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Abstract

Purpose To demonstrate that lateral to medial patellofe-

moral force and pressure ratios could be a surrogate marker

of retinacular tension and patellar tracking.

Methods The patellofemoral forces of six knees from

three fresh-frozen half-body female cadavers were evalu-

ated with a capacitive sensor under simulated operative

conditions in six staged clinical scenarios: native knees,

knee arthroplasty without patellar resurfacing, resurfaced

knee and patella, resurfaced knee and patella with lateral

release, gender-specific knee arthroplasty with patella

resurfacing, and gender-specific knee arthroplasty with

lateral release. Maximum force and peak pressure were

simultaneously recorded during three to four ranges of

motion. Average values were compared between lateral

and medial patellofemoral compartments as an objective

measure of patellar tracking for the different settings.

Results Significant differences in lateral and medial force

and pressure differentials were seen in most scenarios

despite clinically normal patellar tracking. Lateral to

medial ratios of maximum force and peak pressure sig-

nificantly increased after TKA (2.9, 2.1) and after patella

resurfacing (2.8, 2.6) compared to the native knee (1.6,

1.8). Addition of a lateral release in resurfaced knees

decreased the ratio of lateral to medial patellofemoral

forces and pressures as did gender knee arthroplasty (1.5

and 1.1, 2 and 1.3, respectively). Pressure and force values

most closely resembled the native knee in the resurfaced

knee/resurfaced patella with lateral release and in the

gender knee arthroplasty scenarios.

Conclusions Use of lateral to medial patellofemoral force

ratios as a surrogate objective marker for patellar tracking

was validated in this study by decreasing ratios observed

after lateral release in TKA and with gender-specific

implants.

Keywords Patellofemoral contact pressure � Total knee

arthroplasty � Patellar tracking � Lateral release �
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Introduction

Total knee arthroplasty (TKA) is becoming an increasingly

common procedure throughout the world [23, 24]. The

improvement of prosthetic biomaterials and design as well

as a greater understanding of the knee biomechanics have

shifted the focus of TKA to prosthesis longevity and

patellofemoral complications such as anterior knee pain,

patella fracture, patellar component loosening, patella

dislocation, and wear [3, 16, 33, 36, 40].

Altered patellofemoral biomechanics in TKA are

implicated as the cause of patellofemoral complications.

Numerous studies have directly evaluated how static and

dynamic restraints affect the patellofemoral joint forces in

the native knee [12, 18, 25, 28, 30, 38] and in TKA [2, 6,

10, 13, 14, 17, 18, 25, 28, 38, 44]. Patellofemoral biome-

chanics have mostly been studied in biomechanical simu-

lators using cadavers with replicated muscle and joint

forces with varying degrees of soft tissue stripping.

Although experimental factors can be more strictly con-

trolled in a knee simulator, these studies’ application to the

standard clinical environment of TKA is limited.
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Specific medial and lateral contact areas throughout the

range of motion (ROM) have been identified on the native

patella as well as the resurfaced patella [12, 25, 43, 44].

While patellofemoral contact areas have been shown to

decrease after TKA with patellar resurfacing, the patel-

lofemoral stresses have been shown to increase [6, 25, 28,

44]. Theoretically, these changes, along with eccentric

forces and pressures on the medial and lateral patellofe-

moral articulations, could lead to increased patellar com-

plications. In addition, some authors have shown significant

changes in patellar tilt and/or tracking after TKA suggestive

of significant changes in patellofemoral kinematics [1, 4, 7,

37, 41]. Despite the importance of the patellofemoral bio-

mechanics in TKA, the criteria for evaluating the success of

soft tissue balancing and patellar tracking currently involve

only the surgeon’s observation of intraoperative patellar

tracking during a passive ROM [5, 39, 41].

A simulated intraoperative assessment of the ratios of

lateral and medial patellofemoral stresses during TKA

under different prosthetic designs and conditions may

provide a better understanding of how intraoperative fac-

tors alter patellofemoral joint dynamics. Understanding the

changes in lateral to medial ratios of patellofemoral pres-

sures after patellar resurfacing, the use of different pros-

thetic designs, and the addition of a lateral release could

improve preoperative and intraoperative decision-making

in order to minimize future complications by objectively

calculating retinacular tension and patellar tracking.

The goal of this study was to utilize an existing vali-

dated sensor technology to demonstrate that lateral to

medial patellofemoral force and pressure ratios could be a

surrogate marker of retinacular tension and patellar track-

ing. Our hypothesis is that the lateral to medial patellofe-

moral force and pressure ratios would increase with TKA

and would subsequently decrease after lateral retinacular

release and after placement of gender-specific implants

showing that these ratios change appropriately with known

changes in patellofemoral biomechanics. This finding

would suggest that the lateral to medial patellofemoral

force and pressure ratios could be used as an objective

measure of soft tissue tension at the patellofemoral joint.

An objective measure of patellar tracking and soft tissue

tension that can be measured in the clinical setting allows

further studies to be done correlating these ratios to post-

operative outcomes such as anterior knee pain and patellar

complications.

Materials and methods

Three fresh-frozen, half-body cadavers (six knees) were

used in this study. All cadavers were female with an

average age of 82 years (range 76–90 years). After

institutional review board approval, all surgical procedures

and data recording were performed under simulated oper-

ating room conditions by one fellowship-trained joint sur-

geon. Preoperative maximum knee flexion ranged from

115� to 130�, and none had a flexion contracture. The half-

body was supine, and the pelvis stabilized such that flexion

and extension of the knee during arthrotomy, bone cuts,

implantation of prosthetic components, and testing were

similar to an actual operative procedure.

The capacitive novel pliance system (Novel Electronics,

Inc., St. Paul, MN) used in this study was previously

described in detail by Johanson et al. [19]. The system

utilized here included an S2039 patella sensor, electronics

unit, pliance-x Expert software (v 11.3.12), Multiprojects-

ip software (v 13.3.40), and a trublu calibration device

(Novel Electronics). The patella sensor was approximately

1,988 mm3 and 1.8-mm thick. Before each trial, the sensor

was calibrated on the surface being tested. The data gath-

ered by the sensor were sent to the computer via Bluetooth

technology (Bellevue, WA) and collected at 50 Hz for the

purpose of this study. The pliance-x Expert software then

displays these data in real-time two- and three-dimensional

representation of the calibrated pressure values (Fig. 1).

These data can then be analysed further. Previous studies

validated the sensor technology including reproducibility

when conforming to curved surfaces [27, 34].

A standard medial parapatellar approach was used to

expose the joint in all knees. The articular cartilage was

classified according to the Outerbridge classification [31].

Four of six knees demonstrated grade IV osteochondrosis.

The patella was everted in the standard fashion. The sensor

device was sutured over the articular surface of the native

patella (Fig. 2), and the joint capsule was closed using

three sutures (one superior, one inferior, one central) prior

to each trial. The native knee with native patella was taken

through three to four consecutive continuous ROMs.

Bone cuts were then made to the tibia and femur in

standard fashion for positioning of NexGen High-Flex

(Zimmer, Inc., Warsaw, IN) knee components with the

goal of a posterior tibial slope of 0� to 3� and 3� of femoral

component external rotation. Femoral and tibial trial

components were then placed. The resurfaced knee with a

native patella was then tested over three to four continuous

ROMs.

Next, the patella sensor was partially removed to allow

for the preparation of the patellar surface and placement of

a domed 32-mm patellar component. The sensor was

reapproximated with sutures. The resurfaced knee with

resurfaced patella was then tested. The previous procedure

was again repeated for increasing domed patella sizes of 34

and 36 mm, respectively.

Following this procedure, the left knees of all three

cadavers in the resurfaced knee/resurfaced patella state
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were selected and underwent lateral release and were

retested with all three patellar sizes. Subsequently, the

femoral components were removed, and the necessary bone

cuts were made in all six knees for placement of the Gender

Solutions High-Flex (Zimmer) femoral component. The

three right gender-specific resurfaced knees with resurfaced

patella and three left gender-specific resurfaced knees with

resurfaced patella after lateral release were tested and

repeated for all three patellar sizes. Finally, the three right

knees in the gender knee/resurfaced patella scenario

underwent lateral release and were retested in the same

fashion.

The sensor was zeroed immediately before each clinical

scenario, including each differently sized patella compo-

nent, and was taken through the three to four continuous

ROMs to full flexion. Component alignment, component

and joint stability, and patellar tracking were found to be

clinically acceptable in all situations. A lateral release was

not deemed clinically necessary in any scenario.

For the purposes of this study, six clinical scenarios

were analysed which included native knee, knee replace-

ment without patellar resurfacing, knee replacement with a

resurfaced patella, total knee replacement with lateral

release, gender-specific knee replacement with patellar

resurfacing, and gender-specific knee replacement with

patellar resurfacing and lateral release. Patellar maximum

force (N) and patellar pressure (kPa) were measured after

each successive reconstructive setting of the cadaveric

knee over a complete ROM (Fig. 3). These recordings were

summarized over the 3–4 repeated measurements for each

of the six clinical scenarios. The results using different

patellar component sizes were averaged together based on

the type of clinical scenario tested.

Fig. 1 Sensor output data during a range-of-motion cycle using the capacitive novel pliance system (Novel Electronics, Inc., St. Paul, MN)

Fig. 2 Inverted patella with sensor sewn to articular surface
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Statistical analysis

Lateral and medial averages in maximum force and peak

pressure were graphically assessed via plots of averages

across designs to ensure that differences between the lateral

and medial sides were consistent. In subsequent (nested)

analyses, averages of the repeated observations at each

unique design point served as the units of observation. The

averages were summarized by type of prosthesis and

treatment of the patella, and the resultant means were

compared between lateral and medial sides in a pair-wise

manner. A student t test with a pooled sample variance was

used in comparisons, and the assumption of equal sample

variances between lateral and medial sides was assessed

using a folded F test. All analyses were performed using

SAS for the personal computer (v8.02, SAS, Inc., Cary,

NC). Descriptive statistics were generated using the

univariate procedure. The GPLOT procedure was used to

generate plots of averages. The t test procedure was used to

perform t tests and to test sample variances for equality,

and Wilcoxon rank-sum tests were performed using the

NPAR1WAY procedure.

Results

Significant differences in lateral and medial force and

pressure differentials were seen in most scenarios despite

clinically normal patellar tracking (Tables 1 and 2). For

the native knee, a statistically significant difference was

seen between the lateral and medial patellofemoral max-

imum force means (p = 0.04) at a ratio between the

lateral and medial sides of 1.63. However, this difference

was not significant when comparing lateral to medial peak

Fig. 3 Methods used to

construct and subsequently

evaluate each of the six clinical

scenarios. NKNP native knee

and native patella, RKNP

resurfaced knee and native

patella, RKRP resurfaced knee

and resurfaced patella,

RKRP-LR resurfaced knee and

resurfaced patella with lateral

release, GKRP gender knee and

resurfaced patella, GKRP-LR

gender knee and resurfaced

patella with lateral release
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pressure means at a comparative ratio of 1.80. For the

resurfaced knees with native patella scenario, a significant

increase was seen in the ratio of lateral to medial maxi-

mum force and peak pressure means (2.86 and 1.99,

respectively).

For the resurfaced knee with resurfaced patella scenario,

statistically significant differences were seen in lateral to

medial maximum force and peak pressure means (p \ 0.01

and p \ 0.01, respectively) and in the ratio between the

lateral and medial sides (2.75 and 2.57, respectively). The

addition of a lateral release in this scenario reduced the lat-

eral to medial ratios of maximum force and peak pressure

means to insignificant ratios (1.46 and 1.11, respectively).

In the gender knee arthroplasty, a statistically significant

difference was seen in lateral to medial maximum force

means (p \ 0.01) at the ratio of 1.96. A statistically sig-

nificant difference was not seen in the lateral to medial

peak pressure means at a comparative ratio of 1.33. The

addition of a lateral release to the gender knee arthroplasty

did not significantly alter the ratios of lateral to medial

maximum force and peak pressure.

Maximum force was significantly increased on the lat-

eral side compared with the medial side in all scenarios

except in the resurfaced knee with a lateral release. Ratios

of lateral to medial forces were highest in the resurfaced

knee with native patella and in the resurfaced knee with

patellar resurfacing groups (2.86:1 and 2.75:1, respec-

tively) compared with native (1.63:1) and gender (1.96:1)

knees (Table 1).

Peak pressure was significantly increased only on the

lateral side in the resurfaced knee with native patella

(2.10:1) and with patellar resurfacing (2.57:1) groups

compared with native (1.8:1) and gender (1.33:1) knees.

Highest lateral peak pressure ratios were found in the

resurfaced knees with patellar resurfacing but were sig-

nificantly decreased after lateral release (from ratios of

2.57:1 to 1.11:1) (Table 2). The resurfaced knee with

resurfaced patella and gender knee scenarios showed peak

pressure and maximum force ratios that most closely

resembled the native knee.

Discussion

While ratios of lateral to medial patellofemoral forces and

pressures increased after TKA, the ratios subsequently

decreased with lateral retinacular release and with gender

knee arthroplasty. Since both lateral retinacular release and

gender knee arthroplasty should decrease the soft tissue

tension in the lateral retinacular tissues, these ratios may be

used as surrogate marker for lateral retinacular tension and

patellar tracking. The lateral to medial patellofemoral

pressure and force ratios are objective assessments of ret-

inacular tension and patellar tracking that may help eluci-

date the differences of soft tissue tension in the

intraoperative setting of TKA.

In this study, TKA with and without patellar resurfacing

had higher peak forces and maximum pressures on the

lateral side of the patellofemoral joint compared with

native knees, suggesting patellar maltracking. Singerman

et al. [38] determined that the centre of pressure went from

medial to lateral as cadaver knees were ranged from

extension to full flexion in the native knee, resurfaced knee

with native patella, and resurfaced knee with resurfaced

patella scenarios using experimental indirect force mea-

surements calculated from a force transducer, but specific

ratios were not mentioned. However, a significant lateral

pressure shift was seen only in the resurfaced knee with

native patella scenario. They also found that higher patel-

lofemoral compressive forces were present in flexion when

the centre of pressure was more lateral. Becher et al. [2]

also found higher pressures with a lateral shift of the centre

Table 1 Lateral and medial patellofemoral maximum force measures

by clinical scenario

Clinical
scenario

Mean
maximum
force (N)

Standard
deviation

Significance of
medial and lateral
maximum force
differentials

Ratio
lateral:
medial

NKNP Lateral
42.9

Lateral
14.4 p = 0.04 1.63:1

Medial
26.4

Medial
5.2

RKNP Lateral
52.0

Lateral
10.3 p < 0.01 2.86:1

Medial
18.2

Medial
11.9

RKRP Lateral
46.5

Lateral
12.9 p < 0.01 2.75:1

Medial
16.9

Medial
9.3

RKRP-LR Lateral
31.7

Lateral
23.7 N.S. 1.46:1

Medial
21.7

Medial
17.3

GKRP Lateral
31.7

Lateral
8.9 p < 0.01 1.96:1

Medial
16.2

Medial
5.4

GKRP-LR Lateral
36.4

Lateral
16.9 p = 0.01 1.86:1

Medial
19.6

Medial
10.6

NKNP native knee and native patella, RKNP resurfaced knee and

native patella, RKRP resurfaced knee and resurfaced patella, RKRP-

LR resurfaced knee and resurfaced patella with lateral release, GKRP

gender knee and resurfaced patella, GKRP-LR gender knee and

resurfaced patella with lateral release
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of pressure in flexion in the resurfaced knee with native

patella scenario using pressure sensitive film. Xu et al. [44]

found that the ratio of lateral to medial mean patellofe-

moral pressure in TKA increased after patella resurfacing

at 60� of flexion (1.30) compared with the unresurfaced

patella (1.05) using pressure sensitive film. At the other

degrees of flexion studied, lateral to medial mean pressure

ratios were similar in the resurfaced knee with native

patella (0.91:1.09) and resurfaced knee with resurfaced

patella (0.79:0.99) scenarios. Kainz et al. [20] found the

centre of pressure moved laterally in patellofemoral joint

after TKA with patella resurfacing with an increase in

pressure compared to the native knee; however, ratios on

the medial and lateral facets were not reported. Significant

edge loading on the patella was described in another study

with resurfaced patellar components, suggesting a differ-

ence in peak medial to lateral patellofemoral contact forces

[14]. These studies along with our study show that an

increase in lateral patellofemoral forces occurs in TKA that

may lead to patellar maltracking and subsequently to

patellofemoral complications.

This study demonstrated a significant decrease in the

ratio of patellofemoral forces between the lateral and

medial sides after lateral retinacular release in TKA. In a

native knee study done with cadavers using a biomechan-

ical simulator, Ostermeier et al. [30] found that, although

patellofemoral contact forces did not change after lateral

retinacular release, the centre of pressure went from medial

to lateral with increasing knee flexion despite lateral

release, whereas patellar tilt remained fairly constant.

Although this study did not compare lateral to medial

pressures, it suggests that lateral retinacular release does

alter the distribution of forces without necessarily changing

the amount of force in the native patellofemoral joint. In

another cadaver study, patellofemoral joint forces in TKA

with patella resurfacing moved medially on the femur after

lateral release, although no ratio between the lateral and

medial sides was reported [18]. Our study, along with the

trends in the current literature, validates our theory that the

ratio of patellofemoral lateral to medial pressures is a

surrogate marker for patellar tracking in that the ratio

decreased after lateral retinacular release.

Anatomic and biomechanical differences that exist in

the female knee compared with the male knee have been

postulated to be the cause of the increased incidence of

knee pain in women [9, 15, 42]. These differences have

recently been mentioned as possible reasons for compli-

cations in TKA, although this has not been shown in the

literature [8, 11, 15, 22, 26]. Because of these differences,

gender-specific implants were developed. The Zimmer

Gender Solutions High-Flex Knee (Zimmer, Inc., Warsaw,

IN) has a thinner anterior femoral flange and has a higher

trochlear groove angle than the NexGen knee (Zimmer),

which was based on anatomic femoral differences seen on

computed tomography in women [15]. The idea behind this

design is that the thinner anterior flange will help prevent

overstuffing of the patellofemoral joint in female patients

and the deeper trochlear groove will improve patellar

tracking. These features theoretically should allow for

improved patellofemoral biomechanics.

The gender knee arthroplasty group in our study had

lateral to medial peak pressures and maximum forces that

most closely resembled those of the native knee compared

with the other scenarios tested. This finding further vali-

dates our theory of the ratio of lateral to medial patel-

lofemoral forces as an objective measure of retinacular

tension and patellar tracking as the gender-specific

implants were designed to address that issue seen in ana-

tomic studies. Kawahara et al. [21] found that while

increasing the size of the femoral component did increase

patellofemoral contact forces, changing to gender-

specific implants did not alter the patellofemoral forces

Table 2 Lateral and medial patellofemoral peak pressure measures

by clinical scenario

Clinical

scenario

Mean

peak

pressure

(kPa)

Standard

deviation

Significance of medial

and lateral peak

pressure differentials

Ratio

lateral:

medial

NKNP Lateral

594.0

Lateral

326.1

N.S. 1.80:1

Medial

329.9

Medial

61.6

RKNP Lateral

761.5

Lateral

319.1

p = 0.05 1.99:1

Medial

382.6

Medial

248.4

RKRP Lateral

1,190.8

Lateral

462.1

p \ 0.01 2.57:1

Medial

463.2

Medial

308.1

RKRP-LR Lateral

744.5

Lateral

581.5

N.S. 1.11:1

Medial

673.1

Medial

586.6

GKRP Lateral

634.5

Lateral

308.6

N.S. 1.33:1

Medial

475.8

Medial

184.5

GKRP-LR Lateral

836.1

Lateral

420.6

N.S. 1.52:1

Medial

550.4

Medial

377.3

NKNP native knee and native patella, RKNP resurfaced knee

and native patella, RKRP resurfaced knee and resurfaced patella,

RKRP-LR resurfaced knee and resurfaced patella with lateral release,

GKRP gender knee and resurfaced patella, GKRP-LR gender knee and

resurfaced patella with lateral release
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significantly as was expected. Perhaps the ratio of lateral to

medial forces is a more sensitive way to evaluate patel-

lofemoral tracking. We also found that lateral release after

gender knee arthroplasty did not significantly change the

ratio of lateral to medial patellofemoral forces, unlike in

the standard resurfaced knee. Peretz et al. [32] similarly

found no significant change in the peak pressure of the

patellofemoral articulation after lateral release in gender

knee arthroplasty in a biomechanical study. The increase in

peak pressure and the small decrease in maximum force

ratios in the gender knee with lateral release group com-

pared to the gender knee arthroplasty group may be

explained by the scenario of normal variance in improved

patellar tracking and retinacular tension with the gender-

specific components.

The ratio of lateral to medial maximum force and peak

pressure at the patellofemoral articulation in this setting

may be viewed as a surrogate measure of soft tissue ten-

sion. These ratios are important in the intraoperative

management of patellar tracking and soft tissue balancing

because extensor mechanism symptoms and complications

in TKA may be caused by imbalance of the peripatellar

structures leading to abnormal forces in the patellofemoral

joint [40].

Limitations may be present due to the small sample size

studied; however, our sample size is comparable to those

reported in other published studies [10, 13, 17, 18, 20, 25,

28, 38, 43, 44]. Variability in this small sample population

may cause bias, although these scenarios are not unlike

those encountered in the operating room during TKA.

Another limitation of this study is the absence of muscle

function or weight bearing during the measurements.

Muscle contraction will obviously change the patellofe-

moral mechanics in vivo; however, the goal of our study

was to evaluate the ratio of lateral to medial forces in the

operative setting when muscle contraction is generally

absent. Our method relied on resting muscle tension

because half-body cadavers were used, a scenario which

better mimics intraoperative muscle tension compared to

previous studies that imitated muscle contraction with

weights and biomechanical simulators. Changes in soft

tissue tension in the later stages of testing may have also

affected the ratios despite careful soft tissue handling.

However, our model tested resting muscle tension, whereas

other biomechanical models used weighted muscle tension,

which is more prone to stretching over time.

Maximum force and pressure values were chosen for

comparison between different clinical scenarios. Several

biomechanical studies have shown that patellofemoral

forces change with varying knee flexion and/or quadriceps

tension [2, 7, 10, 14, 17, 18, 20, 25, 28, 30, 38, 44].

Although we understand the importance of these factors,

this is not a feasible way to evaluate patellar tracking in the

operative setting. The purpose of our study was to assess

the patellofemoral forces in ways that would be useful to an

operating surgeon. In addition, maximum values (instead

of mean) were used in each setting because the maximum

stresses should theoretically correlate better with patel-

lofemoral complications and symptoms.

Although the use of a sensor placed in the patellofe-

moral articulation does provide direct assessment of forces

on the articular surface, it is not ideal. Although the sensor

is flexible and conformable, it does have some structural

resistance to conforming to a convex surface as well as the

addition of thickness to the patellofemoral articulation,

which may impact the measurements. To minimize inac-

curate measurements, the sensor was calibrated to zero in

its static state before each scenario was tested. In the ideal

setting, the sensor would be embedded into the patella

component in order to avoid measurement inaccuracies, as

published elsewhere [27, 43].

Other methods of subjective intraoperative evaluation of

the patellofemoral joint besides the ‘‘no thumb’’ test have

been described, but these methods also rely on direct

visualization only [35, 41]. Objective intraoperative eval-

uation of patellar tracking in order to make decisions has

been reported [29]. Ogata et al. [29] used measurements of

medial retinacular suture tension to help make decisions on

lateral release in 35 TKAs and reported good results at

2 years. However, the use of any intraoperative measure-

ment of patellofemoral forces has not been extensively

studied. The ability to intraoperatively quantitate patellar

tracking and soft tissue balance may help surgeons in

decision-making and facilitate a reduction in the incidence

of postoperative complications. Future studies using these

ratios to evaluate intraoperative patellar tracking and

comparing them with clinical results may help to decrease

patellofemoral complications in TKA.

Conclusion

Although patellar tracking is integral to the success of

TKA, current standards of tracking assessment are limited.

This study validated that the lateral to medial ratio of pa-

tellofemoral stresses is an objective, surrogate marker of

patellar tracking because the ratio decreased after lateral

release in TKA and was lower at baseline in gender TKA

compared with standard TKA. In addition, this study

showed that lateral to medial ratios of patellofemoral

maximum forces and peak pressures most closely resem-

bled the native knee in TKA with patellar resurfacing after

lateral release and in gender knee arthroplasty.
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