

















(PC2 pre/post, p<0.001; PC3 pre/post, p=0.03), describing a reduction in the range of
valgus-varus motion, and a decrease in the inverse C-shape magnitude. Despite decreases
in magnitude, the inverted drift pattern characteristic remained post-implant (PC2 relative
to 0, p<0.001), and PC1 was significantly different from zero, meaning knees were

overall slightly varus in magnitude (PC1 relative to 0, p<0.001).

High PC3 scores captured C-shaped knees (Figure 3.4). Pre to post-implant there was a
reduction in the magnitude of the C-shape, however PC1 and PC3 scores were both
statistically different from zero, describing a small magnitude C-shape and overall varus
alignment, both within the clinically neutral 0 + 3° range. (PC3 pre/post, p<0.001; PC3
relative to 0, p=0.03; PCI relative to 0, p=0.05). Low PC3 scores characterized inverted
C-shaped curves through a PROM. Pre to post-implant, this group’s scores deceased in
PC2, and increased in PC3 (PC2 pre/post, p=0.02; PC3 pre/post, p<0.001), describing a
decrease in varus-valgus drift magnitude, and a decrease in invented C-shape magnitude,
both previously defined as being significantly different then zero pre-implant (15). Post-
implant inverted C-shaped curves could be characterized by an approximately neutral

alignment through the PROM, that is, no scores were significantly different from zero.

S-shaped knees pre-implant, described by high PC4 scores, were shown by Astephen
Wilson et al. to have all PCs significantly different from zero pre-implant (15). PC1 and
PC4 scores decreased pre to post-implant, decreasing in overall varus and S-shape
magnitudes (PC1 pre/post, p=0.02; PC4 pre/post p<0.001), Figure 3.4. There was also a
decrease in the magnitude of PC2 pre to post-implant (p=0.05), which could be capturing
a reduction of varus to valgus drift in S-shapes at mid-flexion. Post-implant, S-shaped
curves can be described by a small magnitude C-shape pattern about an approximate
neutral mechanical axis (PC3 relative 0, p<0.01). Inverted S-shape knees showed a
decrease in PCs 2 and 3 pre to post-implant, and an increase in PC4 (PC2 pre/post,
p<0.01; PC3 pre/post, p=0.03; PC4 pre/post, p<0.001), which were all previously defined
as being significantly different from neutral pre-implant (15). Post-implant, inverted S-
shape knees showed no patterns statistically different from zero (PCs 2-3). Although
Astephen Wilson et al. described inverted S-shaped knees PC1 scores as not being

33



significantly different from zero pre-implant (15), this study revealed a small overall

varus magnitude post-implant (PC1 relative 0, p=0.01).
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Figure 3.4 Mean curves of pre (solid, red) and post-implant (dashed, blue) adduction
angles through a PROM, 10-110° of knee flexion for each phenotype: (a) drift,
(b) inverted drift, (c) C-shape, (d) inverted C-shape, (e) S-shape, (f) inverted
S-shape.
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3.4 DiscusSION

Results of this study confirmed the hypothesis that passive knee kinematics are altered
immediately after prosthesis implantation within total knee arthroplasty surgery. Further,
PCscore magnitudes decreased post-implant, evidence that knee kinematics moved
towards a neutral alignment and the overall curvature in the waveforms was reduced
through the entire PROM. Statistics in this study also revealed that knees overall
maintained a very small varus magnitude and C-shape pattern, post-implant (Table 3.1).
Post-implant PC1 scores significantly different from zero should not be over interpreted
considering post-implant scores had significantly lower magnitudes then their pre-
implant state, and mean waveforms presented post-implant were well within 0 + 3° of
mechanical alignment throughout the entire range of motion, clinically accepted as
neutral (7-9). The motivation of TKA methodology aims to achieve a neutral alignment
in the frontal plane. Our work, demonstrated that frontal plane PROM curves did
approach a neutral mechanical axis, not just at extension, but also through the entire
range of flexion, supporting the methodology of traditional TKA when looking at

populations as a whole.

No statistically significant drift patterns (PC2) were captured post-implant when
assessing all navigation curves as a single population (Table 3.1), however significant
patterns were captured post-implant in the valgus group (Table 3.2), and more expectedly
post-implant in both drift and inverted drift phenotypes (Table 3.3). These discrepancies
can be attributed to the large degree of frontal plane kinematic variability within the
entire population’s PC2 scores. When the means of the whole population were assessed
high and low PC2 scores cancelled out pattern differences, averaging them around zero.
Segregating groups by PCscores increased the sensitivity by mitigating the likelihood of
accepting a false null hypothesis for the group’s dominant pattern. In fact, the post-
implant mean PCscores of the drift phenotypes appear to deviate the greatest from zero

between all the phenotypes, supporting the use of smaller group analysis.

The first sub analysis generated groups based on static alignment, captured significant

interaction effects between varus, valgus and neutrally aligned knees. Although the varus,
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valgus and neutral groups were divided by supine alignment, limited due to a lack of joint
loading, our population frequency by alignment was consistent with typical surgical
candidate populations (26, 80, 82), and pre-implant intraoperative waveforms were very
similar to results by Siston et al. (15). Siston et al. reported significant pattern differences
between all groups pre-implant, which this study confirmed using a much larger sample
size. PCA was capable of quantitatively describing these pattern differences.
Unsurprisingly, the varus group showed higher varus magnitudes than either group
(p<0.001), and a greater magnitude drift pattern than the valgus group (p=0.06, Table 3.2,
Figure 3.3). Again, unsurprisingly, valgus knees were overall more valgus in magnitude
than the neutral and varus groups (p<0.001). Post-implant results showed that although
neutral and valgus knees returned to an overall neutral alignment, varus knees remained
relatively more varus in magnitude then the other groups, disagreeing with results by
Mihalko et al. who report no frontal plane group differences post-implant. Discrepancies
between our work and Mihalko et al. could be methodological, considering their
alignment groups did not include a neutral population and varus/valgus angles were
averaged at discrete points during passive motion (75). Regardless of the differences, the
mean post-implant frontal plane magnitude of the varus group was negligible and within
clinically acceptable ranges. Our results also identified a small magnitude post-implant
C-shape pattern in varus knees (p<0.001), and a negative drift pattern in valgus knees

(p=0.01), the latter not captured pre-implant.

PCA was also used to statistically bin groups into 6 phenotypes, agreeing with the visual
categorization technique described by Astephen Wilson ef al. (15). PC1 was excluded in
the phenotype binning because it captured the overall varus/valgus magnitude, likely
yielding groups very similar to the varus, neutral and valgus group analysis. Results
found smaller magnitudes of the initial dominant pattern remained in drift, inverted-drift,
and C-shaped knees, while S-shape knees adopted C-shape curves post-implant, Table
3.3, Figure 3.4. All phenotypes achieved a clinically neutral overall alignment post-
implant, yet only half of the phenotypes (drift, inverted C-shape and S-shape knees)
returned to a statistical neutral mechanical axis overall (PC1 p=0.65, p=0.57, p=0.08),

while all other phenotypes, remained relatively varus in magnitude. Only the inverse C-
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shaped group achieved a statistically significant neutral overall alignment (all PC scores
not statistically significant from 0). This analysis aided in describing how surgical
navigation altered knee kinematic patterns within subsets of the total population,
revealing different kinematic changes pre to post implant, and different end state

kinematics between groups.

Statistically binning knees based on PCscores intraoperatively could aid in reducing data
to significant patterns. Although each PCscore was uncorrelated, there are curves that
could score very high on more then one PC, resulting in the same curve being binned into
different groups, influencing mean patterns. The large sample size in this analysis limits
the chances of redundant binning, yet confounding scores could be avoided in the future
by changing the binning criteria to be below a certain threshold in other scores. The goal
of this study was not to categorize kinematic curves completely, but to mathematically
define dominant patterns within the data using PCA. Future work should also aim to
quantify the frequency of each kinematic pattern within TKA recipient populations, or
use a combination of score thresholds to define other high-occuring groups. Establishing
groups that are comprised of a combination of scores will aid in determining if 4 PCs
were sufficient in capturing the variability within the population. Particularly if certain
curves are discovered to be more susceptible to post-operative dis-satisfaction, it may be

important to develop a more rigorous criterion for defining them.

It is possible that higher (smaller variability) PCs, such as PC4 are capturing variability
only reflective of kinematic patterns in one or a small number of individuals, as opposed
to global features within the data. This is unlikely for PC4 considering S-shape patterns
were both visually evident within the patient-population and also statistically captured by
Astephen Wilson et al. (15). However, in a larger or more varied population, it may be of
interest to examine further PCs as these may describe dominant patterns in subsets of
patients of interest. There is no statistical rule for the number of PCs that should be
retained in an analysis, and much of the decision is made on whether or not the goal of
the analysis is to capture a few dominant features within the data, or to more fully explain
the spectrum of variability that may exist within a population. Certainly, the higher the

number of PCs, the more likely it is you are capturing small variability features within the
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data, which can often be associated with a single outlier or small group of observations
with that particular feature. In the future, random error variability could be quantitatively
tested using a parallel analysis approach, running PCA on a matrix of white noise. If the
variability of PC1 captured using the parallel analysis explained less variability than PC4
or higher of the study, it may indicate these PCs are capturing random variability,

establishing a cut-off point for PC retention and interpretation.

Another limitation of this study is that only one flexion motion curve from a series of
flexion and extension cycles was chosen for each subject within this data set. These
frontal plane motion patterns were visually consistent, demonstrated by the saved screen
shots of the navigation system’s curve plots. These plots overlay frontal plane kinematics
during multiple flexion and extension passive motion cycles, yet no analysis was
performed to monitor the repeatability within the patterns. Future studies should aim to
capture the repeatability of these patterns within patients and focus on averaging the
available flexion cycles within the passive motion data in an attempt to mitigate error that

may be reflective of surgeon influence.

Large degrees of frontal plane variability exist pre-implant between TKA candidates,
which has been shown to influence disease state pain measures and frontal plane knee
angles and moments during functional gait (80). Yet, patients are still treated uniformly.
Not surprisingly, our results affirmed the intention of TKA methodology, demonstrated
by the reduction of individual kinematic curvature and alignment shifts towards a neutral
mechanical axis in all phenotypes immediately after prosthesis implantation. We believe
a lack of regard for the variability between TKA recipients may be a contributing factor
to decreased functional ability and satisfaction postoperatively (5, 78). Previous work by
our group has linked pre-TKA gait and neuromuscular control patterns to implant
migration, having implications for survival (17, 73). Some of these features have already
been correlated to passive navigation parameters captured intraoperatively (16).
Kinematic and morphological data captured intraoperatively may be advantageous in
treating patients based on 3D patient-specific characteristics, providing more information
than frontal plane radiographs; today’s standard of care. Since current knee arthroplasty

caters to the norm, the utility in characterizing passive kinematics may be in the ability to
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identify patients that are at high risk intraoperatively, and make surgical decisions aimed
to improve outcomes. The work presented in this chapter was a baseline for
understanding altered passive knee kinematics after TKA between different native knee
types. These findings suggest intraoperative variables, including frontal alignment,
morphology, and surgical approach can influence post-operative kinematics.
Establishing associations between patient-specific intraoperative passive kinematics and
successful functional outcomes post-TKA using a combination of gait analysis,
satisfaction measures, and survival rates may aid in influencing intraoperative surgical

decisions and component placement.

This study mathematically established 6 dominant interpretable patterns within passive
kinematic data and characterized how they change between pre and post-implant states.
This is important because if these patterns can be related to post-operative outcomes there
may be potential for patient-specific kinematics to aid in surgical decision-making.
Further work should aim to understand the relative frequency of these patterns and how

they relate to outcome.
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CHAPTER 4 INTRAOPERATIVE PASSIVE KINEMATICS AND

GAIT MECHANICS

4.1 INTRODUCTION

Total knee arthroplasty (TKA) is a common orthopedic procedure, which replaces
disease-compromised bone with a mechanical prosthesis. Despite increasing prevalence
in TKA procedures, revisions are reported in 7% of cases before 10 years, and
satisfaction rates remain relatively low when compared to other orthopedic procedures (4,
5, 78). Reasons for dissatisfaction are still not fully understood. In a study conducted on
the new Knee Society Score, dissatisfaction was related to TKA recipients experiencing
knee pain during activities that were important to them; walking was the most reported
important activity (6). Walking is a repetitive function of daily living, and a contributor to
independence and quality of life, making gait analysis an essential objective measure of

patient function.

Studies by our group have used gait analysis to assess knee joint biomechanical and
neuromuscular function changes with osteoarthritis (OA) disease severity, and after TKA
(28, 65,71, 77, 83). Gait features, including high knee adduction moment magnitudes
(17), as well as prolonged, increased muscle activation magnitudes (73) have also been
associated with tibia component migration captured using radiostereometic analysis
(RSA), an early indicator for implant failure. Despite the occasional use of kinematic
assessment in functional improvement measures pre and post-TKA, this information is
not yet routinely applied to surgical decision-making, and standard frontal plane

radiographs remain the standard of care in TKA assessment.

Computer-assisted TKA surgery is capable of capturing three-dimensional (3D) passive
knee joint kinematics within the operating room (OR). To date, two studies have been
able to link intraoperative passive knee kinematics to functional knee mechanics during
daily living. A study by Belvedere et al. reported no statistical differences between peak
knee adduction and internal rotation angles intraoperatively and during functional stair

and chair tasks (16, 27). A second study by Roda et al. found an association between the
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peak knee adduction angle captured intraoperatively over a flexion/extension range and
the pre-TKA knee adduction moment during gait (16), suggesting characteristics of
passive knee motion influence dynamic gait patterns, or vice versa. The knee adduction
moment is a well-studied gait variable used to describe medial compressive loads during
weight bearing (69). Greater adduction moment magnitudes and duration (impulse) have
also been associated with cartilage loss in OA cohorts (40). Similarly, altered adduction
moment waveform patterns, including the mid-stance magnitude have been shown to
increase in OA populations and decrease again after surgery (28, 65). So far, we have
only identified peak correlations between the pre-operative knee adduction moment
during gait and adduction angles intraoperatively, which fail to capture temporal loading
patterns. Both OA progression, and implant survival have been associated with increased
knee adduction moment impulses, which is comparable to the overall magnitude of the
knee adduction moment (PC1) captured in previous work using principal component
analysis (PCA) (84). It is important to explore the correlation between this variable and
intraoperative kinematic waveform patterns to aid in identifying if pre or post-implant

intraoperative kinematics are linked to dynamic loading during gait.

One of the limitations in examining the associations between navigation and gait data is
the difficulty in representing the waveforms simultaneously. Navigation is traditionally
represented through degrees of flexion, while gait is represented relative to the gait cycle.
In the past, our group has extracted peak navigation angles during flexion segments
expected to approximate flexion angles during active loading. Although correlations were
identified, this approach was unable to account for the waveform pattern characteristics.
Current work has applied PCA, a multivariate statistical analysis technique extensively
used in gait analysis, to intraoperative passive kinematic waveforms (Chapter 3). PCA
applied to active and passive mechanics is capable of identifying dominant patterns that
can describe joint patterns at an individual level (76). Quantification of temporal
kinematic and kinetic patterns provides greater insight in understanding the knee

dynamically.

To date, only two studies have quantified the associated between intraoperatively

captured passive kinematics and functional knee mechanics (11, 16, 27). However, both
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studies used peak parameters which may have missed clinically relevant features, and did
not examine associations both pre and post-operatively. The objective of this study was to
examine the association between frontal and transverse plane pre/post-implant
intraoperative kinematics and pre/post-TKA dynamic kinematics and kinetics during gait
using discrete metrics extracted from the waveforms. This analysis was expanded using
PCA waveform analysis to capture the dynamic shape of the waveform and examine the
association between frontal plane pre/post-implant intraoperative kinematic
characteristics and pre/post-TKA dynamic kinematics and kinetics captured during gait.
We hypothesized that patterns captured intraoperatively will be correlated to patterns
captured during gait. If these factors can be correlated with better post-TKA outcomes,
they may be advantageous in patient selection and intraoperative surgical decision-

making.

4.2 METHODS

4.2.1 Patients

This study included patients with severe OA, scheduled for a primary computer-assisted
TKA. Surgeries were performed by one of two high volume surgeons between 2009-
2012, with each patient receiving Stryker® Triathlon femoral and tibia TKA components
(Stryker Corporation, Kalamazoo, MI). Patients were included in this study if they were
able to walk 6 meters unassisted and without a walking aid. They were excluded from the
study if screened positive for a history of heart disease, neurological disease, bone
disease, or any lung problems that resulted in difficulty breathing when performing daily
activities. Ethics approval for this study was received from the CDHA Research Ethics
Board.

4.2.2 Surgical Procedure

Using the Stryker® Precision Knee navigation system (Stryker Corporation, Kalamazoo,
MI), the 3D motion trackers housing three non-collinear infrared markers were embedded
by bone screws into the tibia and femur to captured rigid body motion. Fourteen inputs
are given to the system intraoperatively, of these, 2 digitized axis and 4 digitized points

were used to establish anatomical coordinate systems. These include the Whiteside line,

43



the tibia anterior/posterior axis, lateral/medial epicondyles, tibia center and ankle center.

Circumduction of the femur was performed to define the hip joint center (81).

Before surgical resection, the surgeon brought the leg through a standardized series of
flexion and extension cycles, describing passive ranges of motion at two time points
during the surgery i) prior to any bone resection (pre-implant), ii) after bone resection and
after the insertion of the prosthesis (post-implant). Flexion cycles initiated with the
operated leg in full extension and the arch of the foot supported with a posterior grasp.
The knee joint was manipulated through passive flexion by lifting the thigh while the
shank of the leg was kept parallel with the ground. Once the hip and knee reach full

flexion the reversal movement was performed for extension.

4.2.3 Postoperative Passive Kinematic Processing and Modeling

Kinematic patient information was extracted from the Stryker” Precision Knee navigation
system at the Halifax Infirmary. Previously designed custom Matlab™ software (The
Mathworks, Natick, MA, USA) transformed the raw curve data from the navigation
system, comprised of the 3D translations and rotations of the tibia tracker relative to the
femoral trackers to describe adduction, flexion, and internal rotation of the knee using the
joint coordinate system (60). A custom algorithm described in Chapter 3.2.4 was used to
extract the flexion segment and its corresponding adduction angles from the curve data.
Curve smoothing and extrapolation techniques were used to standardize adduction angle
curves to a passive range of flexion motion between 10° to 110°, defining one data point

for every degree of flexion, so 101 data points in total per case.

4.2.4 Gait Data Collection

Three-dimensional gait patterns were collected one-year post-TKA surgery. 3D external
ground reaction forces were recorded with an AMTI Biomechanics Platform System
embedded in the walkway (AMTI, Watertown, MA). Three dimensional motion capture
of the lower limb was recorded with an Optotrak™ 3020 optoelectric motion capture
system at 100Hz (Northern Digital Inc., Waterloo, ON, Canada). Four triads of infrared
light-emitting markers were attached to the surgical lower limb segments of the pelvis,

thigh, shank, and foot to establish local rigid body coordinate systems. Individual light-
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emitting markers were placed on boney landmarks of the shoulder, greater trochanter,
lateral epicondyle and lateral malleolus, while 8 digitized points, defining the right and
left superior iliac spine, medial epicondyle, tibia touristy, fibular head, medial malleolus,
second metatarsal and heel were used to define local anatomical joint axes. The kinematic
profile was defined using the non-orthogonal joint coordinate system described by Grood
and Suntay (60), and net resultant knee moments were calculated using inverse dynamics
(62, 85, 86). Up to seven (minimum 5) walking trials at a self-selected speed were
averaged and normalized to one complete gait cycle (0-100%). Net resultant moments
were normalized to body mass. These methods are further described in Appendix C.2-

C3.

4.2.5 Peak Angle Correlations

Dynamic peak ab/adduction and internal/external rotation angles and moments were
extracted during the stance phase of gait. Passive peak ab/adduction and internal/external
rotation angles were found within 0-30° of passive intraoperative knee flexion
(representative of stance phase angles during gait). Two-tailed Pearson correlation
coefficients were calculated to test for linear associations between parameters at pre and

post-operative states (a=0.05).

4.2.6 Principal Component Analysis (PCA) Pattern Correlations

PCA was applied to passive intraoperative adduction angle waveforms, and active gait
adduction angle and moment waveforms using a custom program in Matlab™. The
original data set for each gait waveform was structured into a matrix, X of size nXp.
Each row, n, represented a single subject’s waveform (pre and post-TKA waveforms),
and each column was a frame of data (0-100% of gait cycle), as described by Deluzio and
Astephen (76). Using the method of covariance, a change of basis was used to represent a
new uncorrelated data set as a linear combination of the original matrix X. Eigenvectors
of the covariance matrix, principal component vectors (PCs), described dominant features
in the original data (Section 2.6). The original subject data, X, projected on the PCs
described the new uncorrelated data set (PCscores), which were used in waveform

interpretation and applied to hypothesis testing described below.
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PCscores of navigation adduction angles were found by projecting each subject’s
adduction angles onto the Objective 1 PC model, Chapter 3.3.1. Governed by the
equation PCscores = U’X, adduction curves (X) were multiplied by the loading vectors,
U of Objective 1 to determine the navigation PCscores of the subjects. In this study, the
first four PCs were extracted from the intraoperative adduction angles, and three PCs
were extracted from gait angles and moments capturing the majority of the variability
within the data. The strength in the association between navigation and gait PCscores was
quantified using a Pearson’s product moment correlation coefficient (0=0.05). All raw
data points were plotted to check for influential points, and ensure no non-linear

relationships were missed in the data using these methods.

4.2.3 Intraoperative Angle Magnitude to Gait Moment Magnitude
Correlation

The strength of the association between the gait adduction moment PC1 and the gait

adduction angle PC1 was quantified using a Pearson’s product moment correlation

coefficient (¢=0.05) to determine if there was a linear dependence between the two

variables.

4.3 RESULTS

Pre-operatively 19 and post-operatively 16 patients had full pre and post-implant
navigation and pre and post-TKA gait data. The post-operative cohort included 15 of the
pre-operative group (4 lost to follow-up, or had not reached the 1-year post-TKA mark)
and 1 exclusively post-operative individual. Demographics were similar between the pre
and post-operative groups due to large subject overlap (Table 4.1). Frontal and transverse
plane pre and post-implant navigation and gait mean waveforms are shown in Figures 4.1
and 4.2 (all patient waveforms can be found in Appendix E.1, Figures E1-E2). Large
waveform variability was seen between the frontal plane passive kinematics, representing
different knee phenotypes, as described in Chapter 3. In both the navigation and gait data
waveforms, variability appeared to decrease in the post-operative state, and all waveform
patterns were typical of end stage knee OA and post-TKA cohorts, shown in previous
studies by our group (Chapter 3, (28, 65)).
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4.3.1 Peak Angle Correlations

Significant correlations were found both pre and post-operatively between the peak knee
adduction moment during stance phase of gait, and the peak knee adduction angle within
0-30° of passive knee flexion (pre and post-op: r=0.75, p<0.001). No other parameters
tested showed significant correlations using peak metrics (p>0.17, Appendix E.1, Table

El, Figure E3).

Table 4.1 Pre and post-operative patient demographics gathered during gait analysis,
one week prior to and 1-year post-TKA, represented as mean (std).
CR=cruciate retaining, PS=posterior stabilizing, DOA=date of arthroplasty.

Pre-Op Post-Op
Female/Male 9/10 8/8
Age (years) 63 (9) 63(7)
Mass (kg) 90.4 (21) 92(18)
BMI (kg/m?) 32.2 (6) 32.9(5)
Height (m) 1.7 (0.1) 1.7(0.1)
Implant CR/PS - 5/11
DOA Sept '09 - Mar '12  Sept '09 - Dec '11

Table 4.2 Peak intraoperative and navigation parameters used in correlations.
Correlation values found in Appendix E, Table F.2.

Parameter Peak Value
Mean (SD)
Pre Post
Peak Adduction Navigation Angle (°) 4.9(5.1) 0.8(1.3)
Gait Angle (°) 4.0(2.8) 1.5(1.5)
Gait Moment (Nm/kg) 0.5(0.2) 0.4(0.1)
Peak Abduction Navigation Angle (°) 2.6(5.6) 0.5(1.3)
Gait Angle () -1.2(1.8)  -2.9(2.3)
Gait Moment (Nm/kg) -0.1(0.1)  -0.1(0.0)
Peak Internal Rotation ~ Navigation Angle (°) -7.2(7.6)  -4.9(6.6)
Gait Angle (%) 5.1(4.1) 8.9(4.2)
Gait Moment (Nm/kg) 0.1(0.1) 0.1(0.1)
Peak External Rotation Navigation Angle () -11.0(8.0) -7.5(7.1)
Gait Angle () -5.53.7) -1.5(3.5)
Gait Moment (Nm/kg) 0.0(0.1) 0.0(0.0)
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Figure 4.2 Mean pre (n=19, red) and post-TKA (n=16, blue dash) abduction/adduction
(varus/valgus) and external/internal rotation angles and moments captured
during gait. Peak angles were extracted during stance phase, represented by
the shaded area (0-60% of the gait cycle).
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Figure 4.3 Scatter plot of a) pre (n=19) and b) post-operative (n=16) peak navigation
adduction angles vs. peak gait adduction moments (pre and post-op: p<0.001,
r=0.75).

4.3.2 Principal Component Analysis (PCA) Pattern Correlation

The PCs extracted from gait waveforms were consistent with previous studies (28, 65).
Using the PCscore correlation method, a positive correlation was found both pre and
post-operatively between the navigation adduction angle PC1 (Figure 3.2b), which
described the overall varus (i.e. adduction) angle magnitude of the knee during passive
motion, and the gait adduction moment PC1 (Figure 4.4b), describing the overall
adduction moment magnitude during the stance phase of gait (Figure 4.5a-b, pre-op:
p<0.001, r=0.79; post-op: p<0.01 r=0.67). A statistically significant negative correlation
was found post-operatively between the navigation adduction angle PC1 and the gait
adduction angle PC1 (Figure 4.4a), the latter described the overall magnitude of the
adduction angle during stance phase of gait (Figure 4.5c, r=-0.53, p=0.03). This finding
suggested that high overall varus angles post-implant during passive motion were

correlated to more valgus (i.e. abducted) angles post-TKA during the stance phase of gait.

A third significant correlation finding was revealed pre-operatively when an influential
point with a very large navigation adduction angle PC3 (or large dominant C-shape
pattern) was removed from the data set. Once removed, a positive correlation was found
pre-operatively between navigation adduction angle PC3, and gait adduction angle PC2

(Figure 4.6, r=0.48, p=0.04). Navigation PC3 described a C-shaped pattern transitioning
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from varus to valgus angles at approximately 30° of knee flexion (Figure 3.2b), while gait
adduction angle PC2 described a difference operator pattern transitioning from relatively
valgus to a relatively more varus angle at 25% of the gait cycle (Figure 4.4a). Again, this
finding showed that the frontal plane kinematics captured within the OR are not
comparable to the frontal plane kinematics captured dynamically during gait, and at times
patterns were in the opposite direction. No other significant correlations were identified
between frontal plane navigation and gait comparisons when removing outliers

(Appendix E.2, Table E2, Figure E6).
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Figure 4.4 a) Adduction angle (top) and b) adduction moment (bottom) PC’s 1-3 during
the stance phase of gait. PC1 (solid) describes an overall varus angle and
varus moment magnitude during stance. PC2 (dashed) adduction angle
describes a valgus-varus angle drift pattern during early stance.
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Figure 4.5 Pre and post-operative scatter plots between navigation adduction angle PC1
and a) gait adduction moment PC1 pre-operatively (p<0.001, r=0.79), b) gait
adduction moment PC1 post-operatively (p<0.01 r=0.67), c) gait adduction
angle PC1 post-operatively (p=0.03, r=-0.53).

Pre-Operative
30

|
|
20 |
|
|
|

Gait PC2 Add Angle
>

-10 0 10 20 730
Nav PC3 Add Angle

Figure 4.6 Pre-operative scatter plot between navigation adduction angle PC3 and gait
adduction angle PC2. A positive correlation is found when the circled
influential point was removed, p=0.04, r=0.48.

4.3.3 Intraoperative Angle Magnitude to Gait Moment Magnitude
Correlation

No correlation was found between the gait adduction moment PC1 and adduction angle
PC1, pre or post-operatively (r=-0.01, p=0.97; r=-0.36, p=0.17). This means that the
magnitude of frontal plane angles during gait were not related to the magnitude of frontal

plane moments.

4.4 DISCUSSION

The results of this study supported the hypothesis that kinematic patterns captured

intraoperatively are significantly associated with knee joint kinetic patterns captured
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during gait, demonstrating passive kinematics captured using surgical navigation are

reflective of dynamic function pre and post-operatively. However, passive kinematics
captured within the OR were not associated with dynamic joint kinematics during gait
pre-operatively, and were negatively associated with dynamic joint kinematics during

gait post-operatively.

Peak gait parameters, shown in Table 4.2 were similar to those reported in severe OA and
post-TKA populations (67, 87). These parameters were able to capture a correlation
between peak adduction angles at early stages of passive flexion and peak adduction
moments both pre and post-implant during stance phase of gait, supporting previous
findings by Roda et al. (16). There were no significant relationships found between the
internal rotation angles captured intraoperatively, and the internal rotation angles or
moments during gait pre or post-TKA, disagreeing with a study by Belvedere et al. who
reported no peak value differences between intraoperative internal rotation angles and
those during daily activities. However their study recorded daily living parameters during

stair and chair tasks, opposed to gait after arthroplasty (27).

The more interesting findings of this work were the applications of PCA, capable of
making waveform comparisons between intraoperative navigation and functional gait
data sets across a spectrum of motion. High overall varus angle magnitudes during
passive motion in the OR were positively correlated to high adduction moments during
the stance phase of gait pre and post-operatively (pre-op: p<0.001, r=0.79; post-op:
p<0.01 r=0.67), which agrees with our findings using peak angles, yet extends the
correlation to the entire waveform. This means that there is not only a correlation in terms
of peaks reached, but between the overall magnitude of varus loading during stance phase
of gait and the magnitude of varus angles intraoperatively during passive motion. We
believe the application of PCA was a more comprehensive method of detecting
correlations between these data sets because it accounted for the temporal information.
When applied to gait data, the adduction moment PC1 is more representative of the knee
adduction moment impulse (66), incorporating the duration and magnitude of dynamic
loading on the joint. It is likely this measure is of greater clinical importance than peak

values because high overall knee adduction moment magnitudes have been related to
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structural knee deterioration (66), gait alternations with OA progression (17, 28, 40, 77),
post-TKA (24), as well as tibia component migration (17), having implications to predict

implant survival.

Applications of PCA were also able to capture a negative correlation between the post-
operative navigation adduction angle PC1 and gait adduction angle PC1. This meant that
high overall varus angles captured in the OR were linked to high overall valgus angles
during the stance phase of gait post-TKA (r=-0.53, p=0.03). This counter-intuitive
finding was not significant using peak parameters, indicating that this correlation only
pertained to overall angle magnitudes through stance phase and passive flexion ranges.
Individual plots shown in Appendix E.2, Figure E7 do demonstrate some individuals with
high passive varus angles intraoperatively adapting to a valgus alignment during gait, or
vise versa. Frontal plane alignment during gait can be greatly influenced by the loaded
environment and active musculature surrounding the joint (88). It is possible that
individuals’ exhibiting alignment inconsistency passively and actively have additional
joint laxity post-implant. If this is the case, these subjects should be closely monitored or
tested for instability. Future investigation into their surgical files, disclosing resection
information may also aid in identifying reasons for laxity. This being said, passive
adduction angle magnitudes have been shown to decrease pre to post-implant, achieving
a clinically neutral alignment after arthroplasty (Chapter 3). In most cases (Appendix E.1
Figures E1 and E7), the magnitude of varus or valgus alignment post-implant was
negligible, captured by a low PC1 scores. Therefore, it is also possible that the captured
negative correlation was a result of random variability within the low post-implant PC1
scores (type I error), implying in the very least, there is no relation between passive and

active gait kinematics.

There was also a pre-operative positive correlation between intraoperative varus to valgus
motion (PC3, Figure 3.2b) occurring at approximately 30° of passive flexion, and a
valgus to varus patterns during gait (PC2, Figure 3.4a), at approximately 25% of the gait
cycle (r=0.48, p=0.04). This finding implies passive motion knee angles transfer from
varus to valgus alignment at 30° of knee flexion, yet active knees transfer from valgus to

varus at 25% of the gait cycle, typically corresponding to well bellow 20° of knee flexion
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pre-implant (28). Therefore not only do the patterns move in the opposite direction, but
the relevant knee flexion angles during gait were un-relatable to the relevant passive
flexion range captured by PC3. These independent results also suggest kinematic angles

captured intraoperatively have little relation to kinematics during gait.

Strength of the associations between navigation and gait kinematic PCscores were
quantified using Pearson’s product moment correlation coefficients. This method
assumes the two variables are normally distributed, which was previously verified in the
navigation PCscores by Astephen Wilson ef al. (15). The strength of the coefficients of
determination between the navigation and gait kinematics reported in this study were not
particularly high (’=0.23, r*=0.28) and correlations do not imply causation or agreement.
This makes it impossible distinguish whether both changes were effected by an
underlying third factor. Passive frontal plane kinematics may only be a small feature in
the total predictive model of post TKA gait mechanics. This model might have the
potential to be strengthened by incorporating 3D loading, already demonstrated to have
significant associations with passive kinematics, as well as 3D motion and

musculoskeletal firing patterns.

There are equivocal results in the literature with respect to the relationship between
frontal plane alignment and adduction moments during gait. Turcot ef al. reported higher
mean stance phase adduction angles and moments in individuals with more varus
alignment (80). Alternatively, work by Hurwitz et al. and Kuroyanagi et al. reported only
mild correlations between the knee adduction moment during stance and the frontal plane
alignment (54%) and varus thrust angles during stance (53%), the latter possibly powered
by two influential points (89, 90). Our results found no correlation between the gait
adduction moment PC1 and adduction angle PC1, pre and post-operatively (r=-0.01,
p=0.97; r=-0.36, p=0.17). These results confirm that overall frontal plane kinematic
magnitudes during gait are not associated with frontal plane loading magnitudes during
gait. Medial compartment loading at the knee joint is likely more dependent on the
stabilizing muscle forces surrounding the knee and the location of the body center of

mass than the magnitude of joint alignment alone.
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Our results did capture a strong correlation between passive frontal plane kinematics and
frontal plane loading magnitudes during gait, confirmed using both peak values and
overall magnitudes. Dynamic kinematics are more complex then passive kinematics
because they incorporate a loaded environment and active musculature surrounding the
joint, having a strong influence on the frontal plane alignment through the duration of
weight bearing. Therefore, although intraoperative kinematics, un-influenced by loading
and musculature should not be used as predictors of functional joint kinematics,
intraoperative kinematics were sensitive enough to predict the frontal plane magnitude of
loading during gait. Historically, the standard of care in arthroplasty has relied upon static
supine frontal plane radiographs to optimize outcomes in an attempt to neutralize loads
through the joint. This study was able to relate the entire range of frontal plane passive
motion to loading magnitudes across the stance phase of gait. The ability to relate
intraoperative kinematics to the knee adduction moment magnitude during gait, the
factor, so far, most related to survival outcomes, suggests there is opportunity to improve

survival based on kinematic observations within the OR.

There are inherent errors in capturing the frontal plane and internal rotation angles during
gait using skin-mounted marker. Skin motion artifacts are susceptible to kinematics errors
during gait trails (91), however this was avoided using the navigation system because
boney landmark definition was possible. Small misaligned definition of the coordinate
system axes within rigid bodies are prone to large kinematic error, however this study
focused on measures during small flexion angles, being less prone to kinematic cross-talk
(92). In addition, the use of PCA extracting patterns within the waveforms has been
demonstrated to extract the same significant PC1 feature using different coordinate
system models, and therefore might have aided in mitigating the effect of digitization
errors (93). Future work using PCA should investigate the associations between gait and
navigated transverse plane mechanics on a larger sample size. This approach may detect
pattern relationships that were missed using peak parameters or the relatively small

sample size in this study.

Current decisions intraoperatively are based on two-dimensional frontal plane

radiographs at full extension. Surgical navigation provides three-dimensional patient
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specific temporal kinematic information through relevant ranges of motion. It is likely
passive joint kinematics, reflective of patient specific joint morphology and the soft tissue
and musculoskeletal architecture surrounding the joint may be important contributors to
post-operative function and outcomes (13). Future work should aim to link joint
morphology, and muscle activation patterns to 3D kinematics captured passively, and
post-operative gait mechanics. Pattern recognition techniques were able to capture
correlations between passive kinematics and dynamic knee loading during functional gait
pre and post-TKA. Dynamic kinematics could not be linked to passive kinematics, which
may be due to the complexity of the measure under loaded conditions. There is little
known about knee kinematics changes before and after TKA, and future work should be
performed to investigate if there are important kinematic features that could aid in
assessing surgical outcomes. The knee adduction moment, a surrogate measure of forces
applied to the knee has been linked to tibia component migration, having implications for
implant survival rates (17, 69). Being able to predict high-risk loading patterns in knees,
such as the knee adduction moment, based on intraoperative kinematics captured using a
surgical navigation system may aid in surgical decision-making. Continued work on
larger sample sizes should be done to verify these findings. Finally, assessing implant
longevity and satisfaction rates relative to intraoperative and gait parameters will be
advantageous in both candidate screening and surgical decision making based on patient

specific measures.

This study demonstrated that high passive adduction angle magnitudes captured
intraoperatively are significantly associated with high knee adduction moment
magnitudes captured during gait, yet they are a poor representative of active adduction
angle magnitudes during gait. This is important because it highlights the lack of
interpretability between passive and active kinematics. However, passive kinematics
were strongly related to frontal plane knee loading patterns, where high knee adduction
moments have been linked to tibia component migration, having implications for implant
survival (17, 69). These findings suggest there is potential to identify high-risk knees
using intraoperative kinematics, which may have utility in patient-specific surgical

decision-making.
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CHAPTER 5 GAIT MECHANIC COMPARISONS BETWEEN

TRADITIONAL TKA AND PATIENT-SPECIFIC ALIGNMENT

5.1 INTRODUCTION

Despite increasing prevalence of total knee arthroplasty (TKA) procedures, there has
been little innovation to surgical methodology. Time tested principles aimed to improve
survival have been the governing factors in defining traditional TKA alignment; to
achieve a neutral mechanical axis in the coronal plane (50). Deviations from a 0 & 3°
mechanical axis post-TKA have been studied extensively and are associated with
increased risk of mechanical failure mechanisms including medial tibial collapse,
polyethylene wear and instability (8, 9). Contradictory to these approaches, a publication
by Parratte et al. found no longitudinal survival improvements in implants that deviated
from a conventional axis after arthroplasty (82). Also, recently Vanlommel et al. reported
significantly better function and knee scores results in pre-operatively varus individuals,
whose post-operative alignment remained mildly varus, compared to those surgically
altered to clinically neutral (94). These findings suggest some recipients may fair well
outside of the accepted alignment range, challenging the clinical relevance of today’s

standard of care and one-size fits all approach to joint alignment in knee arthroplasty.

Recently, a number of studies have reported evidence of frontal plane knee alignment
variability and distal femur morphological variability in healthy, asymptomatic
populations (10-12, 13). If this were the case for healthy populations, then it would be
reasonable to expect disease-state populations to have an equivalent, if not a greater range
of frontal plane alignment variability, even in their pre-diseased state. In these mal-
aligned groups, musculature and soft tissue surrounding the knee joint are likely adapted
to the mechanical environment, and surgically constraining a straight mechanical axis
during TKA may be unnatural. In fact, despite the high prevalence of TKA, satisfaction
rates remain at 80%, low when compared to other orthopedic procedures (4, 5, 78). In a
study conducted on the new Knee Society score, post-TKA dissatisfaction was related to
recipients experiencing knee pain during activities that were important to them, where

walking was the most commonly reported important activity (6). Today’s standard of
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care during TKA only accounts for static frontal plane alignment, instead of the dynamic
use of the knee during daily living. Innovation in TKA should aim to accommodate
patient-specific joint dynamics through functionally relevant ranges of motion, and assess

outcomes objectively during daily living.

Uses of patient-specific alignment cutting blocks are an emerging custom-fit approach to
TKA, deviating from traditional methodology. Past literature has characterized a circular
cross-sectional feature in medial and lateral femoral condyle profiles (51, 54-56).
Traditionally, multiple flexion axes have been identified within the circular sagittal plane
cross-section to define different ranges of flexion motion (51, 95). However, when
viewed outside of the sagittal plane, a single fixed axis defined by the center of the
circular cross-sections of the medial and lateral condyles has been proposed to describe
the entire range of functional knee flexion (55, 57). This axis is used in patient-specific
knees, governed by the morphological shape of the individual’s distal femur. For each
patient receiving custom knees, computed tomography (CT) or magnetic resonance
imaging (MRI) scans of the distal femoral condyles are used to recreate the pre-disease
bone state and “grow” a cylinder into each condyle, whose center axis defines the
‘optimal’ flexion axis for the individual according to this technique. Once defined, a
cutting block is developed fitting on each patient’s distal femur and proximal tibia,
customized to individual bone morphology. Pre-surgical planning aims to improve
outcomes by providing patient-specific bone cuts, reproducing a custom “pre-disease”
state flexion axis, which can vary greatly from the clinically accepted neutral mechanical

axis.

As an emerging technology, there are very few known experiences with patient-specific
alignment procedures, and results have been conflicting, only considering static frontal
plane alignment as an assessment for procedure success (20, 21). Spencer ef al. in a 21-
subject trial demonstrated post-operative frontal plane alignment using the patient-
specific technique to be comparable with computer-assisted procedures, and reported 2
recipients who deviated from a clinically neutral mechanical axis (>3°) (20).
Alternatively, Klatt et al. aborted 2/4 patient-specific knees intraoperatively because the

device’s pre-surgical alignment recommendations greatly deviated from the accepted
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neutral mechanical axis, and they did not want to risk compromising survival in these
patients (21). Other studies have used patient-specific cutting blocks to achieve
traditional neutral alignment. Results have shown small decreases in bone-cutting and
total operation time (96), but no significant improvements in achieving a neutral
alignment compared to conventional TKA both in the frontal and transverse planes (96-
98). To date, studies have been limited to small sample sizes, and have yet to report joint

level functional outcomes or patient satisfaction.

Gait analysis is an important objective measure of patient-specific joint level function.
Studies by our group have used gait analysis to assess knee joint biomechanical and
neuromuscular functional changes during gait with knee OA disease severity, and after
TKA (28, 65, 71, 77, 83). Pre-operative gait features, including high knee adduction
moment magnitudes (17), as well as prolonged, increased muscle activation magnitudes
(73) have also been associated with tibia component migration captured using
radiosterometic analysis (RSA), an early indicator for implant failure (99). Kinematic and
kinetic analyses enhance the understanding of the mechanical joint environment and have
been used to assess functional outcomes between different surgical techniques in the past

(67).

The purpose of this study was to compare dynamic post-TKA kinematic and kinetic gait
patterns at the knee joint between patient-specific knee recipients and traditional TKA
recipients. Because the patient specific group aims to achieve natural variability in
flexion axis definition, also defining frontal plane alignment, we hypothesized that there
would be gait differences between the group’s waveforms, specifically captured in the
adduction angle and moment patterns. Post-operative dynamic gait mechanics of the
patient-specific knee recipients characterized relative to a standard TKA patients could
aid in ranking the functional outcomes of the two methods and help identify patient-
specific gait features that are linked to patient satisfaction. We believe this study may
also provide functional feedback information, having utility for improving future

innovations.
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5.2 METHODS

5.2.1 Patient Selection

Twenty-one patients with severe knee OA were randomized to receive patient-specific
alignment cutting blocks. Magnetic resonance imaging (MRI) scans of the distal femoral
condyles and proximal tibia were used to reconstruct the 3D pre-diseased state bone
morphology and define a patient-specific flexion axis, describing the entire range of
functional knee flexion within the circular-cross section of the distal femur (OtisMed”
Inc., Hayward, CA, USA). The flexion axis of the Stryker” Triathlon prosthesis (Stryker
Corporation, Kalamazoo, MI) was then virtually aligned with the patient-specific flexion
axis, and used to define the cut planes. Custom cutting blocks were then shipped to our
institution, where surgeries were performed by one of two high volume surgeons.
Following the custom planned alignment defined by OtisMed® Inc., shape-matched
cutting blocks were fit onto the distal femur and proximal tibia, to achieve surgical
resections corresponding to the desired flexion axis. Each patient received the Stryker™
Triathlon cruciate retaining (CR) prosthesis. Self-reported satisfaction addressing how the
patient’s knee was feeling on the day of the survey was obtained for the patient-specific
group pre-operatively as well as post-operatively at 6 weeks, 3 months, 6 months and 10

months (scores 0 to100, 100 being completely satisfied).

A secondary control cohort of patients underwent conventional TKA, where the surgery
aimed to achieve a neutral mechanical axis (standard of care) in all recipients. Surgeries
were performed between the year 2003 and 2010 by a high volume orthopedic surgeon,

with patients receiving posterior-stabilizing (PS) implants.

5.2.2 Gait Data Collection

All patient-specific recipients and conventional TKA controls were recruited to the
Dynamics of Human Motion Laboratory for three dimensional (3D) gait analysis
approximately 1-year post-TKA. Patients were included in this study for gait analysis if
they were able to walk 6 meters unassisted and without a walking aid. They were
excluded from the study if screened positive for a history of heart disease, neurological

disease, bone disease, or any lung problems that resulted in difficulty breathing when
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performing daily activities. At each testing session participants also filled out two
questionnaires 1) Likert Western Ontario and McMaster Osteoarthritis Index (WOMAC)
(0 [best]-96[worst]), reporting on pain, stiffness and function of the knee (37), 2) Short
Form (SF-36) (0 [worst]-100[best]) self report of general health. The patient-specific
cohort who underwent gait analysis (n=9) was then matched by age, sex and BMI to
standard TKA recipients (n=9) previously published by our institution (28). Ethics
approval for this study was received from the CDHA Research Ethics Board.

Three-dimensional (3D) external ground reaction forces were recorded with an AMTI
Biomechanics Platform System embedded in the walkway of the laboratory (AMTI,
Watertown, MA). 3D motion capture of the surgical lower limb was recorded with an
Optotrak™ 3020 optoelectric motion capture system at 100Hz (Northern Digital Inc.,
Waterloo, ON, Canada). Four triads of infrared light-emitting markers were attached to
the surgical lower limb segments, the pelvis, thigh, shank, and foot, to establish local
rigid body coordinate systems. Individual light-emitting markers were placed on boney
landmarks of the shoulder, greater trochanter, lateral epicondyle and lateral malleolus.
Eight digitized points (during quiet standing), defining the right and left superior iliac
spine, medial epicondyle, tibial touristy, fibular head, medial malleolus, second
metatarsal and heel, were used to define local anatomical joint axes in each segment. 3D
joint angles were defined using the non-orthogonal joint coordinate system described by
Grood and Suntay (60), and net resultant knee moments were calculated using inverse
dynamics (62, 85, 86). Knee joint angles and moments for up to seven walking trails
(minimum 5) at a self-selected speed were averaged and time-normalized to one complete
gait cycle (0-100%). Net resultant moments were normalized to body mass. These

methods are further described in Appendix C.2-C.3.

5.2.3 Principal Component Analysis (PCA)

PCA was applied to the 3D gait moments and angles separately (6 analyses total) using a
custom program in Matlab™ (The Mathworks, Natick, MA, USA). To increase the
robustness of the model, models were created using data from the 9 post-TKA patient-
specific cases, 9 post-TKA case matched controls, 16/19 pre/post-TKA cases included in
Chapter 4, and 60 asymptomatic subjects who visited the lab for gait testing between
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2002 and 2010 (65, 77). The original data set for each gait waveform was structured into
a matrix X of size nXp. Each row represented a single subject’s waveform (n=113,
18+(16+19)+60), and each column was a frame of data (0-100% of gait cycle, p = 101),
as described by Deluzio and Astephen (76). Using the method of covariance, a change of
basis was used to represent a new uncorrelated data set as a linear combination of the
original matrix X. Eigenvectors of the covariance matrix of X, referred to as principal
components (PCs), described dominant pattern features in the original data. The original
subject data projected on the PCs described the new uncorrelated data set (PCscores),
which were used in waveform interpretation and applied to hypothesis testing (Section

2.6).

5.2.4 Statistical Analysis

Mean and standard deviation demographic information was collected from the patient-
specific and standard TKA recipients. An un-paired two-tailed Student’s t-test (a=0.05)
was used to examine PCscore differences between patient-specific and standard-TKA
groups, for each PC of each gait measure, independently. A Pearson’s product moment
coefficient was used to examine if change in satisfaction metrics (ASat = (satisfaction at
1-year post-implant) - (satisfaction pre-implant)) were associated with PCscores for each

gait metric post-TKA for the patient-specific group.

5.3 RESuULTS

No statistically significant differences were found between the standard TKA and patient-
specific alignment groups for age, mass, BMI, average gait speed, or stride length
(p>0.24), Table 5.1. Satisfaction information was not recorded for one patient-specific
subject at 12 months post-TKA due to un-returned phone calls (Recipient #6, Table 5.3),
and they were removed from the satisfaction analyses. Another patient-specific recipient
(Recipient #3, Table 5.3) did undergo a poly-exchange revision surgery resulting in a
thicker, cruciate stabilizing (CS) tibial insert at 3 months post-TKA. The revision was
attributed to instability and poor ligament quality. The subject’s alignment was not
altered at the time of revision and gait waveforms showed no unusual characteristic

(Appendix F.3 Figure F1), so this participant was included in the analysis.

62



Mean and complete subject waveform patterns are shown in Figure 5.1, where both
groups showed variability within their knee kinematic and kinetic waveform patterns
post-implant. A statistically significant difference was captured between the standard
TKA and patient-specific flexion moment PC2 (p=0.03), explaining 35.7% of the flexion
moment variability. PC2 described the overall magnitude of the flexion moment during
the early stance phase of gait (approximately 0-40% of the gait cycle) (Figure 5.2 top),
where high scores representing high flexion moment magnitudes and low scores
capturing low flexion moment magnitudes during this phase of gait (Figure 5.3 bottom).
The patient-specific group showed significantly lower PC2 scores than the traditional
TKA group (Table 5.2), and therefore had a lower flexion moment magnitude during
early stance phase, a pattern further away from asymptomatic patterns than the standard
TKA group. Mean plots in Figure 5.1a suggest there may be further differences in
adduction moment and angle plots between patient-specific and traditional TKA groups,
however there was insufficient statistical power in this pilot analysis to identify any

statistical differences between the groups (Table 5.2).

Satisfaction rates increased from pre to post-TKA for all recipients in the patient-specific
group (Table 5.3). No significant correlations were captured between any gait metric and
change in satisfaction scores (Appendix F.3, Figure F2). Although flexion angle PC1 did
approach significance (p=0.09), this result may have been underpowered (power = 0.06).
Table 5.1 Mean (standard deviation) 1-year post-TKA patient demographics of standard

TKA (Std TKA) and patient-specific (PtS) recipients. An unpaired t-test was

used to compare demographics between the standard TKA and patient-
specific groups.

Standard TKA Patient-SpeCific Std'TKA VS. PtS

p-val
Female/Male 6/3 6/3
Age (years) 64(9) 64(10) 0.88
Mass (kg) 101(14) 111(20) 0.24
BMI (kg/m?) 37(6) 38(7) 0.81
Average Gait speed (m/s) 1.1(.1) 1.1(.2) 0.50
Stride length (m) 1.2(0.1) 1.2(0.1) 0.97
SF-36 (/100) 68(4) 67(14.5)
WOMAC Total (/96) 19.6(17) 18.9(20)
Date of Surgery Jun'03 - Jan'10 Jul ‘11-Feb '"12
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(b)

Figure 5.1 a) Mean and b) total patient-specific (green, dashed) and standard TKA (blue, solid) 3D gait waveforms at 1-year post

(a)

TKA, relative to asymptomatic waveforms (grey shaded+1SD).
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Figure 5.2 Top) Flexion moment PC2 loading vector capturing knee flexion moment
magnitude (secondary y-axis) during early stance explaining 35.7% of the
total flexion moment variability. Bottom) Flexion moment PC2 high (solid)
and low (dashed) scores during one complete gait cycle (0-100%).

Table 5.3 Flexion Moment PC2 (high scores = higher early stance flexion moment) and
self reported satisfaction of patient-specific alignment recipients, scored 0-
100, where 100 is completely satisfied.

Patient Specific =~ Flex Moment Satisfaction
Recipient PC2 Pre 6wks. 3mo. 6mo. 12mo.

1 -0.08 15 83 100 100 100
2 0.82 60 75 90 90 80
3 -0.36 0 100 100 90 80
4 0.85 70 50 92 100 100
5 -0.91 30 90 100 100 100
6 1.11 30 75 85 95 -

7 -0.69 10 97 80 100 100
8 0.66 0 95 97 95 100
9 0.75 20 100 100 100 100
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5.4 DISCUSSION

This was the first study to assess functional outcomes of patients receiving custom-fit
cutting guides and patient-specific alignment. Our results confirmed, in part, our initial
hypothesis, capturing a difference in the sagittal plane joint loading profiles between
patient-specific alignment and traditional TKA recipients. However, no differences were
captured in any of the 3D knee joint angles or specifically, the frontal plane knee angles
or moments. Despite the lack of correlation, mean waveform patterns and PC1 score
trends (Figure 5.1a, Table 5.2) suggested the potential for patient specific knees to have
lower overall adduction angle and moment magnitudes than traditional TKA groups.
However, this could not be confirmed due to a lack of statistical power (Table 5.2). The
former suggested that the patient-specific frontal plane joint alignment might be brought
closer towards a neutral axis throughout the gait cycle, and the latter would imply the
patient-specific group may have decreased medial compressive loads during weight

bearing (69).

The knee adduction moment is a well-studied gait variable, where high magnitudes have
been linked with tibia component migration, an early indicator for implant failure (17). If
a potential decreased adduction moment magnitude could be shown statistically in the
patient-specific group, it could provide potential justification for using this technique in
some TKA patients. It would also be important to assess each group’s pre-TKA gait
waveforms to determine if the patient-specific group was higher functioning pre-TKA,
potentially explaining why this group’s adduction moment and angle waveforms
appeared closer to a neutral axis post-TKA. Future work should also aim to quantify
differences in variability between these groups. This may help capture if the patient-
specfic group’s surgical alignment variability leads to increased wavefrom variability

within their gait patterns.

Despite the small sample size, patient-specific alignment recipients showed statistically
lower flexion moment PC2 scores relative to traditional TKA groups (p=0.03), with the
patient-specific alignment group showing an overall lower flexion moment magnitude

during early stance phase of gait. Interestingly, this characteristic showed patient-specific
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waveform patterns to be further away from an asymptomatic pattern than traditional TKA
groups. Decreased flexion moments have previously been captured in OA cohorts during
gait (65, 76, 87, 100, 101), while increased flexion moments have been used as a metric
to describe improved function after arthroplasty (28, 67). Interpreted in the past as gait
compensation intended to minimize joint loading and mitigate pain (100), decreased
flexion moments in patient-specific alignment knees may represent a functional
limitation, or non-confidence during gait. Yet, there were no differences between each
groups gait speed (Table 5.1), typically reduced in non-confident patients, and this metric
was not statistically correlated with changes in satisfaction rates. An important
consideration of this study was that all patient-specific knee recipients were given a CR
implant, preserving the posterior cruciate ligament to maintain natural motion. The
control group received PS implants, designed to mechanically constrain translations and
femoral roll back, and associated with greater ranges of flexion motion (47). It is possible
the mechanical restraint may have made the control group more confident during gait,
accounting for larger flexion moments. Despite these differences, using traditional
surgical alignment techniques, subjective knee pain and function have been reported to be

comparable between CR and PS devices (46, 47).

Satisfaction scores at the time of gait analysis, 1-year post-TKA, were fairly high (mean
scores 95/100, Table 5.3) in the patient-specific group. It is important to note that patients
in this study were blinded to the type of knee replacement they received to ensure
subjective factors would not confound satisfaction scores. There were no significant
correlations between changes in self-reported satisfaction measures and any gait metric
post-TKA (p>0.09, Table 5.2), however, flexion angle PC1, the overall magnitude of the
flexion angle during gait did approach significance with a negative correlation (p=0.09,
r=-0.63). This finding might imply participants with the least change in satisfaction may
have had higher flexion angle magnitudes post-implant, which also appeared to be a trend
with flexion moment PC2, the early stance phase flexion moment magnitude (Table 5.3).
Future work with a greater statistical power should address the relationship between pre-
implant PCscores and the change in satisfaction. This may distinguish if the subjects with

the least change in satisfaction where a higher functioning cohort before their surgery.
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Exploring changes in PCscores pre to post-implant relative to the change in satisfaction
may also provide insight in establishing which gait metric improvements provide patients

with the most satisfaction utility.

The circular profile characterized in the femoral condyles is a well-studied feature in
tibiofemoral kinematics, yet it does not describe the entire ‘natural’ range of motion for
all individuals. Typically multiple flexion axes defined within the femur morphology are
used to characterize motion at different ranges of flexion (51, 95). A study by Iwaki et al.
assessing flexion axes within the sagittal plane of the distal femur defined the circular
condylar profile to be in contact with the tibia for ranges of motion past 20°+10° of
flexion, with high variability (51). According to the literature, the fixed flexion axis used
to define alignment in patient-specific knees was characterized for ranges above 15°-20°
of flexion (12, 58). With this in consideration, the knee flexion angles during stance phase
of gait both pre and post-TKA are typically under 10° of flexion, describing when the
joint is loaded (28). This may suggest the patient-specific flexion axis definition was not
optimized for the dynamically loaded environment during gait in all individuals, a key
functional requirement in joint replacement. Capturing the condylar profile variability
between individuals may help to explain some of the variability in functional outcomes
measures (Figure 5.1b). If features of the circular profile in the distal femur are predictive
of outcomes, it has potential use in pre-operative patient selection, objectively deciding
based on bone structure which patients might fair well with the patient-specific

technique.

This study was the first to objectively assess functional outcomes of traditional TKA and
patient-specific alignment recipients during daily living. A Bonferroni correction was not
used in the statistical analysis because this was an exploratory pilot analysis with the goal
of examining whether or not trends existed and identifying which variables should be
explored further (a 3-Factor ANOVA and Bonferroni post-hoc analysis can be found in
Appendix F.2, Table F2). Despite small sample sizes, a significant kinetic difference was
captured in sagittal plane loading metrics during gait between the two groups. No
significant kinematic differences were captured between the standard TKA and patient-

specific alignment recipients (p>0.47), or other kinetic metrics. However, mean
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waveform patterns and PC1 scores of the knee adduction angles and moments imply that
patient-specific knees may have a more neutral overall frontal plane alignment and lower
joint loading magnitudes during stance phase of gait. This trend was un-expected,
considering the methodology behind the procedure was to accommodate patient-specific
patterns, yet these trends would imply waveforms moved closer towards natural
alignment than traditional TKA groups. Future work with larger sample sizes should
investigate this finding. Flexion moment PC2 statistically captured a decrease in the
flexion moment magnitude during the early stance phase of gait in patient-specific
recipients, a typical feature in OA gait. This may be associated with functional limitations
in patient-specific recipients at 1-year post TKA. These findings should not discourage
innovation in TKA, as early patient satisfaction rates in this study remained high post-
TKA and frontal plane angle and moment waveform trends moved towards asymptomatic
patterns. Waveforms produced within the patient-specific group may help target
methodologies needing improvement in the design, and when coupled with changes in
satisfaction, it may be possible to predict which recipients gain the most benefit from the
procedure. This study was an important first step to assess patient-specific approaches to
TKA. Further longitudinal work with larger sample sizes is suggested to identifying

additional gait metrics that can be linked to patient satisfaction and implant longevity.

Despite a small sample size this study demonstrated statistically different gait patterns
between patient-specific and standard TKA groups, where the patient-specific group
showed lower early stance phase flexion moment magnitudes during gait. This is
important because it was the first objective study that was able to capture functional joint
level differences between these groups during gait. However, longitudinal data and a
larger sample size is required to determine if the overall gait alterations are reflective of

function improvements or limitations in patient-specific recipients.
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CHAPTER 6 GENERAL CONCLUSIONS AND FUTURE

DIRECTIONS

6.1 THESIS SUMMARY

TKA is the most common end-stage treatment for knee OA. Although health service
systems have surpassed a sustainable care, procedure frequency continues to increase, a
reflection of changing population demographics including increased prevalence of older
adults and obesity (29, 1). There is still room for improvement in TKA outcomes. Of the
number of knee replacements performed every year, 7% will require revisions within 10
years (4), and approximately 20% of all primary TKA recipients are unsatisfied post-
operatively (5, 78). Despite the broadening demographic of patients presenting for TKA,
prostheses designs and procedures remain conformed to accommodate past population
averages and expectations. Insufficient outcomes and poor longevity may be a reflection
of diverse joint structure and function, which is not accounted for in traditional TKA
methodology. These trends identify an essential need to treat TKA candidates with a

patient specific approach in order to improve satisfaction and implant longevity.

Three primary objectives were assessed in this work. The first captured intraoperative
frontal plane passive kinematic variability pre and post-implant using a surgical
navigation system. Six major dominant patterns were captured pre-implant, quantifying
alignment magnitude and kinematic pattern variability in knees presenting of TKA.
Overall, post-implant, all knee kinematics moved towards a neutral alignment and the
overall curvature in the waveforms was reduced through the entire passive flexion
motion. Despite some small magnitude persistent patterns post-TKA, our results affirmed
the intention of TKA methodology; inducing a clinically neutral mechanical axis post-

implant, in the majority of cases.

The second objective examined the association between passive kinematics captured
intraoperatively and functional gait kinematics and kinetics pre and post-TKA. Analytic
approaches using peak parameters and PCA found kinematic patterns captured

intraoperatively to be significantly associated with knee joint kinetic patterns captured
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during gait. Findings suggested high overall adduction moment magnitudes during gait
pre-TKA were associated with high varus angle magnitudes during passive motion pre-
implant, and high varus angle magnitudes post-implant were associated with high
adduction moment magnitudes during gait post-TKA. However, passive kinematics
captured intraoperatively were not associated with dynamic joint kinematics during gait
pre-operatively, and were negatively associated with dynamic joint kinematics during
gait post-operatively. This counter-intuitive finding may be due to the complexity of the
measure under loaded conditions, altered by soft tissue and musculature surrounding the
joint, suggesting in the very least, there is no relationship between passive and active

kinematics.

The last objective of this thesis was the first work to assess functional gait outcomes after
patient-specific prosthesis alignment during TKA surgery. Despite a small sample size,
our results captured a significant difference in the sagittal plane joint loading profiles
between patient-specific alignment and traditional TKA recipients. However, no
differences were captured in any of the 3D knee joint angles. A significant decrease in
overall flexion moment magnitude during early stance phase of gait (flexion moment
PC2) in the patient-specific group may be a reflection of non-confidence during gait.
However, mean waveform patterns also captured potentially lower frontal plane
adduction angle and moment magnitudes during the stance phase of gait in the patient-
specific group, which may be suggestive of decreased loading profiles in these recipients.
A lack of statistical power and pre-implant waveforms limited our ability to show these

differences statistically in the current study.

6.2 IMPLICATIONS OF THESIS RESULTS

A large degree of frontal plane kinematic variability exists pre-implant between TKA
candidates, which has been shown to influence disease state pain measures and frontal
plane knee angles and moments during functional gait (80). Although the disease-state
soft tissue and musculature surrounding the joint is likely adapted to a specific
mechanical environment, all TKA patients are treated uniformly in the sense that the

surgical goal is to achieve neutral mechanical alignment in the frontal plane. It is possible
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that a lack of regard for the variability between TKA recipients, particularly within the
dynamic joint environment, may be a contributing factor to decreased functional ability

postoperatively (28).

Intraoperatively captured kinematic data in Chapter 3 paired with gait data in Chapter 4
was the first investigation using PCA to associate intraoperatively captured patient-
specific kinematic patterns to dynamic patterns during gait. It is likely the overall
magnitude of the adduction moment during gait has greater clinical importance than peak
values because it incorporates both the degree and duration of joint loading. The knee
adduction moment, a surrogate measure of forces applied to the knee has been linked to
tibia component migration, having implications for implant survival rates (17, 69).
Although we are limited in the understanding of passive kinematics, being able to predict
high-risk loading patterns in knees, such as the knee adduction moment, based on
intraoperative kinematics captured using a surgical navigation system may aid in
influencing surgical decisions. For example, inverted drift, C-shape and inverted S-shape
phenotype knees all showed small overall varus magnitudes during passive motion post-
implant (Chapter 3). Our results imply these kinematic patterns, which can be identified
before any surgical resection, may be related to higher overall varus magnitudes post-
TKA during gait. Continued work examining post-operative function and implant
survival between the different kinematics phenotypes could identify if certain groups are
at a higher risk of failure or poor function using traditional TKA methodology. This work
was a first step in capturing patient-specific features in the OR that could have

implications on post-TKA joint function and implant longevity.

Patient-specific knees are an innovative approach in an attempt to achieve patient-
specific alignment. A decreased flexion moment magnitude in patient-specific recipients
may be an indicator of non-confidence during gait. However results did show trends
towards decreased adduction angle and moment magnitudes during the stance phase of
gait. This finding was interesting considering the methodology behind the procedure was
to accommodate patient-specific alignment, and therefore was expected to show more
frontal plane variability within gait metrics. If a potential decreased adduction moment

magnitude could be shown statistically in the patient-specific group with larger sample
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sizes, it could provide supportive evidence for using this technique in some TKA
patients. In addition, interpreting decreased flexion moment magnitudes coupled with
decreased adduction moment magnitudes in the patient-specific group might imply these
knees are able to achieve a lower 3D magnitude of loading environment during gait,

which may aid in achieving prolonged longevity in some recipients.

6.3 LIMITATIONS

Some limitations in this work were a reflection of well-documented errors associated
with 3D gait analysis. Small misalignment of coordinate system axes within rigid bodies
are prone to large kinematic errors, however this study generally focused on measures
during small flexion angles (i.e. stance phase), being less susceptible to kinematic cross-
talk (92). Skin motion artifacts are also prone to kinematics errors (91), particularly in
obese subjects which made up the majority of the participants in these thesis, however
this was avoided using the navigation system because boney landmark definition was

possible.

Chapters 4 and 5 were limited to relatively small sample sizes, which may have
underpowered some of the metrics analyzed. To increase robustness of our model
PCscores used on surgical navigation kinematics were a projection on the PCs described
in Chapter 3 using a sample size of 340. This ensured patterns were representative of a
larger population. PCs captured in gait mechanics were compared to previous
publications to ensure consistency in waveform interpretation. Chapter 5 pattern
recognition results also incorporated the gait waveforms of Chapter 4, and included an

asymptomatic cohort to increase the robustness of the model.

A series of 18 unpaired two-tailed Student’s t-tests were used to examine differences
between patient-specific and traditional TKA groups in Chapter 5 at a significance level
of 0.05, increasing the chances of a Type 1 error. However, a previous 3-Factor ANOVA
and bonferroni post-hoc analysis was performed (Appendix F.2, Table F2) between
patient-specific, traditional TKA and asymptomatic groups. The post-hoc results were
consistent with the unpaired t-test results of Chapter 5, also revealing a significant

difference in flexion moment PC2 (p=0.02) between the patients-specific and traditional

74



TKA knees in this metric alone, supporting the findings discussed. In addition,
insufficient pre-TKA gait information was available for both the patient-specific and
traditional TKA groups, making it impossible to distinguish whether the patient-specific
group may have had confounding gait characteristics that persisted post-implant

explaining the differences captured.

All correlations in this thesis were plotted and examined to confirm small sample sizes or
influential points did not drive statistical findings. Findings from a correlation analysis
also do not imply causation or agreement. This makes it impossible distinguish whether
changes are effected by an underlying third factor. Therefore features captured using

correlation methods may only be a small feature in the total predictive model.

6.4 RECOMMENDATIONS

This work provided evidence that natural kinematic frontal plane variability in TKA
recipients’ decreases in shape and magnitude post-implant, a reflection of the
standardized methodology used in TKA procedures. Due to the limited understanding of
passive kinematics, it is important to compare these metrics with better-understood
metrics that have established clinical implications. This thesis has demonstrated that
passive frontal plane kinematics patterns are positively correlated to frontal plane loading
patterns during gait both pre and post-TKA. Future work should extend this analysis to
include transverse plane metrics, which may identify patterns missed when assessed
using peak parameters (Appendix D, Figure D6). Immediate future work should also
focus on assessing the post-operative gait functional outcomes between the 6 passive
kinematic phenotype groups. This would aid in determining which kinematic phenotypes
are at high risk of post-operative function limitations, and provide an opportunity to
prevent these outcomes through surgical intervention. Eventually, a combination of
factors, including joint morphology, muscle activation patterns, satisfaction and longevity
should be examined to determine if they can be associated to both the 3D kinematics
captured passively and post-operative gait mechanics. It likely that a contribution of

many patient-specific factors, and a multivariate model to capture the interaction between
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factors can be used to strengthen the prediction of post-TKA gait function and improve

longevity.

The work presented in Chapter 5 was the first quantitative comparison between patient-
specific alignment and traditional TKA techniques. Larger sample sizes are required in
this data set to establish if trends towards decreased adduction moment and angle
magnitudes are lower in the patient-specific groups. It will also be important to assess the
pre-TKA gait waveforms to determine if confounding gait patterns influenced post-TKA
mechanics in this study. These results might aid in supporting the use of patient-specific
alignment in some TKA patients. Finally, more inclusive, longitudinal information of
these patient groups including function, longevity and satisfaction are required to justify
using patient-specific alignment methodology over traditional techniques. Future work
should address exploring changes in PCscores pre to post-implant relative to changes in
satisfaction. This may provide insight in establishing which gait metric improvements
provide patients with the most satisfaction, having the potential to lead innovation

initiatives to with the goal of improving TKA outcomes.
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APPENDIX A Principal Component Analysis

A.l Principal Component Analysis

The original data set will be structured into matrix X of size nXp. Each row represented a
single subject’s waveform and each column was a frame of data (0-100% of gait cycle,

p = 101), as described by Deluzio and Astephen (76):

X = Equation 1

X114 xl,n]

Xm1 " Xmn

Using the method of covariance, the mean is subtracted from each variable to center X

around zero (X = [X — x]), followed by calculating a covariance matrix S:

2
St S12 7t Sip
2
s 55 S .
§=|"12 72 2}’ Equation 2
2
Sip  Sap S5

A change of basis represents the uncorrelated data set as a linear combination of the
original matrix X. Eigenvectors of the covariance matrix of X, referred to as principal
components (PCs), describe dominant pattern features in the original data. The original
subject data projected on the PCs describes the new uncorrelated data set (PCscores),

used in waveform interpretation and applied to hypothesis testing.
Z=U'[X—-X] Equation 3

The majority of the variation can be explained by the first few PCs. The sum of the
diagonal of S, returns the total variance. Therefore the variability explained by each PC
will be determined by dividing the each eigenvalue (I;) by the total variability (Tr(L)).
The variability explained is highest for the first PC and descending thereafter.

Tr(l) = L+ 1, + 1, Equation 4

86



APPENDIX B Surgical Navigation System Data Retention

B.1 Intraoperative Data Retention and Storage

Stryker Precision Knee navigation files for each patient contain 3 files: a Precision Knee
Surgery Report (file extension * pdf), a data log file (extension *.tka4), and a
chronological log file (extension */og). Using the Precision Knee Surgery Report, patient
information including the subject name, operated leg, sex, surgeon and date of surgery,
were entered manually into a Microsoft Excel™ spreadsheet, at which point each patient
was assigned a CAS knee number and CAS Session identifier (ID). The KneeNum is a
four digit knee specific number and the session ID is a three letter session specific
identifier, therefore a patient receiving bilateral TKA would have two independent knee
numbers, while a patient receiving a revision on the same knee would have one knee
number, with two session ID’s. The remaining data and chronological log documents
were filed with the Precision Knee Surgery Report alphabetically by patient name,
password protected in the Dynamics of Human Motion (DOHM) Laboratory personal
computers to adhere to ethics requirements and maintain patient confidentiality. Custom
Matlab™ software, a modification to the Data Extraction GUI described by Roda (22)
was used to batch process a structured array of all navigation data. A structured array in

Matlab® is an array where data can be organized in a hierarchy of nested fields.

The Extract Navigation Data program, custom written in Matlab™ for this work iterates
through the previously described ‘NavSubjectList’ spreadsheet by patient name and
accesses their corresponding navigation data and chronological log documents. The
program generates a structured array titled CASDATA ALL * mat, 1Xn elements long,
where n is the total number of navigated knees. The first set of fields in the array titled
‘Raw’, ‘Patient’, ‘RigidBodies’, ‘Curves’, and ‘Resect’. ‘Raw’ data, accessed by the
command ‘CASDATA_ ALL(1,n).Raw’ contains the original data extracted form the
Stryker® navigation log file and stores it for further use. ‘Patient’ data is imported from
the ‘NavSubjectList’ spreadsheet, while ‘Rigid Bodies’, ‘Curves’, and ‘Resect’ data are
pulled from the navigation log files. ‘Rigid Bodies’ includes femoral and tibial digitized
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points, relative to the femoral and tibial bone-screw inserted trackers, respectively, as
well as surface point-cloud information of the distal femur and proximal tibia. ‘Curve’
data defines 3D linear translations and rotations (x,y, z, 8y, 6, 8,,) of the moving femoral
technical coordinate system relative to a fixed tibial coordinate system. These curves are
recorded for both the pre and post-implant state, defined as the “Initial” and “Final”
stages in the data log file. Finally, ‘Resection’ data contains bone cut depth information

of the distal femur and proximal tibia.
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APPENDIX C Passive and Active Knee Mechanic Models
C.1 Cardan Kinematic Model Applied to Surgical Navigation Data

Equation 5 describes an invariant rotation matrix with Cardan sequence XYZ from the

anatomical coordinate system to the technical coordinate system in each rigid body.

AP, ML, DP,
=|4ap, ML, Db, Equation 5
AP, ML, DP,

[R] TCS/ACS =

37?\“?7‘

I-i 1 I
J-i ] J-
K-i K-j K-

J
"J
"J

This can be expanded to define the transformation matrix from the anatomical to
the technical coordinate system for each segment, using the origin (x, y, z) of the

respective anatomical coordinate systems.

1 1 0 0 0
(1] X 11 1-' Ik x AP, ML, DP Eouation 6
= ) ey Ve Y quation
TCS/ACS y ]-i ] ]k y ﬁy &y EY
z K-i K'J K-kl |, Ap, ML, DP,

Three-dimensional rotations (6y, 8y, 6;) and translations (ty, ty, t;) of the TCSg
relative to the TCSy at each time interval are returned by the Stryker® navigation system.
The rotation matrix from the tibia to the femur will be described using the positive XYZ

Cardan rotation sequence of Equation 7, and represented as a pose matrix using Equation
8.

[Rlzesy = [RIx[R]y[R]z
TCSg
cosBy 0 —sin GY] [ cosB; sinb; 0

0 1 0 —sinB; cosBy O] Equation 7

1 0 0
[R]TCSF/TCST = [0 cosBy sin GX]
sinBy 0 cos6y 0 0 1

0 -—sinBx cosOy

1 0 0 0
T x Equation 8
= t
[ ]TCSF/TCST tY [R]TCSF/TCST quation
tz
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The final pose transformation matrix describing motion of the tibial anatomical

coordinate system relative to the femur is found using Equation 9.

[Tlacse/acsy = [Tlacsg/rese[Tltesp/rese [Tlresy/acsy Equation 9

Anatomical coordinate system position angles are then derived from the resultant pose
matrix of Equation 9. Cardan sequence segment angles, 6 (x, y, z) were extracted using

Equations 10 for every frame of data, yielding anatomically relevant motion.

8, = sin"*(—Ry3)

— tan-1 Rzt
Gy—tan (R)

2,2

8, =tan! (%) Equation 10

3,3

The previously described coordinate systems were used to plot both the pre and post-
implant knee flexion angles (AC Sy relative to ACSr) through the surgeon induced passive
range of motion, typically including multiple flexion and extension cycles. A custom
function in Matlab® was used to extract a single knee flexion segment (full extension to
full flexion) and its corresponding adduction angles from the passive range of motion
data. Extracted knee flexion angles were plotted relative to the raw flexion/extension

waveform to ensure the articulation was representative of that subject (Figure C1).

Standardization of adduction and rotation kinematic angles through passive flexion were
required in order to apply to statistical analysis techniques. During data processing, each
curve-fitting model was plotted relative to the original data. Matlab® command ‘interp1’
with sub-inputs ‘pchip’ and ‘spline’, were used to apply cubic hermite and cubic spline
interpolation and extrapolation methods, while the ‘spaps’ command was used to for
quintic spline interpolation. The Matlab® ‘spaps’ command is designed to provide the
smoothest end conditions that fits the data within a given tolerance (1°, in this case). It is
important to note that the ‘spaps’ command is not capable of extrapolating; therefore the
‘interp1’ with the sub-input ‘spline’ command was used to extrapolate from 10°-110° of

flexion secondarily.
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Each curve was manually assigned an interpolation and extrapolation method chosen by
the best visual agreement between the raw and the smoothed curves (Figure C2). Cubic
spline interpolation provided the smoothest approximations due to forced continuity of
the second derivatives at each knot, but often resulted in highly oscillatory curves, over-
approximating original waveform magnitudes. In this event cubic hermite interpolation
was used, which is less constrained and forces continuity of the first derivative of each
knot. Quintic spline interpolation offers a better prediction for quick changes in the
waveform curvature, however this method was avoided due to the extrapolation

restriction.
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Figure C1 Original waveform flexion angles (dotted) and extracted flexion-extension
segment of motion extracted (dashed).
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Figure C2 Example of curve setting conditions, plotted on top of the original waveform,
to ensure reasonable comparisons.

C.2 Cardan Kinematic Model Applied to Gait Data

The kinematic profile was defined using the non-orthogonal joint coordinate system
described by Grood and Suntay, anatomically describing flexion-extension, abduction-
adduction, internal-external (60), Figure C3. Technical coordinate systems were defined
using the triads on the thigh and shank. The origin of the knee anatomical coordinate
system was the knee center (KC), the midpoint between the medial and lateral condyles.
An anatomical flexion axis, v1 (y-axis) was a vector passing from the KC through the
medial epicondyle. A second axis line (v2) was defined originating from the KC and
passing through the hip center (HC). The cross product of vl by v2 defined v3, the
anatomical adduction axis (x-axis). The anatomical internal rotation axis (z-axis) was
defined by v3 cross v1. In the tibia, the anatomical coordinate system origin was defined
by the ankle center (AC), the mid point between the medial and lateral malleolus. An
anatomical flexion axis (y-axis) starting at the AC and passing through the medial
malleolus represented v5. A second tibial axis, v6 was defined as a line originating at the

AC and passing through the tibial tuberosity (TT). A cross product of v5 and v6 was used
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to define v7, the anatomical adduction axis. The internal rotation axis of the tibia was
defined by v7 cross v5. All anatomical and technical coordinate systems were

normalized to one unit vector.

@ HC

Figure C3 Anatomical coordinate systems of the femur (green) and tibia (blue) to
describe knee joint motion (60).

The pose matrix (origin (py, py, P;)), described the transformation from the global to the

anatomical coordinate system, Equation 11. A standing calibration trial was used to find

the invariant transformation between the anatomical coordinate systems and it’s

respective technical coordinate system, Equations 12 -13.

1 0 0 0
P, .
P, [Rlacs/ces Equation 11
P,
[T]PTCS/PACS = [T]ECS/PTCS [T]GCS/PACS Equation 12
[T]DTCS/DACS = [T]ECS/DTCS [T]GCS/DACS Equation 13

Equation 14 defined the anatomical transformation between the distal anatomical

coordinate system and the proximal anatomical coordinate system during dynamic trials.
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Anatomical joint angles (8, 6,, 8,) were derived from the resultant rotation matrix

(Equation 14) using Equation 10, Appendix B.1, for every frame of the gait cycle (101
points).

[R]PACS/DACS = [R]TJTCS/PACS[R]ECS/PTCS[R]GCS/DACS[R]DTCS/DAL‘S Equation 14

This mathematical model anatomically defined the knee joint as a ball and socket with
three degrees of freedom, describing rotations in three orthogonal planes. A limitation of
modeling a six-degree of freedom joint in three-degrees of freedom is the loss of
translation characteristics. Additional error includes the definition of the anatomical axis,
particularly the flexion axis, as misalignment has been shown to contribute to kinematic
cross talk or gimbal lock, specifically at larger flexion angles (92). This model assumes

no skin motion artifacts.

C.3 Inverse Dynamic Model Applied to Gait Data

The joint segment model’s center of gravity (COG), mass, and moment of inertia (MOI)
were calculated using Vaughan (1992) regression equations (61), and used to equate
moments about the COG for each segment in the x, y,and z axes by Euler’s Equations.
The sum of the forces for each anatomical coordinate system were found following the
law of super position, and used to calculate knee net resultant moments using inverse
dynamics (62, 85, 86). External knee moments reported follow the joint coordinate
system described by Grood and Suntay (60), were normalized to one complete gait cycle,
101 data points. This model assumes the law of superposition, which may underestimate

our results due to muscle co-contraction at segment interfaces.
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APPENDIX D Chapter 3 Supportive Content

D.1 Pattern Recognition in Passive Mechanics

For each PC (1-4), five standardized PCscores surrounding the 5™ and 95™ percentile
were extracted from the pre and post-implant PCscores, averaged and plotted to represent

high and low PC score waveforms:
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Figure D1 PC loading vector (top) and averaged 5" and 95" percentile scores (bottom)
for (a) PC1, (b) PC2, (c) PC3, (d) PC4.
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D.2 Varus, Neutral and Valgus Kinematic Analysis
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Figure D2 Complete waveforms (top) and mean waveforms (bottom) of varus (solid),

valgus (dashed) and neutral (dot-dashed) group adduction angles through a
PROM, 10-110° of knee flexion.
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D.3 Phenotype Knee Kinematic Analysis

High and low 10™ percentiles (i.e. high scores being 90™ percentile, and low scores being
the 10™ percentile) were extracted from pre-implant PCscores.
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blue) percentile pre-implant standardized PCscores for (a) PC1, (b) PC2, (¢)
PC3, (d) PCA4.
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APPENDIX E Chapter 4 Supportive Content

E.1 Peak Parameter Analysis
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Figure E1 Pre (n=19) and post-implant (n=16) abduction/adduction (varus/valgus) and
external/internal rotation angles captured intraoperatively using surgical
navigation through 10-110° of passive knee flexion. Peak angles were
extracted from the shaded area (10-30° knee flexion).
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Table E1 Pearson’s product moment correlation between peak navigation kinematic

parameters and peak gait angle and moment parameters, pre and post-

operatively (¢=0.05).

Peak Navigation Parameter

Abduction Int. Rot. Ext. Rot.
Adduction Angle Angle Angle Angle
p r p r p r p r
Peak Gait Parameter Pre-Operative
Adduction Angle 0.78 -0.07
Adduction Moment <0.001*  0.75
Abduction Angle 0.57 -0.14
Abduction Moment 0.49 0.17
Int. Rot. Angle 0.30 -0.25
Int. Rot. Moment 0.20 0.30
Ext. Rot. Angle 0.55 0.15
Ext. Rot. Moment 0.41 -0.36
Post-Operative
Adduction Angle 0.40 -0.23
Adduction Moment <0.001*  0.75
Abduction Angle 026  -0.30
Abduction Moment 0.22 0.32
Int. Rot. Angle 0.51 -0.18
Int. Rot. Moment 0.17 0.20
Ext. Rot. Angle 0.53 -0.17
Ext. Rot. Moment 0.87 0.04
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Figure E3 Scatter plots of pre (n=19) and post-operative (n=16) peak navigation
adduction angles vs. peak gait angles and moments, corresponding with Table

EIl.
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E.2 Waveform Analysis
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Table E2 Pearson’s product moment correlation between PCscore navigation kinematic
parameters and gait angle and moment parameters, pre and post-operatively

(2=0.05).
Pre-Operative Post-Operative
PC1 Gait PC2 Gait PC3 Gait PC1 Gait PC2 Gait PC3 Gait
P r P r P r )4 r P r P r
Adduction Angles
PC1 Nav 0.65 0.11 0.03* 053
PC2 Nav 033 -0.23 0.51 -0.18
PC3 Nav 0.68 -0.10 0.14 -0.35 040 023 035 -0.25
PC4 Nav 0.69 -0.10 040 -0.21 023 -0.32 0.83 0.06
Adduction Moments
PC1 Nav <0.001*  0.79 <0.01*  0.67
PC2 Nav 086 0.04 046 0.20
PC3 Nav 0.70 -0.09 042 0.20 046 -020 0.72 -0.10
PC4 Nav 0.15 0.35 0.37 -0.22 0.84 -005 098 001
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Figure E6 Scatter plots of pre (n=19) and post-operative (n=16) navigation adduction
angles vs. gait angles and moments, corresponding with Table E2.
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APPENDIX F Chapter 5 Supportive Content

F.1 Secondary Statistical Analysis

Mean and standard deviation demographic information was collected from the patient-
specific, standard TKA recipients, and asymptomatic groups. A 3-way ANOVA (0=0.05)
was used to examine differences between PCscores of the patient-specific, standard-
TKA, and asymptomatic groups, for each PC of each gait measure, independently.
Bonferroni corrected and Tukey post-hoc analyses (0=0.05) were used to examine pair-
wise comparisons between the groups. Self-reported satisfaction was obtained pre-
operatively as well as post-operatively at 6 weeks, 3 months, 6 months and 10 months for
the patient-specific group (scores 0 to100, 100 being completely satisfied). A Pearson’s
product moment coefficient was used to examine if satisfaction metrics were associated
with any gait metric that was significant between the patient-specific and standard TKA

group post-TKA.

F.2 Secondary Statistical Analysis Results

3D gait moments and angles are shown in Figure 5.1 for each group. Statistically
significant group differences were captured in the adduction angle PC2, adduction
moment PC2, flexion angle PC1 and PC2, flexion moment PC1 and PC2, rotation angle
PC1-PC2 and rotation moment PC2-PC3, Table F2. A bonferroni post-hoc analysis
revealed most differences captured to be between either TKA group and the

asymptomatic cohort, supporting previously reported gait alterations post-TKA (28).

A statistically significant difference was captured between the standard TKA and patient-
specific flexion moment PC2 (p=0.02), explaining 35.7% of the flexion moment
variability. PC2 described the overall magnitude of the flexion moment during the early
stance phase of gait (approximately 0-40% of the gait cycle) (Figure 5.2 top), where high
scores represented high flexion moment magnitudes and low scores captured low flexion
moment magnitudes (Figure 5.3 bottom). The patient-specific group showed significantly

lower PC2 scores than the traditional TKA group, and therefore a lower flexion moment
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magnitude during early stance phase, a pattern further away from asymptomatic than the

standard TKA group.

A less conservative, Tukey post-hoc analysis was performed to test for differences

between standard TKA and patient specific groups. No additional differences were

captured, but flexion moment PC1, which described the overall magnitude of the flexion

moment in stance, approached significance (p=0.08). This analysis was underpowered

(power=0.4), therefore there is a possibility this metric could reach significance with

increased sample size.

Satisfaction rates increased from pre to post-TKA (Table F3), yet no correlations were

captured between flexion moment PC2 and patient satisfaction at 6 weeks, 3 months, 6

months, or 12 months post-TKA (p>0.17).

Table F1 Mean (standard deviation) patient demographics of standard TKA (Std),
patient-specific (PtS) recipients, and asymptomatic subjects. An ANOVA
was used to compare demographics between the standard TKA and patient-
specific groups.

Standard Patient- Asymptomatic Std. vs. PtS

TKA Specific p-val
Female/Male 6/3 6/3 37/23
Age (years) 64(9) 64(10) 50(10) 0.88
Mass (kg) 101(14) 111(20) 73.5(14) 0.24
BMI (kg/m?) 37(6) 38(7) 25(4) 0.81
stride speed (m/s) L.1(.1) 1.1(.2) 0.50
stride length (m) 1.2(0.1) 1.2(0.1) 0.97
SF-36 68(4) 67(14.5) 4/9 ans
WOMAC 19.6(17) 18.9(20) 7/9 ans
Date of Surgery Jun'03-Jan'10  Jul‘11-Feb'l2
Implants:
NexGen 5 -
™ 2 -
Stryker Triathlon PS 2 -
OtisMed - 9
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Table F3  Flexion Moment PC2 (high scores = higher early stance flexion moment) and
self reported satisfaction of patient-specific alignment recipients, scored 0-
100, where 100 is completely satisfied.

PtS Flex Moment Satisfaction
Recipient PC2 Pre 6wks. 3mo. 6mo. 12mo.

1 -0.08 15 83 100 100 100
2 0.82 60 75 90 90 80
3 -0.36 0 100 100 90 80
4 0.85 70 50 92 100 100
5 -091 30 90 100 100 100
6 1.11 30 75 85 95 -
7 -0.69 10 97 80 100 100
8 0.66 0 95 97 95 100
9 0.75 20 100 100 100 100
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Figure F1 Thick green line: gait waveforms for patient specific recipient #3, (DOHM#
3282, NAV# 10561), received poly exchange at 3 mo. post-TKA, revised for
poor instability (poor ligament quality). Therefore a CS knee at time of data
collection.
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Figure F2 Correlation scatter plots between all gait metrics and delta satisfaction for the
patient-specific group.
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