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Methods and Systems for Targeted Alignment and Sagittal Plane Positioning for Hip
Replacement Surgery

CROSS-REFERENCE TO RELATED APPLICATIONS

{aadl] This application claims the benefit of the filing date of U.S. Provisional Patent
Application No. 62/895,083, filed on September 3, 2019, which is hereby incorporated by

reference in its entirety.

BACKGROUND

{auo2] Historically, since 1978, the frontal or coronal plane has solely bear ulilized to plan
and assess the spatial position of the acetabular component or cup of a hip replacement. Lewinnek
et-al described-a 20x20 degree acceptable or “safe zone” measured on a single X-ray of a patient
tving fat on an Xoray table with the beam shooting down onto the pelvis in the frontal plane. Two
parareters were described, naely inclination and ameversion for thas zone with 30-5¢ degrees
and 5-25 degrees respectively as the acceptable range for surgeons to tarpet the acetabuolar cups.
Attemipts were made to standardize the patient’s position on the table by leveling the front of the
pebvis with a true mechamcal level and this plane ways deseribed as the Anterior Pelvic Plane
{APP). APP was observed 0 not be the same inpatients and thet when the APP deviated from 0
degrees APP could affect the position of the cup. The Lewinnek safe zone has been adopted as the
gold standard for cup placement ever since, even though actual attempis to try to level the pelvis
are rare If non-existent.

{0003] fn about 1999, research surgeons began trying to capture the devigtion of the APP i
order to correct the acetabular cup intiapperatively back o a neutral posibion.  This process

spawned development of the Tirst conypter assisted hip surgery and was call “ult adjustment™, Al
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prasent, ouly a small number of surgeons use a ult adjustment or computers, Tilt adjustment
sargeries have not been found to lower the complication of the acetabular cups dislocating, as this
adjustment i3 a static adjustment in the stuipine position of the APP to the neuiral position,
{8004] Approximately 15 vears ago Lazennec began studying the functional miotions of the
spine-pelvis-hip complex with regards to hip replacement surgery, using terminology developad
411 the Held of spimal surgery and defingd a new paradigm for assessment of the acetabular cup n
the sagittal plane. He vsed lateral tmages from g new low dose X-ray scanner called the EOS
Imaging Svstem {Paris, France) and measured the acetabular cup’s position and behavior i
different functional positions {Le.. standing upright and sitting upright inside the scanner). The
lateral or sagittal plane measurement of the cup in space was defined and has come to be known
as Anteinclination (Al) through the works of Dorr. In addition, a new constant measure relating
this acetabular cup position fo the position of the pelvis was cregted, and damied the
Sacrogeetabular Angle (SAA) by Lazemnec,
{6003] Lazennec did not develop his findings mto a methodology o target components.
Instead, Dorrused coronal targeting research to simass data on these sagittal plane parameters and
publish ragpes and mieans for Al and S&A. Dorr alse characterized the aberrations of pelvic
position and pelvie mobility-that created'the opther pelvic behavior causing the mechanical nisks
for ymplant fattere.

SUMMARY
{8606] The preseat disclosurs leverages biomechanical propetties of the spino-pelvic-fernoral
complex and provides methods for planning {(including usé of digital platforms), tracking,
targeting, navigation, and placement (inclicling assisted or robofic exscution) & vive of the

acetabular cup of a total hip replacement (i, total hip arthroplasty). Specifically, methods are

s
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provided that permit an acetabular cup to be mdividually tarpeted based on sagittal paramaters.
These sagittal parameters hink the cap to the pelvis with respect to both the tilt f1.e., pelvic position}
and the mobility (e, palvic excursion) thereby producing optimal Anteinchnation (AY) and
Sacroacetabular Angle (SAA) values, These gonsometric ratios permit the methods of the present
disclosure to track the acetabular cup in space and 1o execute the scetabular position with an
individoal farget based on a patient’s measutements with mcreased acciracy over the 20x230°
Lewinnek zone, These methods of the present disclosure may be used o analyze preoperative
studies, including Xerays, CT scans, and MRI seans to deternune a recommended orientation of
the acetabular cup on patient-by-patient basis. The methods of the present disclosure may also be
used to provide intraoperative guidance as to the position of the implant by tracking anatomy and
the implant in space and sutomating, in whole or in part, navigation equipment to place the
acetabular cup,

{0007]  Inone aspect, an example method 1s disclosed. The method includes {a) determining,
via & processor, a sagittal acetabular cup position in the form of a standing Ameinchination (AD, a
seated Al and s SacroAcetabular Angle (SAA) based on at least one of (1) & standing sacral slope
{SS) of a first patient relative 1o a normative S8, (11} a delta of the sacral slope (dSS) of the first
patient between a standing position of the first patient and an upright seated position of the first
patrent, (1) & femoral version of the first patrent, when the feroral version corresponds o a
femmoral version outlier position, and (iv) a pelvic femoral angle (PFA)Y of the first patient that
corresponds to a FFA outhlier position v at least ong of the standing position, the upright seated
position, or a delta between the standing position and the upright seated position, (b) determining,
via the processor, a coronal acetabular cup posttion i the form of a suping voronal anteversion and

at lzast one of a supine or a standing goronal inclination based on the sagittal acetabular cup



WO 2021/046268 PCT/US2020/049275

position; and {¢) determmining, via a provessor, a post-operative standing Al and a post-operative
seated Al based on at least the coronal acetabular cup position.
{0008] In another aspect, an example non-transitory computer-readable medium 15 disclosed.
The computer readable medivm has stored thereon prograny instriictions that upon exedution by a
processor, cause performance of a method including {a) the processor determining a sggitial
acetabular cup position m the form of & standing Anteinclination {Al), a seated Al and a
SacrpAcetabular Angle (SAAY based on at least one 0 (1) a standing sacta! slope (SS)ofa first
patient relative 1o g novmative 88, (i) a delia of the sacral slope (dS8) of the first patient hetween
a standing position of the first patient and an upright seated position of the first patient, (Ui} a
femoral version of the first patient, when the femoral version corresponds to a femoral version
outlier position, and (iv) a pelvic femoral angle (PFA) of the first patient that corresponds to a PFA
outhier position tn at least one of the standing postiion, the upright seated position, ora delta
hetween the standing position sud the upright seated position, (b) the processor determining a
coronal acetabular cup position in the form of a supine coronal anteversion and at least one of a
supine or & standing coronal inclination based on the sagittal acetabular cap position, (o) and the
processor determining a post-operative standing Al and a post-operative seated Al based on at
least the coronal acetabular cup position.
{6069] The feptires, functions, and advantages that have been discussed can be achieved
mdependently in various examples or may be combined in vet other examples forther details of
which can be seen with reference to the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{6010 Figure 1 is a functional block diagram of a system, according to ong sxampls

maplementation;
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jou11y Figure 2 depicts 3 block dagram of & computing device and a computer network,
according to an example implementation;

{ou 12} Figure 3A1s a schamatic that shows the positional influence of pelvic incidance (Pl in
the standing and seated positions. For example, a low P describes g nnited arg of postenior
rotation around the bicoxofemoral axis as Sacral Slope (88) decreases and pelvic it increases.
Postural adaptability s gained through the increased horizontal distance behind the fomoral heads
as well as through the siraightening or flexion of the lumbar spine. The angle for pelvic incidence
i lobeled “PI” and the angle forpelvic tilt 1z fabeled PT, the bold hines along the ower circle
represent the 81 promontory and the central circle represents the bicoxofemoral axis;

{@813]  Frgure 3B tsa schematic that shows the positional influence of pelvic incidence (P1) in
the standing and seated positions. For example, High Pl can be.seen to move through a larger arc
with greater change between saoral slope and pelvic il than w Figure 34, both the positional
adaptability and lumbar spine changes will be greater. The angle for pelvic ingidence is labeled
“PI™ and the angle for pelvic tilt is labeled PT, the bold lines along the outer eircle represent the
S1 promontory and the central circle represents the bicoxofemoral axis. The are of rotation in
Figures 3A-3B is deternuned by the novmalized hinear distance (e, the distance velative to the
length of the sacral endplate that has been validated) between the center of the femoral heads and
the sacral promontory centroid and s nversely dependent of the P angle #iself, here they are
drawn as similar cireles. The angaolar change between the two positions is the pelvie retroversion
or delta 8. Ag scetabular implaint will votate through this exact same dro as it sits above the
femoral head;

{6014} Figure 4 shows a standing lateral view of the pelvis having a PT of 0°, which is rarely

encountered;
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{0015} Figure 5-shows an X-ray image of & standing lateral view that shows the pelvis rotated
forward moereasing the sacral slope (88} at the expense of the pelvic al (PT). The Xeray depicts
the finding of the Anterior Pelvic Plane, APP {defined below) of 0% standing, the samttal
parameters are normal, P 18 38° S8 44° PT 14°, The unineasured cup SATL is approximated
betwesn 25-30%

{8016] Figure 6 shows a seated lateral view showing the posterior rotation of the pelvis around
the axle connecting the femoral heads, the bicoxofemoral axis, this decrzases the 8§38 while
reciprocally mcreasing PT.

{0017  Figure 7 shows an X-tay image ofa seated lateral view of the pelvis showing equivalent

2
7

angular increase of 27 degrees in APP, PT and the cup Al from the standing position of Figure §,
the fixed parameters PL (1) and SAA {vnmeasured) remamn unchanged. The ample dynamic
mobility of the pelvis and hunbar spine allows sitting with only 60 degrees of hup flexion, this
makes anterior impingement and posterior tnstability sk neghpible.

{6018] Figure 8 shows a standing lateral view of the pelvis Sacroacetabular Angle SAA is
formed by the bne tangent o the sacral promontory and the hine tangent to the sagiital face of the
cup. This angle, created at sarpery, 15 fived and conmposed of the sum of the anteinclination (81
here} and sacral slope (88), SAA= 81+ 88, Tt defines the relationship of the cup to the pelvis with
g range of 78 +415 degrees as the normal. Creating & Sacroacetabudar Angle SAA that s too tugh,
miftuenced by pelvic retroversion and fow PI as manifest in the stack sitting imbalanced group, i3
associated with posterior impingsment and anterior instability. Creating a Sacroacetabular Angls
SAA that 18 too fow, assoctated with high PYand seen with the stack standing ymbalanced group,
i associated with anterior impingement and posterior instability.

{6019 Figure 9 shows a seated lateral view of the pelvis of Figure 8.
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{0028} Figure 10 shows a standing lateral view according to one example m which Pl is 60°
(), S8 is 45° (B), S0-PLis 30° (v}, SAA is 75° (8), PAA is 757 (&), ALis 30° (1), and PFA is 195°
{n). Boduer’s tiangle is formed by angles (8), {g), and {v). As shown, SAA links 88 and the
acetabulum (antelnchnation Al). PAA connscts the pelvic tlt {PT) to AL And PEA links femvoral
motion 1o the pelvis.

jau21] Figure 11 shows a seated lateral view of the pelvis of Figure 10 mowhich PLis 60° (@),
S8 is 20°{B), 90-P1 is 30° {y), SAA is 757 (8}, FAA is 75° (¢}, Al is 55° (1), and PFA is 145° ().
Inthus position, Boduer's triangle rotates with the fulerum on the hup joint, and the extent of the
rotation s determined by delta S8 {delia 85 ix 25 here). This opens the acstabuluny 25 when
satting {1:1 ratio of delta $8:delta Al Femoral motion {n) in this example i3 50, as shown by the
delta in PFA. The hip drives the rotation of Bodner’s triangle back (e, clockwise), tilting the pelvis
posterionly when sitting.

{0822]  Figwee 12 shows a flowchant of @ method, according to an example implementation.
{0023]  Figure 13 shows a table of radiographic inchination and anteversion SAA and standing
and sitting Al deternuned using the methods of the present disclosure.

{0001} The drawings are for the porpose of thstrating examples, but it 1s understood that the

mventions are not limited to the arrangements and instrigmentalities shown in the degwings.

DETAILED DESCRIPTION
j8024] As vsed herein, "Antenior Pelvic Plane”™ ("APP") refers to the plase traditionally used
to measure or normalize {(level) the sagittal ult of the pelyvis with respect to the coronal
{ongitudinaly plane of the body. The APP is the plane defined by three pomnts, the vight and left
Anterior Superior Hiac Spines and the pubis symphysis prominence.

{6025 As used herein, “Anteinclination” (“Al™) or Sagittal Angle of Inclination (“SAT™) refers



WO 2021/046268 PCT/US2020/049275

1o the: lateral or sagittal plane measurement of the acetabular cup 1 space. Al consists of a line
rangent o the face of the sagittal projection of the acetabular implant and the horizontal reference
line (ie., pamilel to the ground). The conventional lmits of this parameter range from 25-43
degrees in a standing position and ranges from 4565 degrees i a seated position. The present
disclosure contemplates ant Al or SAT manging from 23-30 degrees in the standing posttion and
ranges from 45-70 degrees w the seated posiion. Al of the acetabular Conponent s a 2-
dimensional measure based ona lateral Xeray film. Alrepresents the operative or sagittal plane
anteversion of the geetabular cup (te., the angle between the longitudingl axis of the patient and
the acetabular component axis as projected onto the sagittal plane), with a minor influence of
operative inclination. In other words, Al is a direct measure of anteversion, but the Al value is a
different number from the coronal plane value used by surgeons. The anteversion clinically used
by surgeons is called the radiopraphic anteversion, which 16 the projection of anteversion megsured
on an anterior o pesterior (AR) Xeray as the patient is Iving supine on g table.

{0026]  As used herein, “Sacral Slope™ (“S87) refers to the angle between the horizontal
reference e and the tangemt line along the sseral promontory (also referred t0 as the sacral
endplate} haviog normal standing ranges from J0°-87°, sitting from 535" for Pelbvie Incidence
values between 23%.80°,

{8627 As used hevein, “dSS8,” when apphied to the 58 value, refers to o delta or numerical
change when moving ‘a pelvis and an implanted acetabular cup between two positions, The
megsurements dre obtained when the pelvic sactal slope angle is mizasured 0 two positions,
namely the standing position and the upright seased position.

{8028 As used herein, “SacroAcetabular Angle” (USAATY refers © 2 constant measure

relating the Al cup position tothe position-of the pelvis. The SAA s formed by the anterior
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gxtension of the line tangent to the sacral promontory and the anterior extension of the line tangent
to the sagittal face ofthe acetabular cup (e, AFRS) When d855 18 25 degrees, SAA s also equal
to {ROHPIN2.

{0029 As used hereln, “Pelvic THC™ ("PT™) refers 1o 8 positional parameter forined by the
angle between the vertical veference line and a line connecting the center of the bicoxofemoral axis
and the center of the S1 promontary,

{0030]  As used herein, “Pelvie Mobility™ refers to pelvic excursion and is synonymous with
4S8,

HUIRS T As used herein, “Pelvic Incidence™ (“PU”) refers to a mosphologic constant parameter
in the sagittal plane that categorizes pelvic construction, PI is equal to the sum of the Pelvic Tilt
and Sacral Slope angles (i.e., PT+SS), Pl is formed by the line connecting the center of the
bicoxofemoral gxis and the center of the S promontory and a second line perpendicular to the §1
promontory at the 81 promontory’s central point. The typical human range is 25-80 degrees with
a mean of §2-53, values under 30 and above 78 are rare.

{0032] Asased herem, Pelvie Acetabudar Angle ("PAAT) refers to anangle that coresponds
e (B0-ADHPT This angle was first desenbed, defined, and leveraged in the disclosed methodshy
Dr. Bodner, the mnventor.

{6033] As vsed heren, “Bodner's Trianule” refers toa triangle that has three angles, namely
{1} the SAA, (31) (90-P1) at the sacral apex, and (i) the PAA. The three sides ave formed by the
extension of the 88 line anteniorly and inferiatly intersecting with the extension of the Al hing
superiorly and anteviorly, with the third side the PT line connecting the hip center to the center of
the SI endplate. Therefore, the geometyic construct of Bodner’s Trangle fies togsther the

acetabular cup’s spatial position to that of the pelvic construction and spatial position. Bodner's
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irrangle 18 mfluenced in form, spatial orientation; and excuwssion by all by each angle that
comprises, namely PLSS, PT, AL and fonctionally by the excursion or mobility betwesn positions
that is defined as dSS.

{9034) As used herein, “elecirically coupled” refers to coupling using & condictor, such as a
wirg.or a conductible trace, as well as inductive, raagnetic and wireless vouplings.

{8035] As used hereiry, “sagittal feedback”™ includes biomechanical values such the pelvic
wmeidence (PY), the savral slope (88), the pebvic ¢l (PT), the delta (4S8) of the sacral slope {8S),
the pebvic femoral angle (PFA), the leg length, a hip offset, a hip center of rotation, and a femoral
varsion.

{0036] Overview

{0837]  Embodiments of the precperative templating apparatus, navigation devices and
methods degerihed herein cgnt be used o detedming g spatgl position and ortentgtion of the
acetabular componentand provide intraoperative puidance or control as to the spatial position and
ortentation of the acetabular component by tracking patient anatomy and the acetabular component
i real-time. The disclosed example preoperative templating apparstus, navigation devices and
methods also beneficially obtay and provide on a display sagittal feedback detpiling or illnstrating
the seetabular component’s position and may also be ased fo determine a coronal position based
on the obtained sagitial feedback consisting of the A, SAA, all obtainable from the 88 measured
m the standing and sitting positions.

{0038] Example Architecture

{8639 Figure 1 is a block diagram showing an operating environment 100 that includes or
mvolves, forexample, preoperative femplating apparatus 103 or pavigation device 110, Method

300 m Figure 10 described below shows an embodiment of a method that can be implemented

10
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within this operating environment 100,

{8040 Figure 2 18 a block diagram ilhustrating an example of a computing device 200,
according 1o an example implementation, that 1% configured to imerface with operating
gavironmment 100, etther divectly or indirectly. The computing device 200 may be used to perform
functions of the method shown v Figure 10 and described below. In particular, computing device
200 can be configured 1o perform one or more functions, including deternuning a spatial position
awd orientation of the acetabular component and providing intvapperative putdance or vontrol as
to the spatial position and ovientation of the acetabular component by tracking patient anatomy
and the acetabular component in real-time, for example, as well as, obtaming and providing on a
display sagittal feedback detailing or illustrating the acetabular component’s position and
determining a coronal position based on the obtained sagittal feedback. The computing device
200 hgs a processor(sy 202, and also i communication tnterface 204, daty storape 208, ah outpid
unerface 208, and a display 210 each comnected to a conmmutication bus 2120 The computing
device 200 may also ticlude hardware to enable conununication within the computing device 200
and between the computing device 200 and other devices (e not shown). The hardware may
clude teansmitters, recervers, and antennas, for example.

[0041] The communication interface 204 may be a wireless mterface andéor one or more wired
mterfaces that allow for both shortrange cormmuanication and long-range comnonication 1o one or
more networks 214 or to one o more remote computitg devicey 216 (e a tablet 216a, & personal
computer 216b, & lapiop computer 2160 and a mobile computing devics 2164, for examiple). Such
wireless interfaces may provide for communication wnder one or more wireless communication
protocols, such as Bluetooth, Wik (e.g., an institite of electrical and slectronic engingers (IEEE)

&02.41 protoecol). Long-Term Evolution (LIE), cellular commumications, near-field

i3
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communication {(NFC), andfor other wireless commusication protocals.  Such wived interfaces
may melude Bthernet interface, a Uhatversal Senial Bus (USB) mierfaee, or similar interface to
communicate viga wire, & twisted pair of wires. a coaxial cable, an optical ik, a fiber-optic link,
or gther physical connection 1o a wired network. Thus, the conunwncation mterface 204 may be
configured to régeive mput data from one or more devices, and may also be configwred to send
output data to other devices.

[0042] The communication interface 204 may also include 3 user-input device, such as a
kevboard, a kevpad, a touch sereen, a touch pad, s computer mouse, a track ball andfor other similar
devices, for example,

{e043]  The dats storage 200 may include or 1ake the fornvof one or morte computer-teadable
storage media that can be read or accessed by the processor(s) 202. The computer-readable storage
media cant melude volatde gndior non-volatile storage components, stich as opticgl, magnetic,
organic ‘or other memory or dise storgge, which tan be integrated in whole or in pant with the
processor(s) 202, The data storage 206 1s considered note-transtiory computer readable wedia, In
some examples, the deta storage 206 can be mplemented using a single physical device (e.g.. one
optical, magnetic, oveamc or other wemory-or dise storage unit), while in other examples, the data
storage 206 can be implemented wsing two or more physical devices.

{6044] The data storage 2006 thus is 8 non-transitory computer readable storage medium, and
executable insttuctions 218 are stored theveon. The mstructions 218 inchide cotnputer executable
code. When the instructions 218 are executed by the processor{s) 202, the precessor(s) 202 are
caused to perform functions. Such functions include, but are not Himited to, determining a spatial
position and onentation of the acetabular component and providing intraoperative guidance or

control a3 1o the spatial position and ortertation of the acetabular component by tracking patient
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anatomy and the acetabular component v real-time, for example, as well as, oblaining and
providing on a8 display sagital feedback detailmyg or ilistrating the acetabular component’s
position and detetipining a coronal position based on the obtained sagittal feedback.

{0045 The procsssor{s) 202 may be a peneral-purpose processor or a special purpose
processor {e.g., digital sipoal processors, application specific integrated cireunts, ete). The
processor(s) 202 may fecedve inputs from the conununication interface 204, and process the inputs
o generate outputs that are stiwed o the data storage 206 and cutput 1 the display 210, The
processot(s) 202 can be configured to execute the executable hnstructions 218 (s, computer-
readableprogram stuctions) that are stored invthe data storage 206 and are executable to provide
the fanctionality of the computing device 200 described herein.

{08d6]  The output tnterface 208 outputs information to the display 210 or to other components
as well. Thys, the outputnterface 208 may be similar to the communication interface 204 and can
be a wireless interface {e.g, transmitter) of s wired mterface asmwell, The output interface 208

may send commands to one or more controllable devices, for example

{0047 The conguting device 200 shown an Figure 2 may also be representative of a focal
computing deviee 200 in operating environment 100, for exarpple, in conwmumcation with rinse
station apparstus 108, This local computing device 200a may perform one or more of the steps of
the niethod 300 described below, may receive input from a user and/or thay send iimage data and
user input to compating device 200 to perform all or some of the steps of method 300, In addition,
i ong optional example smbodiment, the preoperative templating apparatus or navigation devics
105 may be utilized to perform method 300,

{8048 Method 300 shown in Figure 10 presents an example of a method that could be used

with the computing device 200 of Figare 2, for sxample. Further, devices ov systems may be used

ot
T
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or configured 1o perform logwal functions presented in Figure 10, Insome instances, components
of the devices andfor systems may be configured 1o perform the functions such that the compounents
are configured and structured with hardware andior software fo enable such performance
Components of the devices andfor systems may be arranged to be adapted to, capable of or suited
for performing the functions, such as when operated in a specific manner. Method 300 may include
one oranore operations, functions, or actions as tlustrated by one or more of blocks 305-315.
Although the blocks ave illustrated in g ‘sequential order, some of these blocks may also be
performed in parallel, andior in g different order than those described herein. Also, the various
blacks may be cornbined info fewer blocks, divided into additional blocks, andior removed based
upon the desired implementation.

{0049] It should be understood that for this and other processes and metheds disclosed heremn,
Howcharts show functionglny and opération of one possible mmplementation of the pregent
examples. Dy this regard, gach block may represent a module, a sggment, or a portion of program
code, which includes one or more fastructions executable by a processor for tmplementing specific
fogical fanchions or steps i the process. The program code may be stored on any type of computer
readable mediun or data storage, forexample, such as a storage device tncluding a disk or hard
drive. Further, the program code can be encoded on a computer-readable stovage media i a
machine-readable format, or on other non-transitory media or articles of manufachwre, The
computer readable medium may include non-transitofy computer readable mediom or memaory, for
example, such as computer-readable media that stores dafa for short periods of time such as register
memaory, processor cache and Random Access Memory (RAM). The computer readable medium
may also tnclude non-transitory medig, such as secondary or persistent long term storage, like read

only memory {ROM), optical or magnetic disks, compact-dise read only memory {CD-ROM), for

14
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gsample. The computer readable media may also be any other volatile or non-volatile storage
systems. The computer readable medium may be considered a tangible computer readable storage
nedinm, for example.

{o0s0) In addition, each block 1n Figure 10, and withm other processas and methods disclosed
herein, may represent circuitry that is wired o perform the specific logical functions i the process.
Alternative nnplementations are ncluded within the stope of the examples of the present
disclosure in which functions may be executed out of erder from that shown or discussed, including
substantially concurrent or 1o reverse order, depending onthe functionality wvolved, as would be
understond by those reasonably skilled tn the aip.

jaus1y Overview of Methodalogy

{0832]  Inthe sagitial plane there are two fundamental relationships between five parameters
that hink the acetabulum 16 the pelvic onentation. The first relattonship is for the pelvic rotational
changes inherent tu the pelvis’s constroction, hamely pelvic incidence (P corresponds to pelvie
tilt (PT) in combination with sacral stope (S8). The second relationship 1s between the acetabular
cup and the pelyis as they both rotate 1 space such that sacroacetabular sngle {SAAY covresponds
ter antewnchination (AT) in combination with sacral slope (883, Pl and SAA are fixed constants over
any positton while PT, 88 and Al are reciprocal parameters thet change owa 101 ratio as the pelvis
asswnes different positions. P oand SAA shave the S8 parameter which allows the vartous
parametérs 1o be related t© each other, for example, PI-PT=SAA-AL that expresses the pelvic
prarameters on the left and acetabular parameters on the nght

{8083 Additionally, these equations are applicable when the parameters are measured in
different functional positions, and may be applied to the data that exists for moeasures taken witls

the patient standing and seated prior 1o sorgery. Spinal surpeons use the Pl relationship to assist

—t
Th
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in correcting spnal deformities but this has only been applied © the standing position, and these
parameters bave not been managed over different posittons. For example, moving a pelvis and
acetabular cup between the two positions creates a delia or numerical changeddSs) when apphed
i the 58 value. The pelvis and the acetabular dup move together as the acetabular cup is finmly
fixed o the acetabuluon, g part of the pelvis. The methods of the present disclosure contemplate
superimposing the components of the Pl and SAA relationships on a lateral rendering, as shown
i FIG, 3, thareby illustrating new angular relationships not praviously knowsor wiilized.

{0034]  The rechnical effect of the methods leveraping the ratios between these angular
pararneters 1s to determine the degréee to which changes in one pararneter affect anoither parameter
and how different amounts of mobility affect the acetabular-cup related parameters. With respect
to the pelvis, spine surgeons have described that as Pl changes 10 degrees. SS changes
approximately 6 deprees gnd PT 4 degrees. The present disclosure ingludes methods that
determined g refined ratio, starting at Pl of 15, 85 of 15, and FT of O degrees; every 3«degree rise
i the constant PI of the pelvis causes a 2 degree rise in the S, and a 1 degree rise i the PT, that
18, the mberent ratio between PLSSPT is 3:2:1. These umque geometric relattonships are
SS=34+0.666P and PT=340.333PL Therefore a PLof 45 degrees in a normal mdividual will have
g standing S5 -of 35 degrees, and a PT of 10 degrees; Hikewise, a Pl of 60 degrees vields a standing
S8 of 43 degrees and a PT of 15 degrees, PT and 88 values change from this normal relationship
i people as they age and with disease but for every degree of change in 88, PT will change 1
degree 1 the opposite direction, in individuals these parameters arg raciprocal.

{00588]  Leveraging the effects of pelvie position and mobtlity in the methods of the present
disclosure advantageously permut a detenmination of Al and SAA and a detenmination of the

acetabular cup’s spatial position and angalar relationship to the pebvis. Further, the methods of the
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dusclosure utilize the parameters of Bodaer's Trangle, including the previcusly varecognized angle
referred fo as the Pelvic Acetmbular Angle PAA, 1 two new relationships o improve
biomechanical position between the acetabular cup and pelvic position and mobility.

{9036) For example, the first relationship 18 SAAIPAA = P10, This 13 analogous to SSHFT
=PI, but includes megsurements related to the position of the acetabular cup. Experimental resulis
have shown that when pelvic motion measured (d55) 18 25 degrees then SAA=PAA and Bodner's
Triangle is an isosceles triangle. This relationship geometrically Hinks the acetabular cup to a
known d88, In prior work, a sagittal relationship for dSS to cup position and mobility has been
determined using Stefl of al data for mean and ranges for Al and SAA, which confirmed this' new
relationship was nearly identical to past clinical data calculations and revealed the exact ratios
between parameters: As such, for any Pl value when dSS is 25 degrees, the SAA = (PI+00)/2 and
also eguals S8+AL which works at any dSS. This trigngular relationship alse dictates that, similar
to positional parameters in the other relationships: SAA and PAA are reciprocal. W SAA chanpes
i one direction, PAA must change the same amount in the other direction as the apex angle 90-P1
never changes and the 3 angles of a tnangle add to 180 degrees. So PAA at 4S5 of 28 degrees =
SAA= (PHO0Y2 as well as the definition for any dSS, (90-AI+PT.

{8057] The geometric effects were determmned when this triangle moved 18 space over
differing mobility dS8. The effectof changing 88 and PT that define the pelvic position from the
norm given by the 3:2:1 gear ratio of the pebvic construction was also determmed. These muster
ratios became (121 0.5 18)(1.5:0.5) Or (PESSPTALSAAVPAAASS). This means that when
two normal patients present one with a Pl of 54 and a second with a PI of 60, the first patient’s
numbers will be 8541, PT 13, Al 31, SAA 72, and the second patient’s numbers will be 88 45,

PT 15 AL 30, SAA TS, However, they'move in differing directions, when S8 decreases and PT
>3 * 2 = el *

st
~3
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increases, Al moreases but SAA decreases; when 58 increases and PT decreases, Al decreases and
SAA meveases. The mobility ratio; that is, when 8 patient’s measared dSS 1 not 23 degrees but
rather any other nutnber, for every degres divergent from 23 both the Al'stand and the SAA change
0.5 degrees n the opposite direction, stiffhess raising Al'stand and SAA while lowering Al sivand
PAA. For example, when 485 1s 20 degrees, SAA goes up 2.5 deprees, Al goes up 2.5 degrees,
PAA goes down 2.5 degrees. IF dSS goes to 10'degress, SAA and Al stancd each o up 7.5 degress,
while Abgit and PAA gach goes down 7.5 deprees. The inhereni relationship of the acetabular cup
1o the pelvic position and to the mobility of the pelvis are all linear relationships that are leveraged
by the méthods of the present disclosure o tailor the acetabular cup position. The Al'is the only
parameter surgically determined in the whole system to either match the pelvis or to safely diverge
from the pelvic machinery using the clinical limits defined in Stefl's work.

{8838]  Front the foregoing, a second relationshipas observed such thatwhen d8S=23 deprees
and SAA and PAA each = (S0+PIV2, then for SAAS{OQ+PI2=AT+SS, and for PAA = (MHPD/2
= (O0ATHPT. Tt addiion, PAASALPT =00 or S0-(ALPT=PAA. Knows normative data for
PLSSPT at d5S 23 degrees can then be utilived to creste “master values™ for the acetabular cop
Al and SAA that look Hke thus: PLO0O, SS 45, PT 15, Al standisit 353, SAAPAA TS, (ALPT)
5. For PEAS, 8BS 35, PT 10, AT stand/snt 32.8/37.5, SAAPAA 675, (ALPT) 22.5. Thiz can be
done for any presenting PL The last parameter, {AL-PT) 1s the positional and mobility dependent
quotient that is withized in the dertved relationship; PI + (ALPTY = SAA, which is defined as the
unifying poverning relationship bridaing the acetabular and pelvic parametsis. (ALPT) changes
by the saime ratio as SAAPAA, that is, when Pl increases by 3%, (ALPT) decreases by 1.5°, the
samme as FAA and recaprocally to SAA m any cup calcudation. Both solutions, Bodoet's triangle

using prosenting standing 58 data with a single mobility corrsction and the ALPT relationship
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requurmg two corrections, one from normative pelvic position and the second for alteration 1wdSS
mobility from 28 degrees to arrive al the geometvically optumal cup AL SAA, and PAA, may be
employed. The followmg muethods of the present disclosue leverage biomechanical behavior of
the pelvis and the scetabular cup i the latersl plane peomitting determination of sagintal plane
coordinates for g given patient’s acetabular cup and also permit g determination of when the
acetabular cup should not be placed inconcert with abertant spinopelvie behavior, For example,
disease and degeneration within the sping-pelvis<hip systent may not be compatible with kaown
methods for acetabular cup placement. Compensatory mechanisms are involuntarily used by the
body to keep gravity balanced standing and allow sitting to oceur. These mechanisms may lead
the pelvis to an unfavorable spatial position and/or aberrant mobility between postures that are
bevond a safe position for the acetabular cup implant. The methods of the present disclosure
melode adjusted cup positions for such mechanical sttuations 1y the sagitial plane. The resulting
positional~ (alt), and mobility-derived coordimates may be used (1) to advise or putide surgeons in
selection of the location and ortentation for the acetabular cup placement, (if) o tack these
parameters in space for surgeons in real-time, {118} to perform biplanar conversion to-the coronal
plane that surgeons inherently understand, and {iv) link these coordinntes to rohotic execution
devices o navigate the gcetabular cup.

{6039 Example Methods

{B0et] In a pre-operative patient evaluation, X-rays are obfained to observe standing and
seated lateral views from the L1 lumbar vertetwa to the upper fifth of the fennwr, a standing
anteropostentor {“AP™) pelvis view, both an AP and lateral view of the hip and a modified Budin
view for gstimation of feinoral stem version. In addition to or alternatively, transverse CT scans

or MRI images may be obfained to observe one or mine of these views. The patient 3s also
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gvaluated to assess hip rangs of motion, ncluding flexion, extension, contraciures, internal rotation
and external rotation.  Biomechanical values from measurements derived from these Xerays
wmelude pelvic incidence (P13, sacral slope (SS), pelvic ult (PT), delia (dSS) of the sacral slope
(S8, pelvic famoral angle (PFA). leg lenpth, hup offset and center of rotation, and femoral version,
jea6l]  Referring now to Figure 10, a method 300 is illustrated using the preoperative
templating apparatas 105 or navigation device 110 and computing device of Figures 1-2. Method
300 inchudes, at block 305, a processor determining 8 sagittal acetabular cup position in the form
of a standing Antemclination (Al), a seated Al snd a SacroAcetabular Angle (SAA) based on at
least one of (1) & standing sacral slope (85) of a first patiend relative to & normative 88, (i) a delta
of the sacral slope (dSS) of the first patient between a standing position of the first patient and an
upright seated position of the first patient, (i) a femoral version of the first patient, when the
fernoral version corresponds 1o a femoral version outhier position, and (vy a pebvie femoral angle
{(PFA} of the first patient that corresponds to a PFA outlier position i at least one of a standing
position, an upright seated position, or a delta between the standing position and the upright seated
posttion. Then, at block 310, the processor determines a coronal acetabulsr cup position iy the
form of a supiue coronal anteversion and at least one of a supine or a standing coronal inclination
and apteversion based on the sagitial acefabular cup position, Next, at block 315, the processor
determines 8 postoperative standing AT aud a post-operative seated AT based on at least the
coronal acetabudar cap position.

{8662] The post-operstive standing Al and the post-operative sgated Al determined using the
methods of the present disclosure may be wtiltzed to manually place the acetabolar cup in the first
patient.  For example, a surgeon mav prepare and place the acetabular cup and stem with a

handheld device and confirm the acetabular cup position based on computer feedback.
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Alternatively, robotics may utilize the post-operative standing Al and the post-operative seated Al
for placement of the acetabular cup. For example, a navigation device with a tracking sevsor may
be linked to a mechanical atm that moves based on a pre-planned trajectory and deswred coronal or
sagittal position of the scetabular cip.  The post-operative standing Al and the post-operanve
seated Al once converted to coronal anteversion could also be used for acstabular and femur
prapatation, by inclasion of femoral considerations for planning appropriate comnbined anteversion
and mobility.

{ae63] In one optional embodiment, the method 300 mcludes the processor sending at least
one of the sagittal acetabular cap position and the coronal acetabular cup position to a remote
processor electrically coupled to at least one of a preoperative templating apparatus or a navigation
device. In one embodiment, the processor is electrically coupled to at least one of a preoperative
templating apparatus of g navigatton dévice,

{6064} I anothier embodiment, the method 380 includes the processor receiving & pluralsty of
btomechanical values inclading a pelvic incidence (P, the sacral slope (88), a pelvic tilt {PT), the
delta of the sacral slope (d8S), the pelvic femoral angle (PFA), a leg length, a lup offset; a hip
center of rotation, and the femoral version based on images of the first patient. In a further
embodiment, the processor receiving the plurality of blomechanical values comprising the pelvic
mcrdence (P}, the sacral slope (88), the pelvic ult (PT), the delta of the sacral slope (d88), the
pelvic femoral angle (PFA), the leg lengih, the bip offset, the hip center of rotation, and the femoral
version hased on the images of the first patient mcludes the processor tecsiving ong of mors
digitized voice commands that include one or more of the phuality of biomechanical values, In
another embodiment, the processor is glectrically coupled to an audin-digital converter configured

to digitize the one or more voice commands,
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{B065] In an alternative embodiment, the method 300 mcludes the processor recstving the
plurality of biomechanical valves comprising the pelvic mcidence {(P1), the sacral slope {S5), the
pebvic tilt (PT), the delia of the sacral slope (dS8), the pelvic femoral angle (PFA), the leg length,
the hip offset, the hip center of rotation, and the femoral version based on the images of the first
patient includes the processor receiving one or more signals from a user input module, And the
ong of more signals melude one or more of the phuality of hiomechanical values.

[0066] In another optional embodiment, the method 300 includes the processor determining or
receiving a plurality of biomechanical values comprising a pelvic cidence (P1), the standing
sacral slope (88}, a pelvic @it (PT), the delta of the sacral slope (d88), the pelvic femoral angle
(PFA), a leg length, a hip offset, a hip center of rotation, and the femoral version based on one or
mare inages including the first patient showing a standing lateral view from an L1 lumbar vertebra
o an upper fifth of a fomur, o seated lateal view from the L1 hanbar veriebrato the upper fifth of
the fenwr, a standing anteroposterior {AP) pelvis view, an AP view of a hip, a lateral view of the
hip and a moditied Budin view,

{0067] T snill another optional entbodiment, the method 30 ncludes providing, vig at least
one-of a display or an audio-digtial converter, intrpoperative gudance or-control of a navigation
device based on at least one of the sagittal acetabular cup position and the coronal acetabular cup
position. In a forther embodiment, determaning the post-opeérative standing Al and the post
operative seated Al based on gt feast the coronal acotabular cup posstion meludes the processor
fracking anatony of the first patient and the acetabular cup in real-ime. And a plurality of sgusors
are coupled to one or more of the acetabular cup, the anatomy of the first patient and the navigation
device and the plurality of sensors are electrically coupled to the processor. In another optional

emthodiment, the audio-digital converter tvconfigured to permit bvosyeay communication between
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a surgeon and the processor.

{0068] In another embodiment, the method 300 mcludes the display providing images showing
a spatial position and an ortentation of the acetabular cup in real-time. In a further embodiment,
the method includes the processor determining an ovientation of a femoral component,

U In still another optional embodiment, the method 300 includes the processor registering
anatomy: of the first patient to an OR table. In a fusther embodiment, the processor synchromzes
the registered anatonty of the first patient to & treatment path of'a robotic atmof a navigatinn device
angd to at least one of the sagittal acetabular cup position and the corong! scetabular cup position,
{807¢] In another sinbodiment, the method 300 includes a localization device confirming a
plurality of placement parameters in a plurality of planes after implanting an acetabular cup in the
first patient. In a further embediment, the methed 300 includes a localization device measuring
changes in @ post-operative state relative to g pre-operative state after implanting g acetabularcap
m the frst patient.

{8671} fu vet another embodiment, the method 300 includes the processor determmning at least
one recommendation for atype of implant, a wegtment plan-or g suargical tip based on historical
data frova a phorality of patients. The historical data inclndes » plarality of coronal acetalndar cop
positions, a plurality of coronal or sagittal biomechanicad valves and measyred changes i a post
operative state relative to a precoperative state, The method also inchudes at least one of a display
or audio-digital converter providing the at least one determined recommendation to a surgeon.
{00721 fn one optional smbodiment, the method includes the processor storing data associated
with the first patient. The data ncludes the coronal acetabular cup position, & plurality of coronal
or sagittal biomechanical values and measured ghanges in a post-operative state relative to a pre-

operative state.
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{8873] As discussed above, a non-transitory computer-readable medium having stored theresn
program instructions that spon execution by a processor may be used to cause performance of any
of the functions of the foregoing methods of the present disclosire.

{8074] As one example, & tos-transitory computer-readable medium having stored theveon
progrant instructions that upon execution by a provessor, cavse performance of methods that
include the processor deternuning & sagittal acetabular cup position in the form of a standing
Anteinclination {Al), 3 seated Al anda SacroAcetabular Angle (SAA) based ou at least one of (1)
a.standing sacral slope (8S) of a first patient relative t6 a normative S8, (i) a delta of the sacral
slope (dS8) of the first patient betwesn a standing position-of the first patient and an upright seated
position of the first patient, (i11) a femoral version of the first patient, when the femoral version
corresponds to a femoral version cutlier position, and (iv) a pelvic femoral angle (PFA) of the first
patient that corresponds 10 4 PFA outlier position in'gt least one ofthe standing position, the upright
seated position, or a-delta between the standing posttion amd the upright seated position. The
processor then determines a corowal acetabular cup position 1 the form of a supine coronal
gmteverston and at least one of & supine or & standing coronal nclimation based on the sagittal
scetabular cup position. Next, the processor deterpuines 8 post-operative standing Al and a post-
operative seated Al based on at least the covonal acetabular cup position.

{0075]  Examplet

{6076] A 57 year old male with a height of §°5" and a weight of 170 Ibs presents with an
arthritic L hip. The patient has normal miotion with a snall flexion joint conttacture. His Xoray
data are as follows: pelvic incidence PL is 34, stand/sit Sacral Slope 88 is 2779 such that his dSS i3
18 degrees, stand/sit PFA 13 2000139 such that his dPFA 1s 61, Lumbar stand/sit lordosiz 184321

such that LY 522, In thisexample, a preoperative Xeray evaluation of his femoral snteversion is
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not available. Note that 1 alternative scenarios, transverse U1 scans or MRI nnaging nay be used
o obtain sagittal and/or coronal data. Lumbar lordosis and dLL are used 1o evaluate spinal stiffhess
but are not ultimately utilized to determing acstabular cup position.

{9077 To determine acgtabular cup position Iy the sagittal plane, example methods of the
present disclosure determine three values, The first determination is the normal cup position or
architectural cup position for any patient with a pelvic mcidence PY of 534, The secomd
determination is the pelvic tlt PT adjustment (1.2, the gdjustment for the standing deviation of this
patient from that of the standing norm). The third determination is the dSS (i.e. the adjustment to
that cup position based on the patient’s pelvic mobility valug).

[0078] The methods to derive these values are described i the disclosure gbove, Inaddinon,
the relationships PI = SS+PT and SAA = SS+AT can be rewritten as PIMH{ALPT) = 8AA, where
pebiit incidence P and sacrogceiabular angle SAA are constant values, Pelvie il PT adiustment
and pebvic mobihity dS8 adinstment detersune values for &I (and thus SAAY. For any given
patient, the measured pebvic incidence PLis fixed, but at the time of aurgical presentation the pelvic
élt PT value may or may not be signiftcantly different from the nommative pelvice tilt PT value
associated with that pelvic incidence P To determine a patient’s antemchination Al based on the
foregoing relationships, a determination of the patient’s S8 or PT relaive 1o the normative value
for thedr pelvic merdence Plmast bemade todarive gt the tilt adjusted antemnchination Al {amd SAA
vahie), Then the till adjusted anteinclination Al ymust be further adjusted to account for the
mobility ditference dS8 from the notmative 25 degrees. For every degrse the pelvic tilt PT diverges
from the normative pelvie it PT value, the anteinchnation Al is adjusted 0.23 degrees in the same
positive or negative direction. Thus, if PY increases, then Al increases and vice versa. The

resulting adjusted antéinclination Al is then adiusted a second time to account for the difference in
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mobility frony 25 degrees, such that Al 1s mereased 0.5 degress for every degres of dSS divergence
less than the normative 25 degrees and decreased 0.5 degrees for every degree of dSS divergence
gregter than 25 deprees. Using this tivice adjusted AT and subtracting PT and then adding PHwill
result i the SAA valiie to determine optimal mechanical acetabulat cup position.

{0079]  The methods of the present disclosure were used o determine the architectural
relationships betweesn pelvic incidence PL sacial slope 88, and pelvic tlt PT. For example, a ratio
way determuned such that starting at the FT intercept or O-point, and pelvic incidence PI at 13
degrees, every 3 degree rise in pelvic incidence PI oveates a 2 degree rise tn sacral slope 88 and |
degree rise 1o pelvic tilt PT. In another example, forevery 10 degree nise in pelvic ncidence P,
sacral slope SS rises 6.67 degrees and pelvic tilt PT rises 3.33 degrees, a 3:2:1 ratio for PLSS:PT
This determination permits a normative value to be determined for a given patient’s pelvic
meidence PL These relationships are 88=5+0.666P1 gnd PT=-5+0.333PL

{aose] Irs addition, the mean pelvie wcidence PI s typically considered to be about 33 deprees
that corresponds to a sacral slope S5 of about 40 degrees and a pelvic ult PT of 13 degrees.
LUnilizing the ratio determined using the methods of the present disclosure, g pelvie incidence PLof
53 degrees has a sacral slope 85 of 40.33 degrees and pelvic tilt PT of 12.67 degrees. The result is
g table of normative values for pelvic ingidence PIL sacral slope S8 and pelvie 11t PT based on this
3:2:1 rvatio provided w Froure 11 P appears to descrtbe s stmusoidal nise over run relationship
between the distance between the center of the hip and the center of 81, where the hypotenuse of
a constructed right triangls may be described as Pan{90-PT1  As Pl increases the ratio of
horizontal offset between hip and sacral centers jncreases with respect fo the vertical distance
betwesn the two pomts, These phvsical changes all occur to provide a fixed ratio 3:2:1 betwesn

PiOSS, and PT such that for every 3 degrees PI changes, the 58 angle changes 2 degress and the
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PT changes | degree. With 2 & suercept for PT at 15 degress of P and S5, a determination can be
made for absolute geometric nommative values for any pelas, the ratio of SS/PT giving a relative
postural efficiency ratio betwesn differing P angles.

{8u81] The methods of the present disclosure were then used to determine how this ratio
anpacted placement of an implanted acetabular cup whose sagittal values are known as Al and
SAA. Specifically, Boduer’s tiangle penmits this detetmumation,

{0082} Forexawmple, the correlation between the position af'the pelvis and hip ave reflected by
the relationships: PI= PT+S8 and 3S5+A6= SAA. These two relationships share a common value,
namely sacral slope 88, In addition, sacroacetabular anple SAA tes the position of the acetabular
cup to the pelvis. The present disclosure recognizes for the first time a Pelvic Acetabular Angle
PAA that creates a new relationship hetween the position of the acetabular cup and the pelvis to
create Bodner's trisngle. Boduer s iriangle has three angles thin correspond to' the sacrogcstabular
angle SAA, the pelvic acetabudar angle PAA and at the sacral apex ninety degrees minus pelvie
meidence {90-Ph). The angles of Bodner’s triangle tie the position of the acetabular cup to sacral
slope 88, 1o pebvic tilt P, and to pelvic inecidence Pl The anteinclination Al describes an angle
with one Houb measuring above the horizontal reference Hoe, dis same Hae i shared with both the
sacroacetabular angle SAA and pelvic acetabular angle PAA, These lines are spatially identicat
ancd gl three lines dre created by the surgeont at the moinent of acetabular cup placement {1e,
impaction) ingo the acetabulum of the pelvis. Once the sacroacetabular angle SAA and pelvic
acstabular angle PAA are establishied, they become fixed constants and do not change. Only the
antemciination Al changes by the same sumber of degrees that the pelvis rotates between
positions, the same amount-as pelvis il PT, and reciprocally to the S8 amount, 111 ratios. As

sugh, the posifion of the acetabular cup is correlated fo the position of the hip via the relationship

<3
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demonsirated 1 Boduer's triangle.

{BOB3] There is a condition m which Bodner’s triangle becomes an isosceles, meaning that
SAA=PAALAs this wiangle consists of 3 constants, this means that these values will remain the
samie in both the standing and seated positions for a given patient, Boduer's ittangle asswmes this
wosceles form when d88 is 25 degrees, and sacroacetabular angle SAA, which always is equal to
SS+AL becomss equal to (PIHO0Y2, By substituting (PIHO032 for SS+AL the result is that Alis
the only remaining value to determine. This determination may be made based on pelvic incidence
PY values for any sacrsl slope SS associated with pelvic incidence PL which will provide the
sacroacetabular anple SAA and therefore anteinclination AL

[0084] Turning to the patient in the present exgmple, the patient has a pelvic incidence P11 of
34 degrees. As a result, in a healthy scenario the patient would typically have a sacral slope 8S of
41 degresy and g pelvic tilt PT of 13 degrees. Then assuntiog he had 25 degrees of mobility, his
sacrosceiabular angle SAA would be (54490)2 = 72 making his standmg anteinclination A 72+
41 =31 And if the patient had a dSS of 25 degrees, his seated anteinclination Al would be 31423
= 36, The foregoig would be the standard baseline valaes for the patient.

{0083]  However, the pattent presented with a sacral slope of 27 degrees, rather than 41 degrees,
and his 8848 18 degrees, not 25 degrees. Inorder to determine the acetabular cup angle in view
of the present sacral slope 88 and to pernut 25 degrees of pelvic mobility, the ratio for PLESPT
determined by the methods of the present disclosure may be used. Here, a pelvic incidence P of
33 degrges has a porm saceal slope 88 of 27 degrees, a sacroacetabudar angle SAA of 61.5 degrees
and anteinchination Al of 34.5 degrees. The standing sacral slope 88 provides a ult adjusted
standing anteinchination AL regardless of the pelvic incidence i, here 34.3 degrees.

{6086 Bodoer's triangle, once established via acetabular cup placement (3., impaction),



WO 2021/046268 PCT/US2020/049275

moves i space between the standing and seated possions, and the acetabular cup moves exactly
the same angular amount and divection. However, the amount of pelvic mobility, as measured by
dSS, has an effect on a determination of the preferred angle of the acetabular cup. A 235 degree
change between the standing and seated positions does not require any alteration to the tlt adjusted
acetsbular cup position,  But for every degree that dSS deviates from the normative 25 degrees of
pelvic mobility both anteinclination Al and sacroacetabular angle SAA move 0.5 degress. For
example, when d88 15 lower than 25 degrses, sacivacetabular augle SAA and anteincBngtinn Al
increase by 0.5, and when 4385 15 above 25 degrees, sacroacetabular anple SAA and antetnchination
Aldecregse by Q.5

{0087]  Takmng info account the patient’s pelvic mobility dSS of 18 degrees, 25-18 =7 such
that the patient Is 7 degrees stiffer than the normi. Applyving the methods of the present disclosure,
the patient’s anteinchination Al and sacroacetabular angle SAA are mcreased 3.8 degrees. Further,
hased on the patient’s actual measured values as presented above, his final nrechanical acetabular

cup position is based upon 34.5+3 338 standing antewchnation Al and his seated anteinclination

AL 3818 =56 His sacroacetabular angle SAA value 19 determined o be 61543 5= 63 Thus,
for every degree that sacral slope 88 decreases or pelvic tilt PT ingreases from the pelvic incidence
PI normative value, the anteinclination Al increases 8.23 degrees and sacroacefabular angle SAA
decreases 0.75 degrees. The change in'the sacroscetabudar angle SAA 18 determuned by PF{AJs
PTy=5AA And parameter (AL-PT) will decrease 0.75 degrees even as anteinchvation Al gogs up
0.23 degress, because pelvic tilt PT is subtmacted and PT moves in the same direction as the
antemclination Al moves. Once again, when the pelvis rolls back 1 degree, the pelvie tilt PT will

morgase 1 degree from the nonmative value, the antemnchination Al (L., the acetabular cup

anteversion) moreases 025 degrees and the pavameter (ALPT) becomes (1251} = «0.75 which
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reflects the changs to the sacroacetabular angle SAA value.

{BOBE] Baxed on the foregomg, the patient has a mechanical plan for placement of his
acetabular cup, with a sacroacetabular angle SAA af 65 degrees and stand/sit anteinchination AL
38756, Most patients do not change their standing sacral slope S8 postoperatively. As such, the
approach during surgery is 1o place an acetabular cup using lateral plane Suoroscopy puidance
creating an sacroacetabular angle SAA of 63 degress on the OR table. The patient’s coronal values
are then determined in order to use fluoroscopic controf to view coronal inclination that is
measured as an angle, The methods of the preseny disclosurs are used to target the acetabular cup’s
anteversion based on the sacroacetabular angle SAA and the coronal inclination by convedting
sagittal values to coronal values.

{0089] The sagittal-to-coronal conversion is conducted by superimposing the sagittal
coordinates over mobtlity-dependent cordaal coordinates published by Dr. Dotr. Depending ot the
patient, these mobility-dependent coronal coordinates are in the form of a 10x10 degree window
for normal mobslity, a x5 degree window for stiff mobility and a 5x8 degree window for
hypermobility.  Thus conversion sccownts for 33-50 degrees of coronal inclination and 12-25
degrees of ameverston. The conversion exceeded 25 degrees supine anteversion 10 gccount for
cases of very stiff, very high pelvic incidence P1and high standing sacral slope S8 such that coronal
anteverston will need to go closer 1o 30 degrees. The angle at which the sagittal coordinates are
overtaid relative to the coronal plane will have somie effect on the conversion angle, but a
feasonable gstimation of this value may be utitized. Machine learning methods of the presem
disclosure permits a processor i the system to fears from acetabular cup placement outcomes to
mprove the sagittal-to-coronal conversion over time. The methods of the present disclosure have

been climeally confirmed with about 50 procedures.
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{80%0] With the sagittal conversion values, antevarsion Al can be determined a prioni without
resort o Bodner's triangle thereby providing an optimal sacroacetabular angle SAA value. For
example, the relationship PEHALPT) = SAA can be used hased on the pelvis mobiliy d85 value
from the sagittal values determined and msasured above, With respect 1o the patient of the present
example, his palvic incidence Pl is 54 degrees and his measured PT 15 14 degrees more than his
aormative PT value. His bt adjusted antemclination Al adds .23 x 14 = 3.5 degrees to his
normative ateinclination Al value o 31 degrees vesulting ina final vt adiusted Al of 31+3,53=34.3
degrees. And lus pelvic mobility adjustment to both Al and SAA s 0.5 x (25-18) =3.5 giving a
final standing antemclination AL of 34543 5538 and SAA of 38427 (his measured preoperative
standing SS) = 65. The foregoing values are based on conversion ratios, rather than Bodner’s
triangle, as an alternative implementation of the methods of the present disclosure.

{80%91]  Tuming to Bodoer'striangle, SAA-(AL-PT) = Pl and the complément is PAAHALPT)
= 90, The same conversion ratios disclosed above can be used to deterinine ameinclingtion Al and
pelvic acetabular angle PAA. o addition, the sacroacetabular angle SAA can be determined by
{904+ PI-PAA = RAA.

{8092]  Inview of the foregoing, there are §ix parameters to consider when determining the
normative vahies based on pelvie tnerdence PI, and ‘then adjusted fo determine individual
aeetabilar cup posion when the patient’s pelvic posttion and mobility have devisted from
architectural valges in standing to sitting. The first set is the morphologic ratios as PI changes from
one valug to another, these ratios arg PLSSPTALSAA=32:1:0.5:1.5, with the sixth parameter the
dSS mobility correction of 0.3 With the above ratios & complete set of normative values may be
twhulated.  When an individual patient presents with altered values for hip replacement, nlt

adpssted cup position mey be determined from the normative data by these individual conversion
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ratios, SS:PTALSAASS=11:0.25:0.78:0.5. The former sef may be used to Hlustrate the change
i cup vahues betwesn patients when pelvie incidence Plincreases by 1 degree, then PHA+1 AT
OATPTOINI=SAA or PH-0.3) = 0.5 which means as palvic incidence PHincreasss by one
degree, the quotignt {AL-PT) decieases 0.5 deprses resulting in & sagroacetabular anple SAA
merense of 0.5 degrees, namely the effect of § change to pelvic incidence PIon aeetabular cup
position and sacroacetabular angle SAA. For an individual patient with a fixed pelvic incidence
P and changing sacral slope 8% and pelvic tilt PT, the same relationship has g different solution,
it becomes PIGORARQ2S)-PTY] = SAA.  In other words, for each degree pelvic it PT
increases, anteinclination Al wncreases 0.23 depress and sacroatetabular anpgle SAA decreases 0.75
degrees. This represents the tilt adjustment ratios before the 0.5 degree mobility correction (that
18, deviation from the 25 degree norm} is applied to the anteinclination Al and sacroacetabular
angle SAA vahues.

{0093]  The overall spinopelvic balance of the hip replacement’s acstabular cup position can
be described by the relationship of the sacroacetabular angle SAA to the pelvic acetabular angle
PAA, SAAPAA. When the relationship of the acetabuder cup to both the 88 (SAA) and the PT
{PAA} is equal the system s balanced. That 1s SAA = PAA and that occurs when SAA and PAA
are both equal to (PIFS0)Y2. A perfectly balanced systern is not always achievable for a given
patrent and the best possible outcome may be skewed towards the SAA where a patent has suff
mobidity of 8 persistent rotated-forward pelvic position. For the wpical Cancasian patient with a
pelvie mcidence PTof 54 degrees, the balanced SAA and PAA arg both 72 degrees, L., {34+90¥2.
Therefore 72:72 describes a balanced SAAPAA ratio {a hanmonious spinopelvic balance} for a hip
replacement in a novmal patient with a pebvic incidence P of 34, From the previous ratios, this

occurs when d85+25 degrees or when the effsct of an alteration in pelvic position s countered by

]
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an sheration due to mwobility. Stiffness 18 countered by decreased sacral slope 88, whereas
mcreased dSS mobility 1s countered by an mereased sacral slope 85, The chimcally normal pelvic
mobility in patients presenting for THA s 20 degrees stand 1o sit such that the SAAPAA matio for
a typical patient with a PI ot 34 and 20 degrees mobility become 74.5:693. These are the valuss
for SAA and PAA derived from relationships and determinations based on Bodeer's triangle, when
the pelvic incidence P is 34 and the dSS 15 20, The patient 1 the present example with 3 pelvic
weidence PLof 54 has a SAAPAA ratio of 6579, As such, he is sipmficantly off the balanced
SAAPAA ratio of 72/72, because he is stiffer but there 15 g much greater effect from his lowered
standing sacral slope S8 that effectively decreases the SAA and increases the PAA.

{a094] In stunmary, conditions that increase SAA and lower PAA are decreasing dSS mobility
{pelvie stiffhess, and increasing. pelvic tilt position forward {i.e, raising sacral slope §S and
decreasing pelvic i1 PT), Conditions thae lower SAA and incrégse PAA gre moregsing d88
mohility and increasing pelvie spatial position backward (Le., decreasing sacral stope SS and
mcrenasing pelvic il PT). Conditions that increase both SAA and PAA thereby increase pelvic
medence P whereas conditions that lower both SAA and PAA thereby decrease peleic meidence
P1. In other words, the sacroacetabular angle SAA increases and pelvie acetabular angle PAA
decreases, when pebvic mobility decreases and the pelvis tilts forward. The sacroacetabuolar angle
SAA decreases and pelvic acetabular angle PAA fncreases, when pelvic mobility micreases and the
pelvis tilis backwards.

{0095] The patient in the present example has a compromised standing posture. Specifically,
his pelvis s significantly tilted (rotated) posteriorly driving his sacroacetabalar angle SAA down.
But the decreased pelvic mobility, which raises the sacroacetabudar angle SAA. doex nut

compensate enough fo restore absolate balance where SAA=PAAL As a result, s optimal
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acetabular cup position s skewed 1o the pelvic tlf PT side, the PAA side that is higher than his
sacral slope side, the SAA side. As a resalt, the SAAPAA ratio permis determmation of an
acetabular cup’s spatial relationship relative to the individual patient’s deteriorating hip and spine
alignment,

joa9e]  Next, the relationship of the acetabular cup’s position to the fepne is determined o
satisty the parameter known as combined anteversion. The coronal cup anteversion is accepted as
neasured by an ellipse methodology on the AP X-ray and adding the same to the femoral
anteversion as estimated visually st the time of surgerv or by matching the famur to a preoperative
CT scan and using navigation to afrivie at a number. Femoral version s based on the relationship
of the position of the center of the head of the femoral component to the longitudinal axis of the
fermu, an angle is determined from the posterior cendylar line of the knee (essentially creating an
mternal horizontal reference line) and the devigtion of the neck of the femoral compondnt o this
reference lime. This angle is added to the acetabular cup’s coronal anteversion 1o aglueve a 25-45
degree range between the femoral verston and the cup’s coronal version {typically wen range from
25-37 and women range from 30-45). The femoral version typically ranges from 7-20 and typieally
the cap covonal anteversion vange 1s frome 1525 If femoral version is below § degrees or above
25 degrees, the femoral version 1s best changed, which i difficulf with the preferred uncemented
press fiv femoral components. The intraoperative result i3 that swrgeons who use conmbined
anteversion as a puide may elect to modify acetabular cup version from the mwechanical plan
described above and petnant the fomoral stem implant find s wnaltered seating,

{8097 A second correction may be applied to outlier fomoral mobility, & measure different
from femoral cup version. This is measured as another sagittal parameter as the famur moves in

the sagittal plane. The valoe is Pelvic Femoral Angle (PEA) by Dorr and Sacro Femoral ‘Angle
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{SFA) by spine surgeons. Qutliers are typically associated with; 1) stiffness of the pelvis as PFA
has been found to morease 0.9 degrees for every degree loss of 358 leading to an mcreased delia
PFA and 2) elevated PT standing, associated with a high standing PFA and & low siting PT,
associated with a low sitting PFA. The sagitial parameter defined as pradicting fuhetional safe cup
placenment is called Combinad Sagiital Index (C81) and is measurad as the sumof ARFFA= CSL
CSY s a position and Pl-dependent value. The CS1 has both standing and sitting values ranging
between g upper limit to avoid a high standing CSI value that conld result in an anterior
dislocation and a lower Hntit fo avold a Tow sithing CS1 valuethat could resultin a postenor
dislocation. Low pelvic incidence PI patients are particularly prone to a low sitting CS valug:. To
account for this, the methods of the present discloswre, adjust anteinchnasion Al wpwards on a
sliding scale, depending on how low the PEA is below the 120 degree nonmal value. Likewise, if
g patient 18 above 197 danding €S value, the methads of the present disclosure, adjust the
antetnclination Al downward on a sliding scale. This adjustment is optional, but not required, for
acetabular cup placement. PFA outhiers are associated with stiffhess frequently and the targeting
corrections for stiffness can'solve mostof the issues. Insuring 8 proper or mersased corvonal offset
and leg length resolves the vest.

{8098] Fratly, vatues corresponding to the detexmined acetsbular cup valoes may be further
miodified based on the nataral anatonveal depth and version of the patient’s acetabulom. For
example, a patient may present with a mismatch between the determined position for the acetabular
cup and the depth of the cup that the acetabulun can'accept without the cupr extending vut of the
socket of the acetabulam,

{6699 Tn addition, m one optional smbodiment, the relationships described hergin, meluding

the sagittal-to~coronal conversion will be provided m a tangible computer readable media with

3
Th



WO 2021/046268 PCT/US2020/049275

instructions for execution on one or more processars for a preoperative templating appasatus andfor
an itraoperative navigation system. {n toto, all this targeting mformation may then be continmed
i conyniter simulation defining a "Range of Motion to Impingement”™ sequence using sagittal
and coronal biplanar postions simultansously,

{6106] Example 2

{8101 There is only one tlt-adjusted acetabular cup position for any presenting standing
sacral slope 88 vepardless of the pelvic mcidence PL In other words, acetabular cup position is
not dependent on the construction of the pelvis with regards 1o pelvic incidence PL Instead,
acetabular cup position depends on the presenting pelvic positinn as measure by sacral slope 88
as described here or by pelvic tilt PT based on the relationship PAAH{ALPT)=90. The resultis
that the. patient from Example I above and the patient in the present Example 2 both have an
acetabular cup posiioned 1y the same offentation, bt the balance between the acetabolar cup and
the pelvis as determined by the values of sacral slope 8S and pelvic gt PT o relation to thedr
respective pelvic meidence PLwill be different.

{e162] Forexample, 8 fermale that has o pelvic incidence PEof 45 degrees, when she wag 20
years old, also has 2 standing sacral slope SR of 35 with a pelvic tile PT of 10 deprees, which s a
normal distribution. AL age 65, the same female now hasa standing sacral slope S8 of 30 degrees
and @ pelvie it PTof 18 degrees, and her tiltadjusted miraoperative cup posttion will be based on
her current sacral slope S8 6 30. A second patient presents with a pelvic incidence PY of 35 degrees
bt also has a presenting standing sacral slope S8 of 30 degrees and a pebvic tilt PT of 5 depress.
Both of these patient’s tilt adjusted standing cep positions will be the same, since the cap position
i based on their presenting standing sacral slope 88 of 30 degrees. Both patients will have a ult

adpsted cop anteinclination Al of 33.75 degrees standing and theiv sacroacetabular angle SAA
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will be: 6375 degrees. When a patient’s dS8 15 determuned, an adpustient to iy standing
antenichnation Al position can be applied to determine the sittmg antemchination Al and 1o
similarly adjust the sacroacetabular angle SAA 0 avive at the il & imobility-depsndent
mechanical acetablar-sided cup position. I this example if patient 1 has a d8S of 13 degrees, her
Al standing 15 changed 1o 3875 and sitting becomes 5373 with an SAA of 6873
if patient 2 has d88 of 35 deprees, her standing Al drops 10 28.75 and sitting becomes 63.75 with
an SAA of 58.75.

{0183]  The descripuion of different advantageous arraniements has been presented for
purposes of lustration and description, and is not intended to be exhaustive or limited to the
examples in the form disclosed. Many modifications and variations will be apparent to those of
ordinary skill in the art. Further, different advantageous examples may describe different
advantages as compared 1o other advantageous exgraples. The example or exatmples seledted are
chosen and described in order to best explain the principles of the exanwles, the practical
apphication, and to enable others of ordinary skill 1o the art to enderstand the disclosure for various

examples with various modifications as ave saited to the particular use contemplated.
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