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(57) Abstract: An individualized preoperative planning system for fracture fixation constructs provides fracture assessment before
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then provided to surgeons enabling surgeons to view, adjust and optimize their fracture fixation construct designs.
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INDIVIDUALIZED PREOPERATIVE PLANNING SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a PCT application claiming the priority of U.S. Provisional Patent

Application Senal No. 62/168,128, filed May 29, 2015,

FIELD OF INVENTION
The present invention is generally related to methods and systems for patient-specific
praoperative planning, specifically for orthopaedic surgerias such as fracture fixation implant

surgical treatments.

BACKGROUND OF THE INVENTION

Orthopaedic frauma is a leading cost in healthcare. Human-computer interfaces hold
promise to allow physicians to more readily visualize and mteract with scientific and engineering
data to improve medical surgeries and treatments. In orthopaedics, mechanics play an important
role in determining clinical outcome (for example, implanis can fail, and tissue straing affect
healing), but for surgeries such as fracture fixation, 3D biomechanics can be complex. Currently
surgeons are not able to readily visualize and optimize these 3D biomechanics, leading to
suboptimal treatroents, sometimes revisions surgeries, and time inefficiencies in planning and
surgery execution in the operating room. Furthermore the fraining of surgeons is lacking in this
area because there is currently no way to accurately visualize how the myriad of possible chotces
in a surgery affect variables such as stresses and strains. Currently climicians operate on patients

based largely on training, experience and infuition.

SUMMARY OF THE INVENTION

The present invention helps to determine the optiral orthopaedic surgery for a patient.
in surgical repair of fractures, the surgeon must design a mechanical construct in a manner such
that it provides adequate stability for healing and does not lead to implant faihure.

In Jocked plate fracture fixation there are many available options in geometric
configurations, sizes, and materials. These options include but are not limited to fracture plate
fength, number of screws, screw configurations, and fracture gap size. These variables affect
stresses in the implanis and stability of the fracture healing site, and strains in healing tissue can
substantially affect fracture healing. To optinuze fracture fixation surgeries and improve

outcomes for patients, it is important to understand these biomechanical principles. However the
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three-dimensional biomechanics associated with locked plate fixation can be complex and

nvolves interactions among the vartables of the fixation design.

An individualized preoperative planning system according to the invention can be used
by surgeons for designing fracture fixation implant surgeries based on individual patient data.
The individualized preoperative planming system may include an input module for receiving the
individual patient data such as imaging data of fracture injuries. The imaging data may include
CT scan, MR], or X-ray imaging. The individual patient data further includes bone density, bone
shape, soft tissue anatomy, patient age, sex, weight, smoking status, and other data relevant for
fracture fixation,

The individualized preoperative planning system may also process the patient data 1o
provide a basis for finite element modeling of a series of possible fixation constructs for the
fracture injury. This can use modeling directly from segmenting CT images, use of statistical
shape models, or choice of a generic model from a library collection of such models which best
matches the patient.

The systern may also performn computer experiments such as parametric finite element
simulations to characterize possible fracture fixation designs. The finite element model may be a
novel image-based modularized-block finite element model.

The system is configured to receive the design parameters inpuis and constramnis from the
surgeon and provide biomechanics output for the design to the surgeon.

The system may also develop surrogate models relating the design parameters 1o the
biomechanics outputs.

The systermn may also be configured (o map the biomechanics outputs graphically using
30 arumated bodies and 3D field plots.

The system may also provide the capabilities o plot the design parameters and the
biomechanics with madtivariate plots, by which the user is able to specily data poinis or ranges
by clicking within the multivariate plots and the computer 15 able to identify the fracture fixation
constructs that correspond to the specified data points or ranges clicked by the user within the
plots.

The systern may be capable of identifving candidates for optimal fixation constructs
based on searching the results of the plurality of simulated designs or use of the surrogate
models.

The individualized preoperative planning system may include a database for storing the

design data of fixation designs, finite element models and surrogate models of designs. The
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database may be populated by running and saving computer simulations, before or during the
preoperative planning process.

The fixation implant may be a plate fixated on a fractured bone with screws, an
intramedullary nail, or other implant.

An individualized preoperative planning system may be configured to include the plate
fength, fracture gap size, number of the screws, positions of the screws and plate material as
design input data.

An individualized preoperative planning system in accordance with the present invention
may be configured {o provide the biomechanics output including maximurn stresses of the plate
and the screws, stiffness of fracture fixation and stramn at the fracture gap. Other velated outputs
include motions, predicted hardware fatigue life, predicted healing, and predicted hardware and
surgical costs.

An individualized preoperative planning system in accordance with the present invention
may be configured to develop the response surface model for each biomechanics output.

An individualized preoperative planning system in accordance with the present invention
may provide visual data such as rotatable 3D images of fracture, 3D model manipulation, 3D
plots superposed on 3D model, static or animated, and multivariate data plotting including but
not limited to numeric, 20 & 3D plots of outpuis vs. inputs, glyph, histogram, scatter matrix,
brushing, parallel coordinates plots, etc. For exarnple, an interactive paraltel coordinates plot
allows plotting of some or all of the design variables defining the fracture fixation construct
design, and biomechanical outputs together. This plot also enables the user to select ranges of
acceptable values for specific variables and narrow down the possible designs in order to idenufy
optimal ireatment.

In addition to the designs of the constructs, the design parameters may also include

parameters defining a custom designed implant,

BRIEF DESCRIPTION OF THE FIGURES
Figure 1 is a flowchart showing a method for providing an individualized preoperative plan in
accordance with the present invention;
Figure 2 1s a block diagram of an embodiment of an individualized treatment planming system in

accordance with the present invention;
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Figure 3 is a sample listing of combinations of plate length, fracture gap, number of screws, and
associated screw posttions for creating fracture fixation designs used for subsequent FEA
simulations and surrogate model fitting;

Figure 4 1s a view of modular components used to buld finite element models of the fracture
fixation construct, design vanables of the fracture fixation construct design and an example of
the fracture fixation construct design;

Figure 5 is a schematic showing an example of an FE maodel of subtrochantreric femur fracture
fixation with a lateral plate and screws into the bone; {A) design variables defining the fracture
paitern and surgical fixation are shown; (B) loading and boundary conditions are shown;
Figure 6 provides scatter plots showing example fits between surrogate statistical model-
predicted values and FE mode! “observed” values that are used to fit the surrogate model {top
row}; the bottom row shows plots of leverage vs. R-Student {or the same models;

Figure 7 is a table showing a number of regressors and the resulting R fit for the full quadratic
surrogate model and the various simplified surrogate models tested: the simplified surrogate
model using the R’-based selection (5%) method (shaded column) is llustrated in Figure &;
Figure § is a table showing regression coefficients for the surrogate model using the R value
(8%}, these coefficients combine to form hinear eguations as shown in Figure 9 for predicting
each respective output variable; units of variables are provided in Figure 4 (E);

Figure 9 is a table showing hinear equations formed with the regression coefficients tlustrated in
Figure §;

Figure 10 provides plots showing response surfaces based on the R’-based selection simplified
surrogate models reported in Figure 7; the dots are the FEA results used to fit the surrogate
models; {A) and (C) iHustrate the stifthess of the fracture fixation consiruct response surface as a
function of Linner and Ejwprane: (B) and (D) ltustrate the shear strain response surface as a
function of dgap and Liner:

Figure 11 15 an illustration showing an embodiment of a graphical user interface {or femur
fracture fixation in accordance with the present invention;

Figure 12 is an illustration showing a snapshot of an embodiment of an interactive computer
interface for training in accordance with the present invention;

Figure 13 1s an illustration showing another snapshot of an embodiment of graphical user
interface for training in accordance with the present invention;

Figure 14 is an illustration showing an example of a resulting plot generated from the graphical
interface shown in Figures 12 and 13;

Figure 15 15 an illustration showing an example of an interactive parallel coordinate plotting; and
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Figure 16 is an illustration showing an example of a pairwise correlaiion analvsis between design

variables and biomechanics output.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Overview of method

The flow chart shown in Fig. 1 illustrates a novel method for providing an optimized and
personalized patient treatment plan. First, an image-based 3B model 1s determined based on
palient imaging data such as CT scans, MRI, and x-rays etc. of specific bone fractures. This
model may be constructed during preoperative planmung for a patient, or selected from a pre~
existing database in order to adequately match the patient. Based on the bone and fracture
geometry of this imaged-based model, 3D fintte element models of the various fracture fixation
designs can be constructed. The novel 3D fnite element models utilize modularized blocks and
simplified finite elements {such as beams used to represent screws} to perform computer
experiments. Computer experiments refer to parametric variation of the inpuis of a computer
model to generate large numbers of designs. A novel model assembly approach is used (o enable
generation of hundreds of fracture fixation designs in an automated fashion. The fixation
designs include variations in plate length, hardware material, screw locations, and fracture gap
Si7e.

Clinically important biomechanical outputs of the designs include but are not hinuted to
maximum stress within the plates and screws, interfragmentary displacement, and construct
stiffness.

The systerm requires interaction with the surgeon. The surgeon places constraints on the
design variables based on soft fissue damage present in the patient, available troplants, and
experience. Furthermore determining optimal treatment mvolves simultaneously trying to
optimize multiple objectives (e.g. reducing hardware stresses while providing adequate fracture
gap strains), in which case the surgeon must evaluate tradeoffs between these objectives and
make final freatment decisions. This 1s made possible by data visualization.

Data visualization may be realized using significant pairwise correlation analvsis between
design parameters and the biomechanics outputs, as ilhustraled in Fig. 16,

Fig. 16 (A) shows all unsupported fracture types (3, 10, and 20 mm} for the femur
fixation modeling also displayed in Fig. 11 with 500N load (n=664). Fig. 16 (B) shows 10 mm
fracture gap and 500 N load (n=272). Black dots indicate FE resuli, and colors indicate data
density. Tn unsupported fracture types, the most influential varables in determining plate

maximum stress and screw maximum stress are total working length WL, and top working
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fength WL, Gap size was highly influential on gap strain as expected. For the 10 mm gap
unsupported fracture type, the gap strain was increased with the increase of WL as shown in
Fig 16(B).

Data visualization may be realized using multivariate plots such as parailel coordinates
plots, as shown in Fig. 15, Figure 15 shows mteractive paraliel coordinate plotiing based on the
ferour fixation modeling also displayved in Figure 11. Each connected polyline represents a
single fracture fixation construct. {A)1s a plot for all fracture fixation constructs with 10 mm
gap unsupported fracture tvpe and 500N load (n=272}. In (B), optimal constructs {n=4) were
rdentified by hmiting {red highlight) to the smaller plate length, maximuom plate and screw
stresses below endurance lumit of 450 MPa for 316L S8, and fracture gap sirain below 40%.

Multivariate data plot allow plotting of all the design and owtput variables together for all
possible treatments. The surgeon can interact with the plots by selecting acceptable ranges for
certain variables and view the corresponding fracture fixation construct designs. The surgeon
can narrow down the treatments and look for patterns to inform treatment,

Data visnalization may also be realized based on the surrogate models. These statistical
response surfaces such as the one shown i Fig. 10 can offer (1) insights into which input
parameters have a large effect on the output and which do not; (2) prediction of output for a new
combination of inputs; and (3} design optimization o determine the best combination of inputs.

In addition to data visualization, a user may interact with the data using a graphical
interface. A user may be presented with fracture cases and may create a series of fracture repair
constructs. Upon each adjustment of the construct, the resulting 31 stresses and strains across
the fracture site and implant will be immediately displaved. Success or failure in achieving
cerfain bigmechanical criteria will be displayed. Surgeons can rely on these {eedbacks and
combine with chinical standards and their own expernience to optirnize an individualized patient

treatment plan.

Overview of an immdividualized treatment planning system

Fig. 2 illustrates a block diagram of an individualized treatment planning svstem. The
processing unit 12 includes a fracture assessment module 14, a design simulation module 16 and
a design assessment module 18, The external patient data 30 is received by the fracture
assessment module 14 for analysis. The external patient data 30 includes but 1s not limited 1o
imaging data such as CT scans, MRI, and x-rays etc. of a patient’s specific bone fractures. The
fracture assessment modale 14 gtilizes a model to evaluate the fracture {ixation. This model may
be a 3D fintte element model. This model may be constructed during preoperative planning for a

patient, or selected from a pre-existing database in order to adequately match the patient. A
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corresponding appropriate fracture fixation implant and construct is then recommended. Within
the design simulation module 16, a large number of finite element model simulations of all
possible designs are performed ahead of time with a range of different values for fracture tvpes,
fracture sizes and fixation construct design parameters. The results of the simulations are saved
in the database 20 and can be ratrieved by the design assessmeni module 18. The results include
the design parameters and the biomechanics performance of the designs. The design assessment
module can utilize these results in a number of ways. These resulis can be used to generate 2D,
3D or multivanate plots depicting the relationship between the design parameters and
biomechanics culputs. The large nomber of resulls can also be used to develop a surrogale
model.

Within the design simulation module 16, a surrogate model or response surface can be
generated for each biomechanical criteria that gives an estimate of each biomechamcal criteria as
a function of the fracture type, fracture size and fixation implant design parameters using the
farge number of finite element model simulation results.

A surgeon can manipulate the design parameters through the user interactive display 22.
The design assessment module 18 recetves the design parameters inpui from the user interactive
display 22 and communicates to the design simulation module 16, The biomechanics
corresponding o the user design input is then computed based on the swrrogate model and then
sent back to the user mieractive display 22 for the surgeon to view. The surgeon can view the
results and compare with the value of each biomechanical criteria that 15 optimal for the patient
healing and decide whether it is necessarv to modify the design accordingly.

The user mteractive display 22 mav also be an interactive plot such as a multivariate plot,
e.g., a parallel coordinates plot. On these plots, the surgeon can select points or ranges of design
pararoeters or biomechanics outputs and the design assessment module will enable the surgeon to
view the corresponding fracture fixation construct design and help the surgeon to narrow down

the designs for optimal treatments.

Interactive human-computer interfaces

Interactive human-computer interfaces enable phvsicians, researchers and students o
visualize biomechanics and manipulate it through design. The system allows users to select and
modify the fixation design parameters such as the implant shape, number of screws and positions
of the screws. Fig. 11 shows an embodiment of the interactive graphic interface for the
individualized preoperative planning systermn. Via thas interface, users can select the fracture gap
size and nurnber of screws.  Then the system will present the user with a rotatable 3D iruage of

the locking plate fixated on the fracture site. The user, usually a surgeon, will create a series of
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fracture repatr constructs. Upon each adjustment of the construct, the resulting 3D siresses and
strains across the {racture site and implant will be immediately animatedly displaved. Thus
visuahization 15 a hlugh fidelity improvement over what many surgeons often atternpt within their
minds during preoperative planning but tvpically can only crudely approximate {at best)
especially in more complex cases. The immediate update is made possible because the finite
element model simulations of all possible fixation designs have been previously computed with
results stored in a database that can be quickly retrieved by the system. In this example shown in
Fig. 11, two types of plates may be selected, a 7-hole plate or a 9-hole plate. A fracture type and
fixation type may be selected through this interface. Various fracture and fixation types include
simple transverse without compression, simple transverse with compression, transverse with 3
mm gap, transverse with 10 mum gap, transverse with 20 mun gap, oblique with medial point
contact, oblique with medial half contact, oblique with lateral point contact and oblique with
fateral half contact. Amimate loading may be done through this interface. Fracture fixation
designed may be saved. The interface displays 31 deformed bodieas (bones) and 3D field plois
based on the selected fracture type and design iype.

Fig 12 shows an interactive computer interface for training purposes. Fig. 12 ilustrates
a snapshot of the interface before any selection 1s made. On this interface, a user may select the
type of plate which indicates the length of the plate and the number of holes in the plate; the
material of the plate; the fracture gap size; the tissue type, the type and magnitude of the load on
the hone; the screw locations; and the type of display for the resulis to be displayed. In Fig. 13,
the same interface is shown but the exemplary selections have been made. Fig 14 shows an
example of the visual feedback related o a particular design available for the physicians to view.

Fig 15 shows an example multivariate data plot that allows plotting all the design and
output variables together for all possible treatments. The surgeon can look for patterns to mform
treatment, and/or select acceptable ranges for certain variables and narrow down the treatmenis
which meet these criteria. This and other muilii~ and univanate plotiing capabilities (e.g. Fig. 10}
are being integrated into the interfaces shown in Figs. 11 & 12 so that the user can interact with

the hiomechanics data in multiple ways.

Detatled description of method

a. Finite element model cases

Fig. 5 shows an example of a finite element model of a subtrochantreric femur fracture
fixation with a laieral plate and screws inio the bone. The fracture patiern 1s defined by the
fracture gap size and whether the fracture s with or without partial contact. Fracture fixation is

defined by the total working length (or outer working length} of the plate, the top working length
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(or the inner working length) of the plate, the number of screws and the positions of the screws.
Generic plates are 176 (7-hole) and 217 (9-hole) mn tength. Screws are 7.3 mm diameter
cammulated locking screw and 5.0 mam diameter solid locking screw. Screw density is the
number of screws / number of total possible screws.

As a simple representative case of locked plated fracture fixation, diaphyseal midshafi
fracture fixation is modsled such as would occur in the treatment of a nudshaft femur, ttbia, or
humerus fracture (Figs. 3 & 4). Fig 3 shows an example listing of combinations of plate length,
fracture gap, number of screws, and associated screw posttions for creating fracture fixation
designs used for subsequent FEA simulations and surrogate model fitting. A total of 774 frachure
fixation designs were modeled n this example. The long bone was modeled with a hollow
cylinder for cortical bone (30 mm outer diameter and 4.3 nun cortical thickness). Fractures were
stmulated with simple transverse cuts, and seven cases for fracture gap sizes were considered
{dgap = 2.5, 10,15, 20, 25, and 30 mm). Five lengths of plate (4.5 mm Narrow Locking
Compression Plate, Depuy Synthes) were modeled: Lye{ hole#) = 152 cm (8), 18.8 cm (10,
224 em {12}, 26 cm (14) and 29.6 ¢m (16) holes plate, and locking screws were modeled (5 mim
diameter, Synthes). Additional model input variables that are varied include screw
configuration, implant materials (stainless steel and titanium allov), and loading type (axial and
torsion). For automatic creation of all fixation designs, modularized finite element models for
bone, plate and screw are created using Abaqus {ver 6.13-2, Dassault, Providence, RI} and
assembled using custorm-written code 1n Matlab (verl4, Mathworks, Natick, MA). Fig. 4 shows
modular componentis used to build full models. Fig 4{A) shows bones with or without a screw
hole. Fig. 4(B}) shows locking plate parts. Fig. 4(C) shows a locking screw. Fig. 4{F) shows a
virfual 8-node hexahedral element at the fracture gap used to compute maximum shear strain in
that region.  Fig. 4(E) shows design variables of fracture fixation designs which serve as
regressors in the response surface statistical models. Fig. 4(E) shows an example of a fracture
fixation design achieved by avtomated assembly of the bone, plate, and screw parts, in this case

with a 5 mom fracture gap, 14 hole plate, and screws positioned at holes 1, 3, and 6.

b. Finite elements

Cuadratic tetrahedral elements are utilized for the plate model which ts meshed from
manufacturer-supplied CAD files, and hexahedral elements are used to model the bone and
screws. Mesh convergence testing is performed using a range from 80,000 to 1,401,000 total
elements. Using approximately 100,000 elements, results (gap displacement, construct stiffness,
and maximum stress) converge with less than a 2-8% difference compared to the roodel with the

fargest number of elements.



10

25

30

35

WO 2016/196443 PCT/US2016/034978

¢. Materials, interactions and constragnts

A transversely isotropic linear elastic matenal model 15 used for the cortical bone (Ex=17
GPa, Ey=Ez=11.5 GPa, vxy=vx,=0.31, vyz=0.58, Gxy=0x,=3.3 GPa, Gyz=3.6 GPa). Fracture
fixation implants are modeled as linear 1sotropic matertals (stainless steel: E= 200 GPa, v=0.3
and titanium: E=110 GPa, v=0.3). Coulomb friction (u=0.3) 1s assumed for the swrface
interaction between plate and bone. The surfaces between the thread of the locking screw head
and plate are tied together, and the surface between the locking screw thread and bone hole are
tied together. Axial compression loading of 400 N is applied to the proximal end of the bone 1o
simulate postoperative toe-touching weight bearing, and the distal end of the long bone is rigidly
fixed. For torsional loading, 2 Nnu is applied to the proximal end of the long bone. In both
foading cases, proximal end {ransiations are constrained in directions perpendicular to the long

axis of the bone.

d. Finite element model outputs

Maxioum von Mises stresses of the plate (Opue_max) a0d 5TeWS (O gorow max) a7€
determined. Stresses at the interfaces between the screw heads and the plate holes are ignored
because of difficulty in accurately modeling these threaded interfaces, and because these
interfaces do not tend to fail climeally. The stiffness of the fracthure fixation consiruct (A, and
Fiorsion) 18 computed as the ratio of applied load {axial or torsional) to proximal bone
displacement {axial or rotational). In order to determine interfragmentary strain at the fracture
gap, a virtual 8-node hexahedral element connecting the two bone ends af the fracture gap is
utilized (Fig. 4(E}). The deformation gradient of the virtual hexahedral element is calculated by
the shape function based on nodal displacements. The Green stram tensor is then obtained from
the deformation gradient. Maximum shear strain at the fracture gap (€gear) is calcnlated from the

maximum and mimmum principal strams.

e. Full quadratic regression models

Polynomial regression models, or response surfaces, are developed for each model output
separately with the statistical software SAS (Release 9.3, SAS Institute Inc., Cary, NC). The
regressor variables are defined based on the modeling inputs and included plate length (L e ).
{racture gap size (dgyp), number of screws (N ), screw working lengths between inner screws (
Linner). and between outer screws {Loyer), and hardware matenal elastic modulus (Eimptan ).
Linear, quadratic, and interaction forms of the regressors (a total of 26) are included in the full

models: six linear regressor variables, 5 quadratic regressor variables, and 15 interactive

10
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regressor variables. The biomechanical results of Gpiae_max 884 Gew max. CONStruct
stiffness{kaxia and Kiowion), and octahedral shear strain of fracture gap (Euears are defined as

response variables,

f. Simplified regression models

Because full quadratic models (26 regressors) are complex and can be challenging to
interpret, simplified models with a smaller number of the more influential regressors are also fit.
Six different approaches for simplified regression models are tested, in which new models are fit
{(treating each response variable separately}):
(1) Full quadratic: using all 26 regressors as defined in previous section;
{2} Significant regressors: using the subset of regressors that are statistically significant (p<0.05)
from the full quadratic model;
(3)R 2-based selection (1%): a model with the least number of regressors which produced an R?
value lass than 1% different than that of the full quadratic model{ REGUARE method in SAS
was used to test all possibie combinations of regressors;
{4) R*-baged selection (3%): a model with the least namber of regressors which produces an R”
value less than 5% different than that of the full polynomial model;
{3} Stepwise selection: a stepwise addition and elimination approach, in which various
combinations of regressors are tested, and vanables are added one by one to the model with the
significance of 15%, and then any variable that is not significant { 5%) among the varables
included in the model are deleted; and
{6} Linear regressors: a simple hinear model that only includes the 6 linear regressors, without

any quadratic or interaction terms.

o. Experimental validation

Polyvinyl chioride (PVC) tubing (33.4 mm outer diameter and 4.5 mam wall thickness)
with a 400mwo length is used to represent bone. Simple transverse cuts are made to simulate the
fracture, and three fracture gaps (2, 10, and 20 mm) are used. Two lengths of plates (4.5 mm
Narrow LCP plate, 10 {(18.8 cmy) and 14(26 cm} holes plate, Synthes) and 5 mm diameter locking
screws (Synthes) are used {or fixation, and nine screw configurations for each plate are tested.
Stmilar constraints and loadings are applied to the experimental setup as described above for the
finite element model. Axial or {orsion loading is applied with a dual actuator servo-hydraulic
iest machine (Interlaken 3300 with Flextest 40 controller, MTS, Eden Prairie MN). Actuator
force or torque are measured by in-line load cells (axaal force: 500 1bf capacity, Interface,

Scottsdale, AZ, torsion, torque; 45 Nm capacity, Omegadvne, Sumbury, OH}. The recorded
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actuator displacement or rotation, and force or torgue, are used to calculate structural stiffnesses,
and the interfragmentary motion i1s measured at the cortex opposite the plate with a digital caliper
with a 0.01 mim resolution and 0.02 rom accuracy (TruePower 6 inch digital caliper, Siroi Valley,

CA).

a. Finite element model outputs

Maximum von Mises siresses of the plate average 156 MPa {range 94 1o 314 MPa) and
114 MPa (range 97 1o 184 MPa) across the 774 simulations for axial and torsion loading,
respectively. In axial loading, these maximum stresses generally occur at the surrounding
bottom surface of the umlocked screw hole next to the applied locked screw that is close to the
fracture gap m the proximal part of the fracture segment while maximum stress of torsion
foading are generally located at the top surface of the plate holes between two screws close to the
fracture gap. Maxinnum stresses in the screws average 85 MPa (range 40 to 263) for axial
foading and 104 MPa (range 72 to 185) for torsion loading. These maximums generally occur at
the screw thread close to the interface between the bone and screw; 1t 15 located at the distal
surface of the screw close to the fracture gap in axial loading and the lateral or medial surface of
screws close to the fracture gap. The stiffness of the fracture fixation construct averages 2397
N/mn (range 421 to 4095) for axial loading, and 1405 N mnmy/° {range 316 to 2255). Maximum
shear strain at the fracture gap averages 6.12% (range 0.03 to 324.21) for axial loading and 2.33
% {0.75 10 11.63) for torsion loading,

The location of the maximum von Mises stress in the plate appear to vary, qualitatively,
with Lige(Fig. 5). An increase of Opre_max 1S Observed m these plots when the inner working
tength was increased, with the number of screws held constant. An increase in fracture gap size
does not appear to substantially affect the stress distribution in the plate. Higher stress
concentration is observed at the surrounding vnlocking screw holes. With changes in the number
of screws (Nscrew 2, (1,3) and Ngew = 3, (1,3.5)), if the inner working length is the same, the
plate stress distribution shows a very similar pattern. When considering the same configuration

of screws, an mcrease of dg,, caused the decrease of gqsr at the fracture gap.

b. Full quadratic regression models
The fuil quadratic models with 26 regressors, fit for each output variable, show good
fitting between the surrogate model values and FEA resulis with the R” values from 0.84 to 0.99

and 0.88 t0 0.99 for axial and torsion loading, respectively (Fig. 7).
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c¢. Stmplified regression models

Using the Significant regressors method, the nurnber of regressors is reduced to less than
half of that in the full quadratic models, without substantial loss in mode! fitting with R” ranging
from 0.81 to 0.98 and from 0.74 {0 0.99 for axial and torsion loading, respectively (Fig. 7). In
ceneral the construct stiffness output variables are modeled best by these simplifiad surrogaie
models, and maximum shear strains are fit the worst.

Using the R*-based selection (1%) method, the number of regressors ranges from 5 to 6
(the R’ ranging from 0.83 to 0.98) for axial loading, and from 5 to 9 (the R” ranging from 0.76
to 0.99) (Fig 7). Usingthe R%-based selection {5%) method, the number of regressors is further
reduced to a range of 3 10 4, and 3 to 7 for axial and torsion loading respectively (Fig. 7), with
some concomitant loss in model fitting, with R’ ranging from 0.81 t0 0.97 and 0.74 to 0.96 for
axial and torsion loading respectively.

Using the Stepwise selection method, the number of regressors ranges from 6 to 12 with
R’ ranging from 0.83 to 0.99 for axial loading, and the number of regressors ranges from 10 to
15 with R ranging from 0.76 to .99 for torsion loading. Using the linear regressors method,
Oplate_max 10 axial loading and construct stiffness i both loadings are fit well, although with

resulting R? values less than that when using the R? -based selection {5%) method.

d. Simplified regression models: focus on R2-based selection (5%) method

Using the R’-based selection (5%) method. the estimated linear coefficients for each
regressor are provided in Fig. 8. All these regression coefficients are statistically significant
(p<0.0001). The residuals between the regression model-predictions and FEA results show an
increase with an increase of plate stress and shear strain (for axial loading), and with an increase
in maximum shear strain (for torsion loading) (Fig. 6). Moreover, some mfluential and outlving
observations are observed in the plot of R-Student by leverage values. Leverage of all response
in both Joading shows in similar cases. FOr Gplue_maxs Kaxial, 400 Eshear, the longest Loy with the
feast Ngorew and the longest Linser show alarge leverage in both loading conditions. For
axial loading case while the longest L with the least Ny, and the longest Liger, show large
teverage in torsion loading,

Writing out the fit polynomial models, for example, the predicted response of maximum
plate stress and shear strain are shown in Fig. 9.

For exarople, if Louer 18 23 ¢, Eiprane 15 200 GPa, and dgyp 18 1 cm, when Liger 18
mncreased from 5 cm to 20 cm, the predicted increase in Gplae_max tnder axial loading will be

around 56% (from 110 to 250 MPa). In a similar way, if Line 1S 10 em, and Eqppian 15 200 GPa,
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and when dg,; 1s increased from 0.2 {o 1 om, g will be decreased by 80% (from 13.510 7.5
%).

The response surfaces can be written with function forms; 1o axial loading. Optae max = 8
{Liuer, Eimpiant . Lout), Gscrew_max = 2 imer =, Nicrew ), Kaxiat = & (Linner. Eimp]am: Low), and Espear = g
{Linner dgap)s and for torsion, Oplate max — 2 (Nserew » Linner. Lplates Eimplant)> Oserew max = 8 (Lingers
Neerews Lout). Keorsion = € (linner » Eimp‘izmt), and Egpear = 8 (dgzn . Linser, Eimplant) . The response

surface of surrogate model shows a good it with FEA results (Fig. 10).

Discussion

This invention provides a novel individualized preoperative planning svstem used by
surgeons to devise a personalized patient treatment plan considering fracture fixation
biomechanics.

Finute elerent modehing with modularized blocks shows that it 1s an efficient method to
perform computer experiments for fracture fixation constructs.

The output of the polynomual regression model shows good fitting with the FEA results
in the range of high R” values {0.74-0.97). The polynomial regression model and correlation
results indicate that the inner working length appears to be the most significant variables for the
maximum von Mises stress of implants and the construct stability of fracture fixation. An
increase in fracture gap size does not appear to substantially affect the stress disiribution in the
plate.

As discussed above, there are several important uses of surrogate models of
btomechanics in orthopaedic surgeries such as fracture fixation. The first is insight into which
design variables have the largest effects on resulting biomechanics of the fracture repair. For
example, our resulis mdicate that strain at the healing tissue 1s strongly mfluenced by L and
dgap. whereas tmplant stresses are strongly influenced by Liwser and Eipplane. Thus 1f a surgeon
were concerned about potential implant failure in the highly loaded subtrochanteric fracture
fixation in an obese patient, they would want to use a shorter Liner and stiffer implants. Second,
these swrrogate models enable prediction of important biomechanical variables. Asan
application of these surrogate models, it can be used for a brief estimation of biomechanical
output of a fracture {ixation consiruct using a spreadsheet. An orthopaedic surgeon or resident
can perform a simple calculation with thus spreadsheet dwring their selection of a fracture
fixation. Third, these models can be used for quick multivariate data visualization such as with
3D graphics, glvph plots, and s0 on because they can help orthopaedic surgeons to understand
the complicated statistical and physical concept of biomechanics of orthopaedic surgeries, and

they do not require a computationally expensive cost. For example, the results show the
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irteractions between parameters for response variables, as shown in Fig. 7. In torsion loading,
more interaction between parameters 15 observed, compared {o axial loading. Fourth, design
optimization is an application of these surrogate models to determine design pararseters and
provide the optimized fracture fixation construct for appropriate fracture healing. For example,
20% cases of axial loading and 37% of torsion loading show the optimal range of strain
magnitude, and 12% cases of axial loading and 2% of torsion loading show over 10% strain,
which may cause bone resorption.

Inn the development of a response surface model, there are several alternative criteria to
determine the optimum number of regressor variables such as Mallow's Cp, Akaike's Information
Criterion (AIC), and Bayesian information Criterion (BIC). For the venfication of the regression
model selection method, the polynomial regression model with a R*-based selection method used
in the present invention are compared with other criteria. The comparison results show a stmilar
number of regressors selected. Various other methodologies such as kriging models, Bayesian
approach, neural network and multivariate adaptive regression spines can be used to develop
surrogate models.

Additional paramelers may be included as construct design variables, such as various
bone shapes, matenial properties of bone, boune density and boundary conditions. For example,
bone density may have effects on the mechanical stability of a locked plating fracture fixation.
Because FEA models are based on the immediate post-operation period, the assumption is that
there s no significant biclogical healing process and the fracture fixation construct is modeled
without tissue.

Various implants may be selected, for instance, unlocking screws, cannulated screws and
unsyrametrical screw configurations. Additional output variables may be included as one of the

finite element model outputs, for example, prncipal stress, and the location of maxiroum stress.
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CLAIMS

1. A computer-implemented method for designing bone fracture fixation constructs for
personalized surgical planning, the fracture fixation constructs design having design parameters
as inputs and biomechanics as outputs, the method comprising:

a receiving, at the computer, individual patient data including geometry of a fractured
bone;

b. presetting, by a user, a model of the fractured bone that represents the individual
patient’s data;

¢. presetiing, by a user, biomechanics criteria, defiming an appropriaie {reatment;

d. presetting, by the user, the design parameters based on the individual patient data and a
plurality of possible treatments;

e. calculating, at the computer, the biomechanics corresponding to the plurality of
possible freatments;

f. comparing the calculated biomechanics with the preset biomechanics criteria;

g. adiusting, by the user or the computer, the design parameters based on the comparison;

h. repeating the steps e-g uniil the difference between the calculated biomechanics and
the preset biomechanics criteria i1s less than a preset threshold; and

1. outputting the design parameters for the fracture fixation constructs.

2. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1, wherein the individual patient data further includes one or more
of the following: bone density, bone shape, soft tissue anatomy, patient age, sex, weight,

smoking status.

3. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1, wherein the model of the fractured bone is a finile element

model.
4. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1, wherein the model of the fractured bone 13 selected from an

existing collection of models that represent variations across a patient population.

5. A computer-implemented method for designing individualized fracture fixation

constructs according to clairn 1, further comprising:
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after the step a, constructing an image-based modularized-block finite element model of
the fractured bone based on the geometry; and

automatically constructing finite element models of a plurality of fracture fixation
constructs with design variations based on the image-based modularized-block finite element

model of the fractured bone.

6. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1 including the step of developing a swrrogate model relating the

design parameters 1o the biomechanics outputs.

7. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1, wherein the calculated biomechanics are mapped graphically

using three~-dimensional bodies and three~-dimensional field plots.

3. A computer-implemented method for designing individualized fracture fixation
constructs according to ¢laim 1, wherein the design parameters and the calculated biomechanics
are plotted with multivariate plots, wherein the user 1s able to specify data points or ranges by
clicking within the multivaniate plots and the computer 1s operable to identify the fracture
fixation constructs that correspond {0 the specified data poinis or ranges clicked by the user

within the plots.

9. A computer-implemented method for designing individualized fracture fixation
constructs according to ¢laim 1, wherein the computer identifies candidates for optimal fixation
constructs based on searching the results of the plurality of simulated designs or use of the

surrogate models.

10. A computer-implemented method for designing individualized fracture fixation
constructs according to claim 1, wherein the fixation construct is a plate fixated on a fractured

bone with screws.

11 A computer-implemented method for designing individualized fracture fixation
constructs according to claim 10, wherein the design data inchudes one or more of plate length,

fracture gap size, number of the screws, postiions of the screws and plate maternial.
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12, A computer-implemented method for designing individualized fracture fixation
constructs according to ¢laim 10, wherein the biomechanics outpul includes maximum siresses

of the plate and the screws, stiffness of fracture fixation and strain at the fracture gap.

13. A computer-implemented method for designing individualized fracture fixation
constructs according to clairn 1, wherein the design parameters mclude parameters defining a

custom designed implant.

14 An mdividualized preoperative planning system for designing fracture fixation constructs
based on idividual patient data, comprising;

an input for receiving individual patient data, design parameters and/or biomechanics
criteria of designs from a user;

a database for storing the fixation construct designs including the design parameters and
biomechanics criteria; and

a programmed computer for processing the patient data, the design parameiers and the

corresponding biomechanics and providing patient~optimized fracture fixation consiruct designs.

15, An individualized preoperative planning system according to claim 13, wherein the
£ g
processing module is configured to develop surrogate models for relating the design parameters

o the hiomechanics outputs.

16. An mdividualized preoperative planning system according to claim 13, wherein the
processing module 15 configured to perform a large number of finite element simulations based

on a plurality of variations of the design parameters.

17. An individualized preoperative planning system according to claim 13, wherein the

fixation construct is a plate fixated on a fractured bone with screws.
18 An individualized preoperative planning system according to claim 17, wherein the

design data includes one or more of plate length, fracture gap size, number of the screws,

positions of the screws and plate material.
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19. An mdividualized preoperative planning system according to claim 17, wherein the

biomechanics output includes one or more of the maximum stresses of the plate and the screws,

stiffness of fractures fixation and maxiroum shear strain at the fracture gap.
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