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Abstract: Functional dissatisfaction following total knee replacement (TKR) is recorded as high
as 20%. The majority of these patients report anterior knee pain (AKP) as the main source of dis-
satisfaction. Elevated patellofemoral compression forces and soft tissue extensor hood strain have
been implicated in the generation of significant AKP. A novel method of assessing and measuring
patellofemoral compression forces dynamically in the native and resurfaced patella for TKR in four
different quadrants of the patella is described. Results are reported from an in vitro model and
cadaveric studies in the native and resurfaced knee. Patellofemoral compression forces are shown
to be characteristic and consistent over repeated assessments in the native knee. Placement of a
TKR significantly alters this pattern. Furthermore, over-stuffing or under-stuffing the resurfaced
patella also significantly alters the nature and magnitude of patellofemoral compression forces. These
studies may lead to an improved understanding of the nature of AKP following TKR, and using this
assessment tool presents an opportunity to more effectively balance the third space, reproduce the
native patellofemoral forces, and subsequently reduce AKP following TKR.

Keywords: patellar contact force; patellofemoral joint forces; anterior knee pain; soft tissue balance;
total knee arthroplasty; paella resurfacing; over-stuffing

1. Introduction

Outcomes of total knee replacement (TKR) remain suboptimal, with 10-20% of pa-
tients continuing to experience pain or functional limitations after primary TKR [1], despite
good long-term survivorship [2]. Approximately 45% of patients dissatisfied with TKR
report anterior knee pain (AKP) affecting their daily activities [3] which is likely related to
patellofemoral complications. Patients suffering from AKP have difficulties with activities
that increase patellofemoral joint (PFJ) forces such as walking up and down stairs, rising
from a seated position, exiting a car or cycling [4]. Patellofemoral complications are histori-
cally one of the most common reasons for poor TKR outcome [5]. AKP appears to occur
with equal incidence as patellofemoral complications, independent to whether the patella
is resurfaced or left native [6]. The patella itself is relatively poorly innervated, whereas the
surrounding extensor hood of soft tissue is highly sensitive to increased strain.

Many factors affect the balance of the PJF during TKR including the amount of trochlea
resection, the rotation and size of the femoral component. The distal femoral resection
and tibial resection influence the joint line, which can change soft tissue tension of the
extensor mechanism. When the patella is resurfaced, the amount of patella resection, size,
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shape and placement of the patella component influence patella tracking and soft tissue
tension. Patella under-resection and thereby over-stuffing of the PF] can cause chronic
postoperative AKP and decreased range of motion due to higher than physiologic extensor
mechanism forces [7]. Patella over-resection increases the risk for fracture and may lead
to under-tensioning the PFJ, resulting in lower than physiological extensor mechanism
forces and muscle pain [8]. Patella maltracking is multifactorial and is defined as abnormal
tracking of the patella in the femoral groove during knee flexion and extension and can
lead to increased wear of the patellar component, subluxation and dislocation [9].

Despite these findings, the PFJ and extensor mechanism’s role as primary contributors
to overall knee function is often overlooked, and limited attention has been paid to improv-
ing balancing and cutting techniques for the PFJ during TKR. Currently, with traditional
surgical techniques, there is no method of quantifying or addressing patella compression
forces. While prior studies have described changes in Q-angle and fluoroscopic patellar
angle measurements to assess the PFJ] postoperatively [10,11], a dynamic, intraoperative
assessment of PF] forces during TKR has not been described. An intraoperative means
of assessing PFJ forces during TKR could allow adjustments of the patella cut depth and
angle to more closely replicate native PFJ kinematics, which may improve overall patient
outcomes and decrease PFJ-related complications.

The current study utilized a novel PF] load sensor device that resembles a patella
implant component. When applied to the patella, the sensor is capable of dynamically
assessing PF] forces before and after placement of tibial and femoral TKR components,
which can allow for patella cut adjustments and reproduction of physiologic PF] and
extensor mechanism forces. The aims of this study were (1) to characterize changes in PFJ
forces in an experimental in vitro setup and in a human cadaveric model before and after
TKR component placement and (2) to assess whether the use of novel PFJ cutting guides
can reproduce physiologic PFJ forces in a cadaveric model. The study hypothesized that
native and postoperative resection PFJ forces can be measured and differ based on patella
implant thickness and angulation of the patella cut. The goal of this translational research
is to develop a system that can improve TKR outcomes by balancing the PFJ and extensor
mechanism as an integral but often overlooked part of TKR surgery. Significant patient
benefits might result, based on data that patella over/under-loading is closely associated
with poor functional outcome [12-14].

2. Materials and Methods
2.1. Patellofemoral Joint Load Sensor

The novel PFJ load sensor (quad sense, Eventum Orthopaedics Ltd., Ilkley, UK) was
initially developed in 2021 and consists of a paddle with four evenly placed pressure sensors
in the superior, inferior, medial and lateral quadrants (Figure 1a) that can be attached to
the underside of the everted patella via four stainless steel tines (Figure 1b). The sensor
itself is constructed from ABS resin contoured into a disc matching the shape of the patellar
undersurface, and is designed to measure compressive forces in four separate quadrants
of the patellofemoral joint (Figure 2). Adjustment shims with different thicknesses (6 mm,
7 mm, 8 mm, 9 mm) and angles (neutral, 1.25 degrees, 2.5 degrees) can be attached to
the underside of the sensor paddle. Sensor data is captured after a trial of knee flexion-
extension is generated, and usually three trials can be performed in a single 12 s recording
period. This sensor data is recorded and a visual plot of sensor force against time can be
generated in real time and displayed on a panel PC, with four lines shown corresponding
to each of the four quadrant sensors, respectively.
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Figure 1. Quad sense force sensor. (a) 6 mm neutral shim applied to the sensor paddle. Each circle
corresponds to one of four quadrants containing a separate sensor (Medial, Lateral, Superior, Inferior).
(b) Tines on the undersurface of the sensor paddle are used to attach the sensor to the resected patella
to hold it in place during range of motion trials.

A~ =)

Figure 2. Demonstration of application of quad sense force sensor. (a) Placement of the quad
sense sensor along undersurface of everted patella. Position of the sensor paddle is marked with
electrocautery or a skin marker. (b) View of the quad sense sensor positioning during trialing with
the patella reduced. Two towel clips are used for provisional reduction and closure of the extensor
mechanism during range of motion trialing.
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2.2. In Vitro Experimental Set-Up

An in vitro evaluation of the sensor was conducted utilizing a model knee. A model
Left Cadaver Leg Version 3 (Medical Models, Bristol, UK) with custom 3D printed femoral
and tibial component inserts was used (Figure 3). A simulated patella with tendons was
attached to the model knee, with a spring used to simulate the quadriceps tension. The
spring had a free length of 107 mm and a 1.64 mm wire gauge diameter. To accommodate
the sensor, the patella was resected by 6 mm, using the lateral facet as reference. Sensor
readings were taken using the 6 mm, 7 mm, 8 mm, 9 mm and 6 mm 2.5° shims, following a
methodology of moving the model knee through full flexion and extension three times, at a
consistent pace and flexion angle.

Figure 3. CAD layout of the scanned femoral and tibial components, altered to be compatible with
the Medical Model Left Cadaver Leg set-up when 3D printed and utilized for the in vitro experiment.

2.3. Cadaveric Patella Load Assessment

The current study utilized two pelvis-to-toe, unpreserved cadaveric specimens (Spec-
imen 1: 75 year old male, body mass index 22 kg/m?, no previous knee surgery, mild
bilateral medial compartment arthritis; Specimen 2: 76 year old male, body mass index
26 kg/m?, no previous knee surgery, mild right medial compartment arthritis, moderate
left tricompartmental arthritis) to test whether the quad sense device was able to capture
PFJ forces in a proposed TKR workflow to adjust the patella cut with a custom patella
clamp to reproduce more physiologic PFJ forces during TKR. On each extremity, a standard
medial arthrotomy approach to the knee was performed. The patella was mobilized and
everted. A preliminary 6 mm patella cut was made using a patella clamp (Enztec, Premium
Patella Saw Guide, Christchurch, New Zealand) with a custom cutting guide attached to
the clamp for a 6 mm resection depth and a standard oscillating saw (Figure 4). The quad
sense sensor with 6 mm neutral shim was then attached to the cut undersurface of the
patella using four metal tines as part of the sensor paddle. Force data of the native PF] was
then recorded from three range of motion trials from full extension to full flexion in all
four quadrants of the sensor. A standardized flowsheet was followed, with the intention to
record native PFJ load measurements and compare them to TKR PFJ load measurements
to see if differences in these measurements could inform whether an adjustment cut was
warranted (Figure 5).
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Figure 4. Surgical technique for performing initial patella cut. Patellar clamp with attached 6 mm
custom cutting guide is applied to the patella, and resection is performed with a standard oscillating saw.

6mm patella resection Sensor reading Femoral and tibial Sensor reading
e performed with 6mm resection and trial performed with 6mm
p neutral shim component placement neutral shim

Sensor readings Informed decision on
obtained with patella resection and
adjustment shims need for adjustment cut

m‘lmm g8mm 9mm
memm 7mm 8mm 9mm
mﬁmm 7mm 8mm 9mm

*For angled shims, sensor readings were obtained
with shim placed in following four orientations:
Medial, lateral, superior, and inferior.

Figure 5. Flow diagram demonstrating planned steps of the cadaveric study, including when PFJ
load measurements were obtained at key timepoints during the TKR procedure.

TKR surgery was then performed, with a posterior stabilized TKR (Legion, posterior
stabilized, Smith & Nephew, Memphis, TN). The quad sense sensor was re-attached to
the underside of the patella in the same location and orientation. PFJ load data was then
collected during three range of motion trials utilizing each of the respective shim-angle
combinations in the following order: 6 mm neutral, 7 mm neutral, 8§ mm neutral, 9 mm
neutral, 6 mm 1.25° angle, 6 mm 2.5° angle, 7 mm 1.25° angle, 7 mm 2.5° angle, 8 mm
1.25° angle, 8 mm 2.5° angle, 9 mm 1.25° angle, 9 mm 2.5° angle, with the angled shim
orientations recorded in the following order: (1) facing medial (thicker side on inferior
aspect of patella), (2) facing lateral (thicker superiorly), (3) facing superior (thicker medially),
and (4) facing inferiorly (thicker laterally). Upon completion of range of motion trials for
each of these shim-angle combinations, a total of 37 measurements of PFJ load were
obtained beginning with the native knee neutral 6 mm measurement, and ending with the
post-TKR 9 mm 2.5° angle inferior measurement.

2.4. Cadaveric Patella Adjustment Cut

Upon completion of the previous measurements, load data from the quad sense device
were reviewed on the panel PC. The load profile of the native measurement obtained
prior to TKR instrumentation was compared to the load profile with trial components
in place and with different shim angle combinations. Appropriate adjustment cuts were
made utilizing the patella clamp with custom cutting guides matching the thickness and
orientation of the adjustment shims (Figure 6). For the left knee in Specimen 1, forces
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were remeasured and compared, and a 3 mm 2.5° laterally angled adjustment cut, with
more bone taken superiorly, was made. Forces were then measured with a shim angle
combination set to 9 mm neutral for comparison. For the right knee in Specimen 1, a 4 mm
neutral adjustment cut was made to evaluate for over-stuffing, and forces were remeasured
after the adjustment cut utilizing shim angle combinations set to 6 mm neutral, 7 mm
neutral, 8 mm neutral, and 9 mm neutral. For both the left and right knee in Specimen 2,
after forces were measured, a 4 mm 1.25° inferiorly angled adjustment cut, with more bone
taken laterally, was performed. Forces present after the adjustment cut were measured
utilizing a 9 mm neutral shim.

Figure 6. Technique is shown for performing an adjustment cut to the manual left TKR set at 3 mm
with a 2.5° inferiorly angled orientation guide. (a) Patellar clamp and custom adjustment cutting
guide set. (b) Adjustment cut performed with patellar clamp and custom guide for a 3 mm 2.5°
inferiorly angled cut in place. (c) Resected patella is shown after adjustment cut is completed.

2.5. Data Collection and Presentation

After each range of motion trial, PF] load measurements were obtained and the raw
data was collected in the form of CSV files which were converted to Microsoft Excel Work-
book files (.xlsx) for data processing (Microsoft Excel version 2207, Microsoft, Redmond,
WA). Load data was collected over a 12 s time period, during which three trials of knee
flexion extension cycling were performed. Load data was recorded initially by the sensor
in units of millivolts (mV), which were calibrated or converted into Newtons (N) utilizing
a sensor-specific conversion factor of 20:1 (or division by 20). The initial graphs reviewed
on the panel PC are shown using mV. Within the 12 s time period the trial is performed,
8785 time units of data were collected, such that there were 8785 corresponding points
where load data was measured. Therefore, 1 s of real time contained 732 time units of data.
A line graph was created from the raw data for each sensor reading, such that four line plots
were visualized representing load plotted against time, corresponding to the four respective
pressure sensors. From a qualitative perspective, these plotted graphs could be compared
visually in real time by the surgeon to interpret changes in PFJ] load measurements for
different shim-angle combinations which were obtained.

2.6. Dynamic Time Warping Comparison

In order to clearly compare the measurements between different shim-angle combi-
nations, a dynamic time warping algorithm was applied to the data for Specimen 1. The
purpose of performing this dynamic time warping was to allow for clearer comparison of
data during each trial and to assess the uncertainty that operational differences may have
contributed to the data. The main purpose was to compare the measurements obtained in
different trials (e.g., for different shim sizes) and standardize them by time, since variation
was expected in how long it would take a surgeon to cycle the knee through flexion and
extension. The algorithm implemented included the following steps:

1. Data for time periods without movement (during which the knee was actively being
flexed or extended) were detected and filtered out.
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2. Troughs in the values obtained for the combined summed load sensors were detected
using a peak detection algorithm with specified prominence.

3. The signal was segmented into single movement pieces, and labeled based on the
different test conditions.

4. Dynamic time warping was implemented to match each segmented signal in time. In
doing so, this reduced the need for the surgeon performing the trial to move the knee
at exactly the same speed each time by dynamically stretching or compressing the
signal, to achieve optimal Euclidean distance matching.

5. Time matched signals from each test were combined to provide an average and
standard deviation for each point in the knee motion, including the maximal load
obtained for each trial.

2.7. Statistical Analysis

Quad sense data was obtained from all four quadrants of the sensor during the range
of motion trials for the cadaveric experiment and was recorded in the system. The raw data
was obtained as mentioned above and line graphs plotting load against time were created.
Dynamic time warping was also performed using the aforementioned algorithm, and from
this data peak maximal load was recorded from each of the three respective range of motion
trials performed within each recording. The mean maximal load =+ standard deviation
during these three range of motion trials for each respective shim-angle combination
was calculated and compared utilizing either a one-way ANOVA (alpha = 0.05), or in the
setting of multiple shim-angle combinations a two-way ANOVA with multiple comparisons
(alpha = 0.05) was performed. For comparisons between two shim-angle combinations,
such as comparing the native versus TKR 6 mm neutral shim measurements, a paired t-test
(alpha = 0.05) was performed.

3. Results
3.1. In-Vitro Sensor Experiment

Multiple sensor readings were taken with the Medical Model leg set-up using different
configurations of adjustment shims. Four sensor readings were taken with four different
shims that increased in thickness by increments of 1 mm, from 6 mm to 9 mm. Each sensor
reading had three distinct peaks in amplitude over time. The shape of the amplitude peak
for a single line trace was visibly very similar for all three amplitude peaks in the reading.
Minimal relative load was recorded by the inferior sensor during all sensor readings.

With the 6 mm shim, the highest observed load was recorded by the lateral sensor,
while the thicker shims resulted in the superior sensor recording the highest load. As the
thickness of the shim increased from 6 mm to 9 mm, the relative load recorded by the
superior sensor increased (Figure 7). With the 6 mm shim, the highest relative load of the
lateral sensor was considerably higher than the medial sensor. However, with a shim depth
of 7 mm or thicker, the highest relative load of the lateral sensor and the medial sensor
were very similar. There was a significant difference between the four readings (p < 0.01).
There was also a significant difference between the highest load of the superior sensor each
time the thickness of the shim was increased (6 mm and 7 mm shim, p < 0.01; 7 mm and
8 mm shim, p < 0.01; 8 mm and 9 mm shim, p < 0.01).

The 6 mm 2.5° shim was attached to the sensor in two different orientations, such that
forces could be measured as the plane of the angle of the patella was changed. First, the
shim was attached to the sensor so that the thickest part of the shim was on the lateral side
of the patella and a sensor reading was performed. The highest relative load was recorded
by the lateral sensor, followed by the superior sensor. The relative load of the medial sensor
was considerably lower than the lateral and superior sensor. The shim was then oriented
so the thickest part of the shim was on the medial side of the patella. The highest relative
load was subsequently recorded by the superior sensor, closely followed by the medial
sensor and then the lateral sensor. The highest relative load recorded by the superior sensor
was very similar in both sensor readings. The most significant changes in recorded load
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were demonstrated by the lateral and medial sensors (Figure 8). When comparing the
two sensor readings, the highest relative load recorded by the medial and lateral sensors
were significantly different (p < 0.01, p < 0.01, respectively). There was no significant
difference between the superior sensor load in the two readings recorded (p = 0.57).

Time Matched Data Envelope - Superior Sensor

— aturs
— 70 DAL

—— 9mm natural

Average Foroe

Time Index

Figure 7. Graph of dynamic time warping analysis performed for the superior sensor load measure-
ments obtained in an in vitro experiment using a model knee. Trials performed for the 6 mm to 9 mm
neutral shims were consolidated and standardized by time, demonstrating the increase in measured
force observed with each incremental increase in shim size. Purple = 6 mm neutral shim, Blue =7 mm
neutral shim, Green = 8 mm neutral shim, Red = 9 mm neutral shim. X-axis denotes Time Index (total
of 12 s), and Y-axis denotes Average Force (in mV).

Time Matched Data Envelope - Medial Sensor

Average Forea

Time Index

Figure 8. Graph of dynamic time warping analysis performed for the medial sensor load measure-
ments obtained in an in vitro experiment using a model knee. Trials performed for the 6 mm 2.5°
angled shims were consolidated and standardized by time, demonstrating the changes in measured
force based on shim angle orientation. Red = 6 mm neutral shim, Green = 6 mm 2.5° medial angle
shim, Blue = 6 mm 2.5° lateral angle shim. X-axis denotes Time Index (total of 12 s), and Y-axis

denotes Average Force (in mV).
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3.2. Cadaveric Experiment

The quad sense device was utilized to record PFJ forces throughout range of motion
in both the native PFJ and following a TKR procedure after trial components were placed.
In all circumstances, a reproducible pattern of three distinct peaks of recorded PFJ load was
generated for each trial. Following a 6 mm preliminary patella cut with a 6 mm neutral shim
placed on the sensor, the PF] load was recorded for this native joint prior to completing
TKR cuts and TKR trial component placement. The maximal mean load in Newtons (N)
recorded during range of motion in all four native cadaveric knees was measured in each
quadrant, with 9.2 N recorded for the medial sensor, 28.8 N in the lateral sensor, 6.4 N in
the superior sensor, and 1.0 N in the inferior sensor, respectively (Table 1).

Table 1. Baseline mean maximal load measurements (N) and standard deviation recorded in native
knees with the 6 mm neutral shim.

Quadrant Combined Knees Specimen 1 Specimen 2
Medial 92+116 0.6 +0.8 17.8 £10.9
Lateral 28.8 £13.0 40.6 £5.0 170+ 3.9
Superior 64£56 115+ 17 13+14
Inferior 1.0+1.0 02+0.0 1.8+0.9

A TKR was then performed in all four cadaveric knees. Following TKR instrumen-
tation with trial components placement, PF] loads in the superior and medial quadrant
were observed to significantly decrease with the 6 mm neutral shim in place (Table 2). In
Specimen 1 of the right knee, high lateral loads were observed after TKR utilizing graphs
generated in real time on the panel PC, and these PF] loads could be compared visually
to the 6 mm native measurement (Figure 9). Dynamic time warping analysis was also
performed to compare the native and TKR PF] loads in Specimen 1, including for the lateral
and superior sensors (Figure 10).

Table 2. Comparison of mean maximal load (N) and standard deviation for all four knees between
native trial and TKR trial with the 6 mm neutral shim, compared via paired t-test.

Quadrant Native TKR p-Value
Medial 92+116 0.6 £0.6 0.021 *
Lateral 28.8 £13.0 38.5+26.7 0.139
Superior 64+£56 3.0+29 0.011°*
Inferior 1.0£1.0 20+£27 0.178

* denotes statistical significance.

Using the sequence of shim thickness and angle combinations described in the
Section 2 (Figure 5), we performed repeat range of motion trials in order to compare
differences in PFJ forces for each quadrant. Changes in the thickness and shim angles
significantly altered PFJ loading patterns. We observed that an increase in shim thickness
resulted in increased PFJ loading, with statistically significant increases observed in the
lateral, superior, and inferior quadrants, as well as statistically significant changes in the
medial quadrant (Table 3). Using the angled shims, statistically significant changes in load-
ing to all four sensor quadrants were also observed with changes in shim angle orientation,
including utilizing the 6 mm 2.5° angle shim (Table 4). Furthermore, analyses with multiple
comparisons between each of the 6 mm 2.5° angle shim orientations demonstrated statis-
tically significant differences. In particular, the medial sensor demonstrated statistically
significant higher loads when the 6 mm 2.5° angle shim was placed in a superior orientation
(thickest medially) compared to a medial orientation (thickest inferiorly). A similar effect
was observed in the superior sensor, where statistically significant higher loads were seen
when the 6 mm 2.5° angle shim was placed in a lateral orientation (thickest superiorly)
compared to an inferior orientation (thickest laterally).
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Inferior

Inferior

Medial o Medial

Lateral

Lateral

Superior | Superior

(a) (b)

Figure 9. Comparison of visual graphs generated for PFJ load obtained before and after TKR in
the right knee of Specimen 1. Three peaks seen correspond to the three knee flexion-extension
cycles obtained in a 12 s recording period. Green = Medial sensor; Red = Lateral; Blue = Superior;
Orange = Inferior. (a) PFJ load measured in native (natural) right knee with 6 mm neutral shim.
(b) PFJ load measured in right knee with trial TKR components in place with 6 mm neutral shim.
* Note: X-axis delineates time (total of 12 s) in which the three flexion-extension trials were performed.
Y-axis (in mV) has different scales generated: (a) 2000 units of load (b) 2400 units of load.

Table 3. Comparison of mean maximal load (N) and standard deviation of measurements obtained in
the TKR trials for different thickness neutral shims in all four knees, analyzed via two-way ANOVA
with multiple comparisons.

Quadrant 6 mm 7 mm 8 mm 9 mm p-Value
Neutral Neutral Neutral Neutral

Medial: 0.6 £0.6 13.0 £22.9 14.1 £+ 23.8 2.8+3.6 <0.001 *

Lateral: 38.5 + 26.7 42.6 +25.6 47.04+29.8 67.5 + 40.6 <0.001 *

Superior: 3.0+£29 75+46 75+54 9.6 +6.3 <0.001 *

Inferior: 20+27 1.6+1.8 3.8+43 39+4.1 0.004 *

* denotes statistical significance.

Table 4. Comparison of mean maximal load (N) and standard deviation measurements by quadrant
obtained in the TKR trials for different orientations of the 6 mm 2.5° angle shim for all four knees,
analyzed via two-way ANOVA with multiple comparisons.

Quadrant Medial Lateral Superior Inferior p-Value
Orientation Orientation Orientation Orientation

Medial: 2.6 £34 2.5+ 3.8 12.7 £ 222 89+ 8.6 <0.001 *

Lateral: 247 £11.1 26.5+9.1 25.2 +14.1 254 +15.1 <0.001 *

Superior: 2.7+40 2.8 +1.8 30+£26 1.6 +£2.0 <0.001 *

Inferior: 22+3.0 0.8+1.0 0.7 +£0.7 1.6 +2.0 <0.001 *

* denotes statistical significance.

Based on the angle and thickness of the shims, adjustment cuts were then made using
a custom attachment to the patella clamp. In the left TKR of Specimen 1, we performed a
3 mm 2.5° angle lateral adjustment cut, and measurements were compared between the
pre-cut 9 mm 2.5° medial shim measurement and with the post-cut 9 mm neutral shim
measurement. In the right TKR of Specimen 1, we performed a larger 4 mm adjustment
cut to assess for any changes to patellofemoral forces, and observed that reduced mean
maximal loads were recorded, due to a presumably under-stuffed and thus under-tensioned
patella (Table A1). In particular, statistically significant decreases in mean maximal load
were observed in the lateral and superior sensors after the adjustment cut was completed.
For both TKRs performed in Specimen 2, we performed a 4 mm 2.5° angle inferior ad-
justment cut, and measurements were compared between the pre-cut 9 mm 2.5° inferior
shim measurement and with the post-cut 9 mm neutral shim measurement. For the three
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TKRs (left knee of Specimen 1, both knees of Specimen 2) where an intentional angled
adjustment cut was made, we compared differences between the pre-cut maximal load
measurement and the post-cut 9 mm neutral shim measurement sized for the planned
patellar component. Within this comparison, we noted that patellofemoral forces were
maintained and similar between these two conditions in the superior and medial sensor,
with a statistically significant reduction recorded in the lateral sensor and a statistically
significant increase recorded in the inferior sensor (Table 5).

Time Matched Data Envelope - Lateral Sensor

Avarage Force

Time Index

(a)

Time Matched Data Envelope - Superior Sensor

1000

(b)

Figure 10. Graph of dynamic time warping analysis performed comparing the native and TKR load
measurement in the right knee of Specimen 1. (a) Graph for lateral sensor loads measured in the right
knee. Blue = Native 6 mm neutral shim; Red = TKR 6 mm neutral shim. (b) Graph for superior sensor
loads measured in the right knee. Blue = Native 6 mm neutral shim; Red = TKR 6 mm neutral shim.
X-axis denotes Time Index (total of 12 s), and Y-axis denotes Average Force (in mV).
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Table 5. Comparison of mean maximal load (N) and standard deviation recorded prior to making a
planned adjustment cut (n = 3: Left knee of Specimen 1; both knees of Specimen 2) compared to the
post-adjustment cut measurement obtained using 9 mm neutral shim. Analyzed via paired t-test.

Quadrant Pre-Cut Post-Cut p-Value
Medial: 13.3+15.3 154 +13.0 0.281
Lateral: 335+ 157 157 £9.7 0.002 *
Superior: 76+93 105£29 0.249
Inferior: 25+£22 49+3.6 0.031*

* denotes statistical significance.

4. Discussions

Although TKR has become a well-established treatment for end stage degenerative
disease of the knee with good survivorship [2], a great number of patients remain dissat-
isfied following the procedure [1]. AKP represents a leading cause of dissatisfaction that
can be associated with PFJ complications which ultimately require revision surgery [3,4].
Restoring physiologic soft tissue tension and balance of the PFJ during TKR and thereby
avoiding patella “over-stuffing” or “under-tensioning” should be a primary objective
during surgery; however, few if any advancements in surgical strategies to address PF]
balancing have been made. At present, limited understanding exists on how to address the
specific PF] anatomy of each individual patient, and significant variation exists by surgeon
on whether patellar resurfacing is performed. Furthermore, there is limited agreement
on what constitutes adequate patellar resurfacing, with many surgeons performing the
procedure using a freehand technique [15]. The findings of this preliminary cadaveric study
revealed that a novel force sensor device is capable of recording PFJ loads in four quadrants
intraoperatively. No previously published studies have assessed the feasibility of utilizing
this device, and we present findings validating its use in both a knee model and cadaveric
specimen. Furthermore, we demonstrated how these measurements can guide surgical
planning, with the ability to adjust the patella resection to achieve more physiologic, native
loading and balance during TKR. Following assessment of the native PFJ loads in this study
compared with TKR trial components in place, PFJ loads increased significantly with use of
greater thickness adjustment shims. Angled adjustment shims revealed differential loads
in the superior and lateral quadrant, which could guide adjustment cuts to “fine-tune”
the preliminary patella using custom cutting guides with adjustable thickness and angles.
Furthermore, we observed in our left knee study that performing an angled adjustment cut
based on shim measurements could reproduce expected loads when re-measured with a
neutral shim matched in resection thickness. Our study also observed the effects of under-
stuffing or under-tensioning the patella, as uniformly reduced PFJ loads were measured
after a large 4 mm adjustment cut was made in our right knee study.

PFJ loads increased significantly with greater shim thickness with TKR trial compo-
nents in place compared to the native PFJ load measurements. Soft tissue tension in the
extensor hood of the soft tissue structures surrounding the patella, quadriceps muscle
and tendon, medial and lateral retinaculum and patella tendon, have been implicated
in AKP [7]. Patella resection remains one of the least controlled aspects of TKR and it is
widely acknowledged in the literature that improved surgical accuracy would reduce the
risk of postoperative patella complications [16]. Amongst experienced surgeons, errors in
patella resection occur in 10% of cases [17] with increased patellar resection angle reported
to be the sole independent risk factor for AKP [18]. Inaccurate surgical patella resection,
which is confounded by a lack of consensus, is responsible for a high incidence of patella-
related complications, with some studies reporting that up to 80% of resurfaced patella
are greater in size than their pre-surgical measurement with associated post-operative
AKP [19]. “Over-stuffing” the PFJ through under-resection of the patella can lead to AKP
following TKR [20]. While over-resection of the patella should be avoided due to the risk of
fracture, [8] the quad sense device allowed for characterization of PFJ loads for comparison
to the patient-specific native PFJ loads. This provides the surgeon with the ability to make
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adjustments in resection depth and angle of the patella resection, which could decrease the
risk for patella under-resection and “over-stuffing”. Pre-operative alignment may also play
a role in PF] loads which are encountered. Notably, within the two cadaveric experiments
conducted, we noted increased lateral PFJ loads. While the reason these lateral PFJ loads
were observed is not immediately evident, this increase may be due to overall valgus
alignment of the specimens, as lateral patella tracking was appreciable pre-operatively.
Altered loads of the PFJ and extensor hood, even after an optimally implanted TKR may
explain why patients rarely experience the “forgotten knee” [21].

Various methods for evaluating the quality of PF] management following TKR have
been studied, particularly to predict excessive PFJ loads and patellar maltracking which
contribute to complications including anterior knee pain [12-14]. Q-angle, lateral patellar
tilt, and patellar displacement have been measured in the post-operative or intraoperative
setting to assess adequate patellar tracking [3,14]. An increase in Q-angle is associated
with complications such as anterior knee pain following TKR, and this increase can be
multifactorial occurring due to malrotated femoral or tibial components as well as an
inadequately managed patella [3]. Lateral patellar tilt and patellar displacement, measured
on a skyline axial radiograph, have also been implicated as important factors in patellar
tracking, with lateral patellar tilt > 10° and patellar displacement > 3 mm associated with
patellar maltracking [13,22]. Lateral patellar tilt and patellar displacement are determined
by patellar resection angle, patellar component medialization, as well as positioning of
the femoral component [14]. A prior study has also used surgical navigation systems to
assess patellar tracking intraoperatively, as well as use of a force transducer to quantify
patellofemoral contact pressures [23]. Compared to these prior techniques implemented
to improve patellar tracking and reduce PFJ loads, none have implemented a technique
where dynamic measurements are obtained intraoperatively to guide adjustment resection
of the patella in a patient-specific fashion.

Patella maltracking occurring in the setting of too little tension or “under-tensioning”
of the patella leads to reduced function and mechanical disadvantage as well [8]. Mal-
tracking or malorientation of the extensor hood produces soft tissue pain and reduction
in function as well as the prospect of increased wear in the patella resurfacing implant [9].
Important factors which contribute to patellar instability are component malposition. Over-
sized femoral components and/or its rotation are thought to cause patella tilting onto the
trochlear grove, and resultant complications including AKP and instability. Rotation of the
femoral component varies based on the alignment strategy used (mechanical or anatomical),
with internal rotation of the femoral component demonstrated to correlate with poorer
outcomes [15], and whilst less common, internal rotation of the tibial component, can cause
increased strain on the PFJ. The quad sense allows characterization of loads in four quad-
rants of the patella that can alert the surgeon during trialing if non-physiologic forces in
the lateral quadrant occur that can be related to femoral component malposition. Rotating
platforms were hypothesized as a means of compensating for malrotation, although TKRs
using these have shown no improved outcomes as compared to fixed bearing implants [24].
In the most recent designs of TKR, increased emphasis has been placed on a patella and
soft tissue friendly design of the trochlea and on redesigns of the patella implant [25]. There
is increasing focus on the amount of trochlea resection at TKR and the positioning and
sizing of the femoral component, in addition to the establishment of the femoral implant
accurately on the joint line [26]. While the importance of the extensor mechanism and re-
production of adequate PFJ loads appears to have received more attention, further clinical
investigations are needed to assess whether the quad sense device can lead to improved
patient functional outcomes.

The study we performed had several limitations. For one, the findings were limited
by the use and number of cadaveric specimens. Native PFJ loading patterns were also
obtained in knees with mild degenerative disease in the medial compartment, which cannot
be generalizable as native loading patterns in healthy, non-painful knees. The technique
we discuss may not provide a true assessment of native PF] dynamic loading given these
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initial measurements were made in knees that were already arthritic. However, with tra-
ditional patella surgery techniques, no method for assessing PFJ loading exists, and this
technique offers a considerable step forward. In particular, the measurement of “native”,
patient-specific PFJ loading patterns prior to TKR cuts may allow for individualized ad-
justments of patella loading using the described device and workflow. While the diseased
joint state must be taken into account when obtaining “native” PFJ loading patterns, no
other strategies to make intraoperative adjustments have been proposed and developed.
Currently, surgeons rely on reproducing the measured thickness of the native patella and
substitute a polyethylene implant with the assumption that this will reproduce PFJ loading.
The results of this study show this is conclusively not the case, and in every example,
PF] loading is significantly altered by TKR with patella resurfacing carried out with this
method. Comparatively, this technique actually offers real-time evaluation of PFJ loading,
such that the resurfaced patella can be adjusted as needed in response to observed PF]
loads. Gaining data on the abnormal loading forces following TKR using this method will
allow the surgeon to alter the patella resection to address these changes. Abnormal tissue
loading has been shown to relate strongly to extensor hood pain and function [12-14], and
further evaluations of native PF] loading without degenerative disease may be needed to
establish true normal PFJ loading patterns.

Additional limitations included that PF] force measurements were time based and not
associated with knee flexion angle during range of motion trials. However, all knee range of
motion trials were performed by the senior author and were consistent throughout the study.
During range of motion trials, the arthrotomy performed was provisionally closed with
two towel clamps approximating the superior pole of the patella and medial retinaculum,
which were marked prior to incision with a skin marker. Under these circumstances, PFJ
loads were measured. However, even small changes in arthrotomy closure positioning
may have an effect on patella tracking which can differ from the loads measured during
these intraoperative trials [27]. While the time warp function was used to fit knee flexion
angles to load measurements, future investigations and iterations of the device may include
flexion angle measurements associated with PFJ loads. Patella resection adjustments were
made based on evaluation of PFJ loading characteristics with different thickness shim and
angles by the senior author.

In summary, the method detailed in our study for evaluation of PFJ loads presents a
technique for improving management of patella resection and could be easily incorporated
into the existing work flow of TKR. A planned work flow would involve first performing a
patella resection and then obtaining native PFJ loads. Subsequently, evaluation of PF] load
after TKR was performed, as well as the effect of a potential secondary patella resection. A
secondary patella resection might then be required to normalize loading of the PF]. Based
on the cadaveric experience, this might add 4-5 min to the procedure but does not require
extra steps in the knee procedure and therefore will not materially add to the risk associated
with the operation. Significant benefit in outcomes would accrue if PFJ loading forces can
be normalized with this proposed method. Future studies will evaluate the use of pattern
recognition algorithms to help surgeons identify PF] loading patterns and to make choices
on appropriate adjustment cuts intraoperatively. Furthermore, expanding to measure PF]
loads in a larger sample size, as well as in non-arthritic knees, will provide surgeons with a
better representative understanding of what optimal PFJ load patterns should be achieved
based on healthy native knees.

5. Conclusions

The quad sense device was able to record PFJ loading before and after TKR resections
and compare PFJ loading characteristics in multiple patella quadrants. This allowed for the
adjustment of the thickness and angle of the patella resection to reproduce patient-specific
PFJ loading. Altering patella resection depth and angles subsequently may allow extensor
mechanism loading in TKR to approach that of the native knee. This novel, patient-specific
approach to patella resurfacing acknowledges the importance of the PFJ] and extensor
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mechanism as the main contributor to knee function. Further in vitro and in vivo studies
of this novel device are needed to reveal its efficacy and safety in potentially decreasing
PFJ complications and AKP in TKR and ultimately improving patient reported outcomes.
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Appendix A

Table A1l. Comparison of mean maximal load (N) recorded using neutral shims before and after
4 mm adjustment cut performed on the right TKR in Specimen 1, analysed via one-way ANOVA.

Quadrant 6 mm Neutral 7 mm Neutral 8 mm Neutral 9 mm Neutral p-Value
Pre-Cut Post-Cut Pre-Cut Post-Cut Pre-cut Post-Cut Pre-Cut Post-Cut
Medial: 03+01 03400 04401 04401  03+£00  03+00  03+£00  03+01 052
Lateral: 79.2 +129 115+ 2.0 81.8 +11.6 13.5+1.2 83.9 + 129 193 +1.7 105.7 £ 8.0 208 +1.9 <0.01*
Superior: 70+£15 27407 11.6 £ 1.6 58+1.0 11.6 £ 1.9 10.4 + 0.9 13.5+ 0.6 141 4+1.7 <0.01*
Inferior: 0.2£0.0 0.2+0.1 0.2£0.0 0.2+£0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.56
* denotes statistical significance.
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