing unit 1706 discussed

further below.
In general, the word "module," as used herein, refers to logic embodied in hardware or

firmware or to a collection of software instructions, having entry and exit points. Modules are

written in a program language, such as JAVA, C or C++, PYPHON or the like. Software
modules may be compiled or linked into an executable program, installed in a dynamic link
library, or may be written in an interpreted language such as BASIC, PERL, LUA, or Python.
Software modules may be called from other modules or from themselves, and/or may be

invoked in response to detected events or interruptions. Modules implemented in hardware
include connected logic units such as gates and flip-flops, and/or may include programmable
units, such as programmable gate arrays or processors.
Generally, the modules described herein refer to logical modules that may be combined
with other modules or divided into sub-modules despite their physical organization or storage.
The modules are executed by one or more computing systems, and may be stored on or within

any suitable computer readable medium, or implemented in-whole or in-part within special
designed hardware or firmware. Not all calculations, analysis, and/or optimization require the
use of computer systems, though any of the above-described methods, calculations, processes,
or analyses may be facilitated through the use of computers. Further, in some embodiments,
process blocks described herein may be altered, rearranged, combined, and/or omitted.
The computer system 1702 includes one or more processing units (CPU) 1706, which

may comprise a microprocessor.

The computer system 1702 further includes a physical

memory 1710, such as random access memory (RAM) for temporary storage of information,
a read only memory (ROM) for permanent storage of information, and a mass storage device
1704, such as a backing store, hard drive, rotating magnetic disks, solid state disks (SSD), flash
memory, phase-change memory (PCM), 3D XPoint memory, diskette, or optical media storage
device. Alternatively, the mass storage device may be implemented in an array of servers.

Typically, the components of the computer system 1702 are connected to the computer using
a standards based bus system. The bus system can be implemented using various protocols,
such as Peripheral Component Interconnect (PCI), Micro Channel, SCSI, Industrial Standard
Architecture (ISA) and Extended ISA (EISA) architectures.
The computer system 1702 includes one or more input/output (I/O) devices and
interfaces 1712, such as a keyboard, mouse, touch pad, and printer. The I/O devices and
interfaces 1712 can include one or more display devices, such as a monitor, that allows the
visual presentation of data to a user. More particularly, a display device provides for the

presentation of GUIs as application software data, and multi-media presentations, for example.
The I/O devices and interfaces 1712 can also provide a communications interface to various
external devices. The computer system 1702 may comprise one or more multi-media devices
1708, such as speakers, video cards, graphics accelerators, and microphones, for example.

The computer system 1702 may run on a variety of computing devices, such as a server,
a Windows server, a Structure Query Language server, a Unix Server, a personal computer, a
laptop computer, and so forth. In other embodiments, the computer system 1702 may run on
a cluster computer system, a mainframe computer system and/or other computing system
suitable for controlling and/or communicating with large databases, performing high volume
transaction processing, and generating reports from large databases. The computing system
1702 is generally controlled and coordinated by an operating system software, such as z/OS,

Windows, Linux, UNIX, BSD, SunOS, Solaris, MacOS, or other compatible operating
systems, including proprietary operating systems. Operating systems control and schedule
computer processes for execution, perform memory management, provide file system,
networking, and I/O services, and provide a user interface, such as a graphical user interface
(GUI), among other things.
The computer system 1702 illustrated in Figure 17 is coupled to a network 1718, such
as a LAN, WAN, or the Internet via a communication link 1716 (wired, wireless, or a

combination thereof). Network 1718 communicates with various computing devices and/or
other electronic devices. Network 1718 is communicating with one or more computing
systems 1720 and one or more data sources 1722. The patient-specific spinal treatment,
operations, and procedures module 1714 may access or may be accessed by computing systems
1720 and/or data sources 1722 through a web-enabled user access point. Connections may be

a direct physical connection, a virtual connection, and other connection type. The web-enabled
user access point may comprise a browser module that uses text, graphics, audio, video, and
other media to present data and to allow interaction with data via the network 1718.
Access to the patient-specific spinal treatment, operations, and procedures module
1714 of the computer system 1702 by computing systems 1720 and/or by data sources 1722

may be through a web-enabled user access point such as the computing systems' 1720 or data
source's 1722 personal computer, cellular phone, smartphone, laptop, tablet computer, e-reader

device, audio player, or other device capable of connecting to the network 1718. Such a device
may have a browser module that is implemented as a module that uses text, graphics, audio,
video, and other media to present data and to allow interaction with data via the network 1718.
The output module may be implemented as a combination of an all-points addressable
display such as a cathode ray tube (CRT), a liquid crystal display (LCD), a plasma display, or
other types and/or combinations of displays. The output module may be implemented to
communicate with input devices 1712 and they also include software with the appropriate
interfaces which allow a user to access data through the use of stylized screen elements, such
as menus, windows, dialogue boxes, tool bars, and controls (for example, radio buttons, check

boxes, sliding scales, and so forth). Furthermore, the output module may communicate with a
set of input and output devices to receive signals from the user.
The input device(s) may comprise a keyboard, roller ball, pen and stylus, mouse,
trackball, voice recognition system, or pre-designated switches or buttons. The output
device(s) may comprise a speaker, a display screen, a printer, or a voice synthesizer. In
addition a touch screen may act as a hybrid input/output device. In another embodiment, a
user may interact with the system more directly such as through a system terminal connected
to the score generator without communications over the Intemet, a WAN, or LAN, or similar
network.
In some embodiments, the system 1702 may comprise a physical or logical connection
established between a remote microprocessor and a mainframe host computer for the express
purpose of uploading, downloading, or viewing interactive data and databases on-line in real
time. The remote microprocessor may be operated by an entity operating the computer system
1702, including the client server systems or the main server system, and/or may be operated

by one or more of the data sources 1722 and/or one or more of the computing systems 1720.
In some embodiments, terminal emulation software may be used on the microprocessor for
participating in the micro -mainframe link.
In some embodiments, computing systems 1720 who are internal to an entity operating
the computer system 1702 may access the patient-specific spinal treatment, operations, and
procedures module 1714 internally as an application or process run by the CPU 1706.

The computing system 1702 may include one or more internal and/or external data
sources (for example, data sources 1722). In some embodiments, one or more of the data
repositories and the data sources described above may be implemented using a relational
database, such as DB2, Sybase, Oracle, CodeBase, and Microsoft® SQL Server as well as
other types of databases such as a flat-file database, an entity relationship database, and objectoriented database, and/or a record-based database.
The computer system 1702 may also access one or more databases 1722. The databases
1722 may be stored in a database or data repository. The computer system 1702 may access

the one or more databases 1722 through a network 1718 or may directly access the database or
data repository through I/O devices and interfaces 1712. The data repository storing the one
or more databases 1722 may reside within the computer system 1702.
In some embodiments, one or more features of the systems, methods, and devices
described herein can utilize a URL and/or cookies, for example for storing and/or transmitting
data or user information. A Uniform Resource Locator (URL) can include a web address
and/or a reference to a web resource that is stored on a database and/or a server. The URL can
specify the location of the resource on a computer and/or a computer network. The URL can
include a mechanism to retrieve the network resource. The source of the network resource can
receive a URL, identify the location of the web resource, and transmit the web resource back
to the requestor. A URL can be converted to an IP address, and a Domain Name System (DNS)
can look up the URL and its corresponding IP address. URLs can be references to web pages,
file transfers, emails, database accesses, and other applications. The URLs can include a

sequence of characters that identify a path, domain name, a file extension, a host name, a query,
a fragment, scheme, a protocol identifier, a port number, a username, a password, a flag, an
object, a resource name and/or the like. The systems disclosed herein can generate, receive,
transmit, apply, parse, serialize, render, and/or perform an action on a URL.
A cookie, also referred to as an HTTP cookie, a web cookie, an internet cookie, and a
browser cookie, can include data sent from a website and/or stored on a user's computer. This
data can be stored by a user's web browser while the user is browsing. The cookies can include
useful information for websites to remember prior browsing information, such as a shopping
cart on an online store, clicking of buttons, login information, and/or records of web pages or

network resources visited in the past. Cookies can also include information that the user enters,
such as names, addresses, passwords, credit card information, etc. Cookies can also perform
computer functions. For example, authentication cookies can be used by applications (for
example, a web browser) to identify whether the user is already logged in (for example, to a
web site). The cookie data can be encrypted to provide security for the consumer. Tracking
cookies can be used to compile historical browsing histories of individuals. Systems disclosed
herein can generate and use cookies to access data of an individual. Systems can also generate
and use JSON web tokens to store authenticity information, HTTP authentication as
authentication protocols, IP addresses to track session or identity information, URLs, and the
like.

Although the embodiments discussed herein generally relate to patient-specific spinal
treatment, operations, and procedures, the systems, methods, and devices disclosed herein can
be used for any non-spinal patient-specific treatment, operations, and procedure as well. Also,
the systems, methods, and devices disclosed herein can be used with x-ray, MRI, CT, or any
other imaging systems or devices that produce two-dimensional and/or three-dimensional
medical image or video data.
Although this invention has been disclosed in the context of certain embodiments and
examples, it will be understood by those skilled in the art that the invention extends beyond
the specifically disclosed embodiments to other alternative embodiments and/or uses of the
invention and obvious modifications and equivalents thereof. In addition, while several
variations of the embodiments of the invention have been shown and described in detail, other
modifications, which are within the scope of this invention, will be readily apparent to those
of skill in the art based upon this disclosure. It is also contemplated that various combinations
or sub-combinations of the specific features and aspects of the embodiments may be made and
still fall within the scope of the invention. It should be understood that various features and
aspects of the disclosed embodiments can be combined with, or substituted for, one another in

order to form varying modes of the embodiments of the disclosed invention. Any methods
disclosed herein need not be performed in the order recited. Thus, it is intended that the scope
of the invention herein disclosed should not be limited by the particular embodiments described
above.

Conditional language, such as, among others, "can," "could," "might," or "may,"
unless specifically stated otherwise, or otherwise understood within the context as used, is
generally intended to convey that certain embodiments include, while other embodiments do
not include, certain features, elements and/or steps. Thus, such conditional language is not
generally intended to imply that features, elements and/or steps are in any way required for one
or more embodiments or that one or more embodiments necessarily include logic for deciding,
with or without user input or prompting, whether these features, elements and/or steps are
included or are to be performed in any particular embodiment. The headings used herein are
for the convenience of the reader only and are not meant to limit the scope of the inventions or
claims.

Further, while the methods and devices described herein may be susceptible to various
modifications and alternative forms, specific examples thereof have been shown in the
drawings and are herein described in detail. It should be understood, however, that the
invention is not to be limited to the particular forms or methods disclosed, but, to the contrary,
the invention is to cover all modifications, equivalents, and alternatives falling within the spirit
and scope of the various implementations described and the appended claims. Further, the
disclosure herein of any particular feature, aspect, method, property, characteristic, quality,
attribute, element, or the like in connection with an implementation or embodiment can be used
in all other implementations or embodiments set forth herein. Any methods disclosed herein

need not be performed in the order recited. The methods disclosed herein may include certain
actions taken by a practitioner; however, the methods can also include any third-party
instruction of those actions, either expressly or by implication. The ranges disclosed herein
also encompass any and all overlap, sub-ranges, and combinations thereof. Language such as

"up to," "at least," "greater than," "less than," "between," and the like includes the number
recited. Numbers preceded by a term such as "about" or "approximately" include the recited

numbers and should be interpreted based on the circumstances (e.g., as accurate as reasonably
possible under the circumstances, for example ±5%, ±10%, ±15%, etc.). For example, "about
3.5 mm" includes "3.5 mm." Phrases preceded by a term such as "substantially" include the

recited phrase and should be interpreted based on the circumstances (e.g., as much as
reasonably possible under the circumstances). For example, "substantially constant" includes

"constant." Unless stated otherwise, all measurements are at standard conditions including
temperature and pressure.
As used herein, a phrase referring to "at least one of a list of items refers to any

combination of those items, including single members. As an example, "at least one of: A, B,
or C" is intended to cover: A, B, C, A and B, A and C, B and C, and A, B, and C . Conjunctive

language such as the phrase "at least one of X, Y and Z," unless specifically stated otherwise,
is otherwise understood with the context as used in general to convey that an item, term, etc.

may be at least one of X, Y or Z . Thus, such conjunctive language is not generally intended
to imply that certain embodiments require at least one of X, at least one ofY, and at least one

of Z to each be present.

CLAIMS
1.

A system for providing intraoperative tracking to assist spinal surgery, the

comprising:

two or more active sensors (1302), wherein each of the two or more active
sensors (1302) comprises one or more accelerometers and/or one or more gyroscopes;

two or more attachment devices, wherein each of the two or more attachment
devices comprises one or more of said active sensors (1302), a power source, and a
wireless transmitter, wherein the two or more attachment devices are configured to be
attached to two or more vertebrae in a configuration such that two of three axes of
position data to be collected by the two or more active sensors are on a plane assumed
to be parallel, or substantially parallel with a determinate angle, to a sagittal plane of a

patient for spinal surgery,
wherein when the two or more attachment devices are attached to two or more
vertebrae during spinal surgery, each of the two or more active sensors (1302) are
configured to provide position and/or orientation data of each of the two or more
vertebrae to which each of the two or more attachment devices are attached to;
one or more computer readable storage devices configured to store a plurality

of computer executable instructions; and
one or more hardware computer processors in communication with the one or

more computer readable storage devices and configured to execute the plurality of

computer executable instructions in order to cause the system to:
receive the position and/or orientation data from the wireless transmitter
of each of the two or more attachment devices in substantially real-time;
dynamically determine, based at least in part on the position and/or
orientation data and using gravity as a common reference among the position
and/or orientation data received from the wireless transmitter of each of the two
or more attachment devices, the position and/or orientation of the two or more

vertebrae to which the two or more attachment devices are attached to;
dynamically generate one or more performance metrics for spinal
surgery based at least in part on comparing the determined position and

orientation of the two or more vertebrae to which the two or more attachment
devices are attached to with a predetermined surgical plan; and

dynamically generate, based at least in part on the generated one or more
performance metrics, guidance instructions for performing spinal surgery.
2.

The system of Claim 1, wherein each of the one or more active sensors ( 1302)

is configured to be an inertial measurement unit in with six degrees of freedom.
3.

The system of Claim 1, wherein each of the one or more active sensors (1302)

is configured to be an inertial measurement unit with nine degrees of freedom.

4.

The system of Claim 1, wherein each of the two or more attachment devices

comprises a vertebral anchor.
5.

The system of Claim 1, wherein the two or more attachment devices comprises

a vertebral screw.
6.

The system of Claim 5, wherein the vertebral screw is a monoaxial screw

comprising at least one sensor (1302).
7.

The system of Claim 5, wherein the vertebral screw is a polyaxial screw

comprising at least one sensor (1302).
8.

The system of Claim 1, wherein the two or more attachment devices comprises

a surgical tool (1400).
9.

The system of Claim 1, wherein the two or more attachment devices comprises

a screw (1306), nut, anchorage, and/or other implant and an additional housing structure (1410)
configured to be coupled to said screw (1306), nut, anchorage, and/or other implant, this
additional housing structure (1410) comprising said one or more active and/or passive sensors
(1302).

10.

The system of Claim 9, wherein the additional housing structure (1410) is

configured to be used with and/or coupled to a removable handle (1412) that is usable for
affixing the screw (1306), nut, anchorage, and/or other implant to the vertebrae.
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