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Abstract

Objective—To determine the longitudinal changes of patellofemoral joint (PFJ) contact pressure 

following anterior cruciate ligament reconstruction (ACLR). To identify the associations between 

PFJ contact pressure and cartilage health.

Design—Forty-nine subjects with hamstring autograft ACLR (27 males; age 28.8 [SD 8.3] years) 

and 19 controls (12 males; 30.7 [4.6] years) participated. A sagittal plane musculoskeletal model 

was used to estimate PFJ contact pressure. A combined T1ρ/T2 magnetic resonance sequence 

was obtained. Assessments were performed preoperatively, at 6 months, 1, 2, and 3 years 

postoperatively in ACLR subjects and once for controls. Repeated ANOVA was used to compare 

peak PFJ contact pressure between ACLR and contralateral knees, and t-tests to compare with 

control knees. Statistical parametric mapping was used to evaluate the associations between PFJ 

contact pressure and cartilage relaxation concurrently and longitudinally.
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Results—No changes in peak PFJ contact pressure were found within ACLR knees over 3 years 

(preoperative to 3 years, 0.36 [CI, −0.08, 0.81] MPa), but decreased over time in the contralateral 

knees (0.75 [0.32, 1.18] MPa). When compared to the controls, ACLR knees exhibited lower PFJ 

contact pressure at all time points (at baseline, −0.64 [−1.25, −0.03] MPa). Within ACLR knees, 

lower PFJ contact pressure at 6 months was associated with elevated T2 times (r=−0.47 to −0.49, 

p=0.021 to 0.025).

Conclusions—Underloading of the PFJ following ACLR persists up to 3 years and has 

concurrent and future consequences in cartilage health. The non-surgical knees exhibited normal 

contact pressure initially but decreased over time achieving limb symmetry.

Keywords

anterior cruciate ligament reconstruction; cartilage relaxation times; hamstring autograft; 
osteoarthritis; contact pressure

Introduction

Anterior cruciate ligament (ACL) tear is a common sports-related injury, with an estimated 

20,000 ACL injuries occurring annually in the United States,1 and as many as 80% of 

patients opting for ACL reconstruction (ACLR).2 Despite undergoing reconstruction surgery, 

there is growing evidence suggesting a link between post-traumatic osteoarthritis (OA) 

and ACL dysfunction. Radiographic patellofemoral joint (PFJ) OA has been reported in 

11 to 90% (median 36%) of subjects 2 to 15 years after the surgery,3–6 while worsening 

of cartilage defects as seen on magnetic resonance (MR) imaging in the patellofemoral 

compartment occurred in 44% of subjects 5 years following surgery.6 The high prevalence of 

PFJ OA in this population stresses the importance of understanding its disease mechanisms, 

and the risk factors leading to development of disease.

Early stages of OA in the articular cartilage include a failure to synthesize the extracellular 

matrix components, loss of proteoglycans, collagen and thus elasticity and reduction in 

water content.7 Quantitative MR imaging offers tools to probe the biochemical composition 

of articular cartilage. T1ρ and T2 relaxation times are related to the proteoglycan content 

and collagen orientation of the cartilage, respectively, and can thus provide information on 

the state of cartilage health.8 Elevated T1ρ and T2 relaxation times have been associated 

with the development of knee OA9, 10 and may present as biomarkers for early cartilage 

degeneration.11 In particular, elevated T2 times in the trochlear cartilage has been found 

in ACLR knees when compared to the contralateral non-surgical knees 3 years following 

ACLR.12 In addition, higher cartilage T1ρ and T2 times have been found in ACLR knees 

when comparing to controls, and they remain elevated over time.13

When considering the factors contributing to the high PFJ OA prevalence post ACLR, 

several biomechanical factors come into play, one of which is the altered patellar kinematics 

following ACLR. Several studies have reported greater patella lateral displacement and 

lateral tilt in ACLR knees when compared to contralateral and control knees,14, 15 all 

of which have been linked to common PFJ disorders such as patellofemoral pain and 

chondromalacia.16, 17 With faulty patellar kinematics, it is likely that ACLR knees exhibit 
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altered PFJ loading behaviors that further influence cartilage integrity and joint health. 

Limited in vivo studies have found a lower PFJ peak contact forces and stress in ACLR 

knees18, 19 while one study found the opposite,20 with the assessment time ranging from at 

the time of return-to-sports and 12 to 24 months post ACLR. It is unclear if PFJ loading 

behaviors following ACLR change over time, resulting in the discrepancy between studies.

Taken together, the joint loading behaviors in PFJ following ACLR are unclear and may be 

subjected to changes over time. Additionally, to the best of our knowledge, there is no study 

that has examined the association between PFJ OA features and joint loading behaviors in 

individuals following ACLR. As such, the aims of this study are twofold. First, to determine 

the longitudinal changes in PFJ contact pressure in individuals following ACLR and to 

compare these variations, if present, with the non-surgical contralateral knees and control 

knees. Second, to identify associations between PFJ contact pressure and cartilage relaxation 

times at 6 months and 3 years following ACLR.

Methods

This is an observational cohort study.

Subjects

Subjects between the ages of 15 and 50 years who underwent unilateral hamstring autograft 

ACLR were recruited from the Sports Medicine clinics in the Department of Orthopaedic 

Surgery at the University of California, San Francisco (UCSF) between July 2011 and May 

2017.13, 21–23 The study was approved by the Committee of Human Research at UCSF and 

prior to data collection, all subjects signed a written informed consent. The exclusion criteria 

were (1) concomitant ligamentous injuries that needed surgical treatment, (2) a history of 

inflammatory or primary OA, (3) previous knee surgery, and (4) meniscal repair required at 

the time of ACLR, as meniscus tears have been shown to be a risk factor associated with 

the development of OA following ACLR.24 ACLR subjects were invited for assessments 

preoperatively, and at 6 months, 1 year, 2 years, and 3 years postoperatively. Additionally, 19 

controls with no history of knee injuries or surgeries were recruited and assessed at one time 

point. Of all 57 ACLR and 21 control subjects recruited, five and three subjects from each 

group dropped out, respectively. Three additional subjects were excluded in the ACLR group 

as they received a cadaver allograft instead of hamstring autograft. In total, forty-nine ACLR 

and 19 controls were included in the baseline analysis (Figure 1).

All ACLR subjects underwent anatomic single-bundle hamstring autograft by 1 of 3 board-

certified, fellowship-trained orthopedic surgeons at a single institution. The femoral tunnels 

were drilled using anteromedial portal drilling. All ACLR subjects had the same fixation 

method with suspensory femoral fixation and interference screw tibial fixation. All ACLR 

subjects participated in standard post-operative ACL rehabilitation program. Immediately 

post-operative recovery emphasized control of pain and swelling, and regaining motor 

control. The operative knee was kept in a hinged knee brace at all times, which was 

locked in extension while walking (except during physical therapy sessions) until quadriceps 

control and normal gait were achieved. The primary focus for the first 6 weeks was on 

return of normal range of motion and quadriceps control. Return to running was allowed at 
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approximately 4 months, when core stability was appropriately achieved, and return to sport 

at 6 to 8 months, as long as the subject had achieved appropriate functional milestones.

Patellofemoral Joint Contact Pressure

All biomechanical testing was performed in the Human Performance Center at UCSF. 

Three-dimensional lower extremity position data were collected at 250 Hz using a 10-

camera motion analysis system (VICON, Oxford Metrics, Oxford, UK), while ground 

reaction forces were recorded at a rate of 1000 Hz using two in-ground force plates (AMTI, 

Watertown, MA, USA) simultaneously.

Nineteen reflective markers were placed on the following bony landmarks: first and fifth 

metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, greater 

trochanters, iliac crests, anterior superior iliac spines, and the L5-S1 junction. In addition, 

segment tracking was performed using marker clusters mounted on semi-rigid plastic plates 

and were placed on the lateral surfaces of the subjects’ thighs, shanks, and heel counters 

of the shoes. Following a one-second standing calibration trial, subjects were asked to 

perform over-ground walking at a fixed speed of 1.3 m/s as this is the average smooth 

surface walking speeds of men and women.25 Practice trials were permitted to allow subjects 

to become familiar with the procedures. Three successful walking trials were obtained. A 

successful trial was defined as the foot of the tested limb falling within the borders of the 

force plate and the speed was within ±5% of the target speed. Two timing gates were used 

to confirm the speed of each trial. Feedback on gait speed was given immediately after each 

trial with “too fast” or “too slow” in order for the subjects to achieve target speed.

Marker position and ground reaction force data were low-pass filtered using 4th order, 

zero lag, Butterworth filters with cut-off frequencies of 6Hz and 50Hz, respectively, using 

Visual3D (C-Motion, Germantown, MD). Knee flexion angles and internal knee extensor 

moments during the stance phase of gait were derived from the biomechanical testing 

through Cardan rotation sequence and inverse dynamics, respectively, and used as inputs to 

estimate PFJ contact pressure. The stance phase of gait was defined when the foot hit the 

ground and the vertical GRF was greater than 20N (initial contact) to the time point where 

the vertical GRF was less than 20N (toe-off).

PFJ contact pressure was computed using a previously described sagittal plane motion 

analysis-based model26, 27 with subject-specific inputs (knee flexion angle and knee 

extensor moments) and data from literature (quadriceps effective moment arm,28 ratio 

between quadriceps force and PFJ reaction force,29 PFJ contact area30). First, quadriceps 

effective moment arm was estimated as a function of knee flexion angle by fitting a 

nonlinear equation.28 Next, quadriceps muscle force was calculated dividing knee extensor 

moment by the effective moment arm. The next step was to multiply the quadriceps force 

to a coefficient that determines the relationship between quadriceps force and PFJ reaction 

force as a function of knee flexion angle.29 Next, PFJ contact area was estimated as a 

function of knee flexion angle by fitting a second-order polynomial curve.30 Last, joint 

reaction force was divided by contact area to estimate PFJ contact pressure. Peak PFJ 

contact pressure (MPa) during the first 50% of the stance, where the peak usually occurs,26 

was used for statistical analysis.
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MR Imaging Assessment

All subjects underwent bilateral knee MR imaging using a 3.0T GE MR scanner (General 

Electric, Milwaukee, WI, USA) with a quadrature transmit and 8-channel receive knee 

coil (Invivo, Inc., Gainesville, FL) at each assessment. The subject was instructed to lay 

fully supine with knee extended in a resting position. MR sequences included a sagittal 

high-resolution 3D intermediate-weighted FSE CUBE sequence for cartilage segmentation 

(TR/TE = 1500/25 ms, FOV = 16 cm, matrix = 384 × 384, slice thickness = 1 mm) and a 

sagittal combined 3D T1ρ/T2 mapping sequence31 (T1ρ TR/TE = 9 ms/min, FOV = 14 cm, 

matrix = 256 × 128, slice thickness = 4 mm, views per segment = 64, time of recovery = 1.2 

s, number of slices = 26, time of spin-lock (TSL) = 0/10/40/80 ms, spin-lock frequency = 

500 Hz; T2 preparation TE = 0/12.87/25.69/51.39 ms).

Image post-processing for obtaining VBR was performed in MATLAB integrated with 

Elastix registration toolbox for non-rigid image registration,32, 33 using a previously 

described methodology.22 A single reference image was identified through an iterative 

process aimed to minimize the global image deformation. All images were then non-rigidly 

registered and aligned to the single reference image. Relaxation maps were computed on a 

voxel-by-voxel basis by fitting the morphed images from different TSLs or TEs, for T1ρ or 

T2 respectively, employing Levenberg-Marquardt mono-exponentials applied to each voxel 

(S(TSL) ∝ exp(−TSL/T1ρ)) for T1ρ and (S(TE) ∝ exp(−TE/T2)) for T2.

Statistical Analysis

To examine the longitudinal changes within the ACLR group, two-way repeated ANOVA 

(limb × time) was used to examine peak PFJ contact pressure between the ACLR and 

contralateral knees over time (preoperatively, and at 6 months, 1 year, 2 years, and 3 years 

postoperatively). If significant interaction existed, one-way repeated ANOVA would be used 

to examine peak PFJ contact pressure over time in the ACLR and contralateral knees. Paired 

t-tests were used to examine pressure between ACLR and contralateral knees at various time 

points. Last, independent t-tests were used to examine pressure between ACLR and control, 

as well as contralateral and control knees, individually.

Within the ACLR knee, statistical parametric mapping was used to evaluate the associations 

between peak PFJ contact pressure at 6 months and cartilage relaxation times at 6 months 

and 3 years using Pearson partial correlations on a voxel-by-voxel basis. Percentage 

of voxels showing significant correlation (PSV), average correlation coefficient (r) of 

voxels showing significant correlation, and average p values of voxels showing significant 

correlation were reported from the statistical parametric mapping. Only results with PSV 

more than 8% of the voxels were considered to provide more clinically significant 

patterns.34 Random Field Theory correction was used to take into account possible false 

positives due to multiple comparisons.35 Thresholds for both cluster-defining and cluster-

inference were set at 0.05. In addition, a 3×3 spatial smoothing filter was used. Statistical 

parametric mapping was performed using in-house developed MATLAB scripts with the 

covariates of sex, age, and body mass index. The statistical analyses were performed through 

SPSS 28.0.0.0. The alpha value was set at 0.05.

Liao et al. Page 5

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Forty-nine subjects with ACLR (27 males, 28.8 [95% CI 26.5, 31.1] years) and 19 controls 

(12 males, 30.7 [28.6, 32.9] years) participated in the study. Number of subjects at each 

follow-up were reported in Figure 1. Demographics of the ACLR subjects and controls 

are presented in Table 1. Time since ACL injury to preoperative assessment was reported 

an average of 70.5 [56.0, 86.9] days. When comparing peak PFJ contact pressure within 

the ACLR group, a significant limb and time interaction was found (p < 0.001, partial 

eta2 = 0.190) (Figure 2). Post-hoc one-way repeated ANOVA revealed that no changes 

in peak PFJ contact pressure was observed in ACLR knees (p = 0.173), whereas PFJ 

contact pressure decreased over time in the contralateral non-surgical knees (p < 0.001, 

partial eta2 = 0.191). Specifically in the contralateral knees, peak PFJ contact pressure was 

significantly lower at 2 years and 3 years postoperatively when compared to preoperatively 

and at 6 months (p = 0.009 to 0.027, Cohen’s d = 0.586 to 0.639). When compared between 

ACLR and contralateral knees, peak pressure was significantly lower in the ACLR knees 

at preoperatively, at 6 months and 1 year postoperatively (p = <0.001 to 0.015, Cohen’s 

d = 0.979 to 1.128). When compared to the controls, ACLR knees exhibited lower PFJ 

contact pressure at all time points (p = 0.001 to 0.023, Cohen’s d = 0.646 to 0.920). In 

contrast, contralateral knees exhibited lower PFJ contact pressure at 2 years and 3 years 

when compared to the controls (p = 0.011 and 0.007, Cohen’s d = 0.676 and 0.751, 

respectively). Table 2 shows the peak PFJ contact pressure in all groups over time, as well as 

the between-group and within-group means.

Table 3 and 4 show the cartilage relaxation times in all group over time. Results of the 

statistical parametric mapping that evaluated the correlations between peak PFJ contact 

pressure with cartilage relaxation times concurrently at 6 months revealed that lower contact 

pressure was associated with elevated T2 times at the patellar cartilage (PSV = 14.1%, R 

= −0.45, p = 0.020) (Table S1). Longitudinal assessment revealed that lower PFJ contact 

pressure at 6 months was associated with elevated T2 times at the patellar (PSV = 9.0%, 

R = −0.49, p = 0.021) and trochlear cartilage (PSV = 11.2%, R = −0.47, p = 0.025) at 3 

years, where the associations were mostly found in the lower portion of the patellofemoral 

compartment (Figure 3). No associations were found between peak PFJ contact pressure and 

T1ρ times at any time points.

Discussion

The purpose of this study was to evaluate the longitudinal changes in PFJ contact pressure 

preceding and following ACLR and its association with cartilage health. The results 

indicated that underloading of the PFJ following ACLR persists up to 3 years and has 

concurrent and future consequences in cartilage health. More specifically, peak PFJ contact 

pressure during walking in ACLR knees did not change over time, however the contact 

pressure was lower when compared to controls at all time points. On the contrary, peak PFJ 

contact pressure in the nonsurgical contralateral knees were comparable to controls at initial 

assessments, but decreased over time and reached limb symmetry. The association analysis 

revealed that lower peak PFJ contact pressure at 6 months postoperatively was associated 

Liao et al. Page 6

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with elevated T2 times at 6 months and 3 years. No associations were found for T1ρ times 

with PFJ contact pressure.

Our results that ACLR knees exhibit lower PFJ contact pressure were consistent with 

previous findings,18, 19 suggesting that the integrity of ACL not only affects tibiofemoral 

joint function but also the PFJ. The current study reported averages of 2.5 to 2.8 MPa peak 

PFJ contact pressure during walking in ACLR knees throughout all time points assessed. 

The pressure magnitude was less than the average 4.6 MPa reported in individuals at 3 

months following ACLR.18 However, it should be noted that PFJ contact pressure was 

estimated during walking in the current study while the previous study estimated pressure 

during a single leg squat, which requires higher knee joint demands.

The results indicated that PFJ contact pressure in ACLR knees remained stable over time 

and showed approximately 35.7% less pressure than controls. The persistent lower PFJ 

contact pressure preceding and following ACLR suggests that altered PFJ loading behaviors 

occur at the time of the ACL injury, and while reconstruction may restore the stability of 

the knee, it does not restore the altered kinetics during walking in the PFJ. While altered 

PFJ loading is multifactorial, some of the factors attributing to lower PFJ loading are 

altered patellar and knee kinematics, patellar contact area, and quadriceps forces.36, 37 In 

our simplified sagittal model, PFJ contact pressure is the product of knee flexion angle 

and knee extensor moments. In our post-hoc analysis, we indeed found both knee flexion 

angle and knee extensor moments at the time of peak PFJ contact pressure to be lower 

at all time points in ACLR knees (p ranged from <0.001 to 0.016), except knee flexion 

angle preoperatively (p = 0.437) when compared to the controls (Table 5). These altered 

tibiofemoral biomechanics have previously been reported in individuals following ACLR 

and are possibly due to pain avoidance38 and become a learned behavior when the pain 

subsides.

It is not surprising to observe a higher PFJ contact pressure in the non-surgical knees 

as compared to ACLR knees preoperatively and at initial follow-ups, which is consistent 

with previous studies.18, 19 However, to our surprise, peak PFJ contact pressure in the non-

surgical limbs decreased over time following the surgery, and ultimately became comparable 

to ACLR knees at 2 and 3 years postoperatively. The biomechanical behaviors of the non-

surgical limb have not been as commonly studied as the ACLR limb itself although it has 

sometimes been used as a “good knee” to compare against ACLR knees. Limb asymmetry 

is a common behavior that has been observed immediate after ACL injury and persists 

several months to years following the surgery.38, 39 Normally we observe a restoration of the 

faulty mechanics in the ACLR limb over time and ultimately the limb mechanics become 

comparable to the non-surgical limb over a period of 2 to 3 years.14, 40 In the current study, 

rather than restoring the ACLR limb, we observed a reduction in pressure of the non-surgical 

limb to reach symmetry. Although limb symmetry may appear to be advantageous, it may 

indicate a negative effect on the intact limbs instead of an advantageous adaption. The 

altered loading behaviors, in both limbs, can lead to detrimental effects on the PFJ.

We examined the associations between PFJ contact pressure and cartilage health at different 

time points as we presumed that cartilage relaxation times fluctuate over time following 
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ACLR. In one study, the authors reported the greatest change in T1ρ relaxation times was 

observed from preoperatively to 6 months following ACLR, while T1ρ values fluctuated less 

over 6 months to 3 years. Nevertheless, 20% of the subjects exhibited cartilage degeneration 

in the patellofemoral compartment over 3 years, defined as an increase in T1ρ values by 

14.3%.41 Our goal was to determine if abnormal PFJ loading is predictive of patellar 

and trochlear cartilage health at various time points, which the results indicated that the 

associations occurred concurrently and longitudinally.

Several studies have drawn a connection between abnormal joint stress and cartilage 

health,42, 43 this also holds true in the patellofemoral compartment.44 One of the 

mechanisms towards joint degeneration is elevated joint stress directly causing wear and 

tear of the cartilage, eventually progressing to the subchondral bone and resulting in pain. 

It may be intuitive to consider that offloading the joint, on the other hand, has a protective 

effect on joint health. However, our results suggested that persistent lower PFJ contact 

pressure following ACLR has a negative impact on cartilage health. A lower peak PFJ 

contact pressure during walking in ACLR knees was associated with elevated T2 relaxation 

times over time. This is consistent with the earlier findings that unloading of the knees 

due to lower extremity injuries exhibited elevated T1ρ and T2 relaxation times in the tibial 

cartilage immediately after non-weight bearing. Additionally, T2 relaxation times remained 

elevated after 4 weeks of full weight bearing.45

The behavior coincides with previous theory that a curvilinear (inverse U-shaped) 

relationship exists between joint loading behavior and cartilage health, with the optimal joint 

stress occurring at the intermediate level. This concept is well-known in bone remodeling 

in which the detrimental effects in the absence of gravity and how optimal stress is needed 

for bone growth according to Wolff’s law. Given that cartilage has similar mechanobiology, 

Seedhom46 brought up that too little and too much stress initiate the deconditioning of 

cartilage leading to osteoarthritic process. As stated above, overloading and underloading of 

the knee have negative effects on cartilage health.42, 43, 45 Van Ginckel47 further confirmed 

that cartilage health appears to positively respond to moderate running when compared to 

a sedentary lifestyle. More interesting, one can speculate that cartilage mechanobiology 

in response to stress following trauma may have shifted and/or narrowed the U-shaped 

relationship. Indeed, it has been shown that cartilage material property during impact 

loading is significantly stiffer following mechanical injury.48 More studies are warranty 

to examine cartilage response to stress after post-traumatic events.

Caution should be taken when taking the results of the current study. The use of the 2D 

sagittal plane biomechanical model that was first put forward by Brechter and Powers27 has 

its substantial limitations. The PFJ contact pressure is solely based on subject-specific inputs 

of knee flexion angle and knee extensor moments, the algorithm then relied on data from 

literature such as quadriceps lever arm and PFJ contact area to calculate quadriceps muscle 

forces and contact area dependent on those inputs. In addition, the sagittal plane model 

does not account for frontal plane and transverse plane motions which are known to have 

an impact on PFJ loading behavior.36 Other more sophisticated 3D modeling approaches 

such as finite element analysis and static optimization, may provide more robust and 

reliable results. To address this issue, we performed additional analysis to validate our 2D 
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biomechanical model. Static optimization was used to further estimate quadriceps muscle 

forces in a subset of the subjects (3 ACLR and 2 controls, 10 knees total). Only quadriceps 

muscle forces were compared instead of PFJ contact pressure as muscle force is the only 

modifying variable based on the two approaches. The results revealed that muscle forces 

estimated from the two approaches differed in magnitude but showed a strong correlation 

and followed similar curve pattern over stance (r = 0.78), suggesting that the overall findings 

of this work would not have necessarily change if a more sophisticated modeling approach 

was used to estimate PFJ contact pressure. Nevertheless, it should be noted that when 

comparing PFJ contact pressure between different studies, the approach that is used to 

estimate pressure should be taken in consideration.

In light of the findings in the current study, there are several other limitations that need 

to be addressed. First, our study attempted to minimize the confounding factors such as 

surgical procedures and post-surgical rehabilitation by recruiting subjects from a single site. 

All subjects underwent hamstring autograft; therefore, we were not able to examine the 

effects of graft type on patellar alignment and generalize our results to other graft types. 

Our study used statistical parametric mapping to examine the associations between pressure 

and cartilage relaxation times on a voxel-by-voxel basis which is subjected to family-wise 

error.49, 50 Even though Eklund et al.49 has earlier suggested a smaller cluster-defining 

threshold of 0.01 in their sensitivity analysis, their study was performed with fMRI data 

which exhibit distinct characteristics as compared to cartilage relaxation times; therefore not 

generalizable to our application. Nevertheless, caution should be taken when interpretating 

the results. Last, walking task was selected in the current study which has low joint demand 

in nature. Future study should focus on higher intensity tasks or sports related activities 

such as running, cutting, and deceleration which are more relevant to individuals following 

ACLR.

In conclusion, underloading of the PFJ following ACLR was found pre- and postoperatively 

when compared to control subjects. Moreover, the altered loading behavior persisted up 

to 3 years. On the other hand, the contralateral knees exhibit normal PFJ contact pressure 

regardless of the ACL status, but decreased over 2 years postoperatively and eventually 

reached limb symmetry. Underloading of the PFJ has concurrent and future consequences 

in patellar and trochlear cartilage health while previous studies have suggested otherwise 

(overloading). Taken together, a curvilinear (inverse U-shaped) relationship may exist 

between joint loading and cartilage health, with the optimal joint loading occurring at the 

intermediate level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank Dr Xiaojuan Li and Dr Benjamin C. Ma for their contributions to the design and execution of this 
project and Jonathan Groening for his assistance in data processing.

Liao et al. Page 9

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Role of the funding source

Funding were from NIH-NIAMS P50 AR060752, NIH-NIAMS K24 AR072133, NIH-NIAMS R00 AR070902, 
NIH-NIAMS R61 AR073553, and NIH K01 AG073698.

References

1. Gornitzky AL, Lott A, Yellin JL, Fabricant PD, Lawrence JT, Ganley TJ. Sport-specific yearly risk 
and incidence of anterior cruciate ligament tears in high school athletes: A systematic review and 
meta-analysis. Am J Sports Med 2015;44:2716–23. [PubMed: 26657853] 

2. Schilaty ND, Nagelli C, Bates NA, Sanders TL, Krych AJ, Stuart MJ, et al. Incidence of second 
anterior cruciate ligament tears and identification of associated risk factors from 2001 to 2010 using 
a geographic database. Orthop J Sports Med 2017;5:2325967117724196. [PubMed: 28840155] 

3. Ahn JH, Kim JG, Wang JH, Jung CH, Lim HC. Long-term results of anterior cruciate ligament 
reconstruction using bone-patellar tendon-bone: an analysis of the factors affecting the development 
of osteoarthritis. Arthroscopy 2012;28:1114–23. [PubMed: 22421565] 

4. Culvenor AG, Cook JL, Collins NJ, Crossley KM. Is patellofemoral joint osteoarthritis an under-
recognised outcome of anterior cruciate ligament reconstruction? A narrative literature review. Br J 
Sports Med 2013;47:66–70. [PubMed: 23038783] 

5. Neuman P, Kostogiannis I, Friden T, Roos H, Dahlberg LE, Englund M. Patellofemoral 
osteoarthritis 15 years after anterior cruciate ligament injury--a prospective cohort study. 
Osteoarthritis Cartilage 2009;17:284–90. [PubMed: 18771938] 

6. Patterson BE, Culvenor AG, Barton CJ, Guermazi A, Stefanik JJ, Morris HG, et al. Worsening knee 
osteoarthritis features on magnetic resonance imaging 1 to 5 years after anterior cruciate ligament 
reconstruction. Am J Sports Med 2018;46:2873–83. [PubMed: 30179520] 

7. Cucchiarini M, de Girolamo L, Filardo G, Oliveira JM, Orth P, Pape D, et al. Basic science of 
osteoarthritis. J Exp Orthop 2016;3:22. [PubMed: 27624438] 

8. Regatte RR, Akella SV, Lonner JH, Kneeland JB, Reddy R. T1rho relaxation mapping in human 
osteoarthritis (OA) cartilage: comparison of T1rho with T2. J Magn Reson Imaging 2006;23:547–
53. [PubMed: 16523468] 

9. Li X, Benjamin Ma C, Link TM, Castillo DD, Blumenkrantz G, Lozano J, et al. In vivo T(1rho) 
and T(2) mapping of articular cartilage in osteoarthritis of the knee using 3 T MRI. Osteoarthritis 
Cartilage 2007;15:789–97. [PubMed: 17307365] 

10. Takahashi K, Hashimoto S, Kiuchi S, Watanabe A, Nakamura H, Ikuta F, et al. Bone 
morphological factors influencing cartilage degeneration in the knee. Mod Rheumatol 
2018;28:351–7. [PubMed: 28830272] 

11. Russell C, Pedoia V, Amano K, Potter H, Majumdar S, Consortium A-A. Baseline cartilage quality 
is associated with voxel-based T1rho and T2 following ACL reconstruction: A multicenter pilot 
study. J Orthop Res 2017;35:688–98. [PubMed: 27138363] 

12. Kim CW, Hosseini A, Lin L, Wang Y, Torriani M, Gill T, et al. Quantitative analysis of T2 
relaxation times of the patellofemoral joint cartilage 3 years after anterior cruciate ligament 
reconstruction. J Orthop Translat 2018;12:85–92. [PubMed: 29662782] 

13. Pedoia V, Su F, Amano K, Li Q, McCulloch CE, Souza RB, et al. Analysis of the articular cartilage 
T1rho and T2 relaxation times changes after ACL reconstruction in injured and contralateral knees 
and relationships with bone shape. J Orthop Res 2017;35:707–17. [PubMed: 27557479] 

14. Liao TC, Pedoia V, Majumdar S, Souza RB. Longitudinal changes of patellar alignment before 
and after anterior cruciate ligament reconstruction with hamstring autograft. Am J Sports Med 
2021;49:2908–15. [PubMed: 34343030] 

15. Lin Z, Tang Y, Tan H, Cai D. Patellofemoral kinematic characteristics in anterior cruciate ligament 
deficiency and reconstruction. BMC Musculoskelet Disord 2019;20:82. [PubMed: 30764802] 

16. Powers CM. Patellar kinematics, part II: the influence of the depth of the trochlear groove in 
subjects with and without patellofemoral pain. Phys Ther 2000;80:965–78. [PubMed: 11002432] 

17. Özdemir M, Kavak RP. Chondromalacia patella among military recruits with anterior knee pain: 
prevalence and association with patellofemoral malalignment. Indian J Orthop 2019;53:682–8. 
[PubMed: 31673166] 

Liao et al. Page 10

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Hannon JP, Goto S, Singleton S, Bothwell JM, Bush CA, Papaliodis D, et al. Effects of 
anterior cruciate ligament reconstruction on patellofemoral joint stress and lower extremity 
biomechanics at 12 weeks post-surgery and at time of return to sport in adolescent females. 
Clinical Biomechanics 2020;80:105164. [PubMed: 32890941] 

19. Sritharan P, Schache AG, Culvenor AG, Perraton LG, Bryant AL, Crossley KM. Between-limb 
differences in patellofemoral joint forces during running at 12 to 24 months after unilateral 
anterior cruciate ligament reconstruction. Am J Sports Med 2020;48:1711–9. [PubMed: 32374673] 

20. Herrington L, Alarifi S, Jones R. Patellofemoral joint loads during running at the time of return 
to sport in elite athletes with ACL reconstruction. Am J Sports Med 2017;45:2812–6. [PubMed: 
28749699] 

21. Teng HL, Wu D, Su F, Pedoia V, Souza RB, Ma CB, et al. Gait characteristics associated 
with a greater increase in medial knee cartilage T1rho and T2 relaxation times in patients 
undergoing anterior cruciate ligament reconstruction. Am J Sports Med 2017;45:3262–71. 
[PubMed: 28898105] 

22. Pedoia V, Li X, Su F, Calixto N, Majumdar S. Fully automatic analysis of the knee 
articular cartilage T1rho relaxation time using voxel-based relaxometry. J Magn Reson Imaging 
2016;43:970–80. [PubMed: 26443990] 

23. Su F, Pedoia V, Teng HL, Kretzschmar M, Lau BC, McCulloch CE, et al. The association between 
MR T1rho and T2 of cartilage and patient-reported outcomes after ACL injury and reconstruction. 
Osteoarthritis Cartilage 2016;24:1180–9. [PubMed: 26850823] 

24. Capin JJ, Khandha A, Zarzycki R, Manal K, Buchanan TS, Snyder-Mackler L. Gait mechanics 
after ACL reconstruction differ according to medial meniscal treatment. J Bone Joint Surg Am 
2018;100:1209–16. [PubMed: 30020126] 

25. Perry J, Burnfield J. Gait Analysis: Normal and Pathological Function. 2nd Edition Edition. 
Thorofare, New Jersey, Slack Incorporated 2010.

26. Teng HL, Pedoia V, Link TM, Majumdar S, Souza RB. Local associations between knee cartilage 
T1rho and T2 relaxation times and patellofemoral joint stress during walking: A voxel-based 
relaxometry analysis. Knee 2018;25:406–16. [PubMed: 29681528] 

27. Brechter JH, Powers CM. Patellofemoral stress during walking in persons with and without 
patellofemoral pain. Med Sci Sports Exerc 2002;34:1582–93. [PubMed: 12370559] 

28. van Eijden TM, Kouwenhoven E, Verburg J, Weijs WA. A mathematical model of the 
patellofemoral joint. J Biomech 1986;19:219–29. [PubMed: 3700434] 

29. van Eijden TM, Weijs WA, Kouwenhoven E, Verburg J. Forces acting on the patella during 
maximal voluntary contraction of the quadriceps femoris muscle at different knee flexion/
extension angles. Acta Anat (Basel) 1987;129:310–4. [PubMed: 3630619] 

30. Powers CM, Lilley JC, Lee TQ. The effects of axial and multi-plane loading of the extensor 
mechanism on the patellofemoral joint. Clin Biomech (Bristol, Avon) 1998;13:616–24. [PubMed: 
11415841] 

31. Li X, Wyatt C, Rivoire J, Han E, Chen W, Schooler J, et al. Simultaneous acquisition of T1rho 
and T2 quantification in knee cartilage: repeatability and diurnal variation. J Magn Reson Imaging 
2014;39:1287–93. [PubMed: 23897756] 

32. Shamonin D, Bron E, Lelieveldt B, Smits M, Klein S, Staring M. Fast parallel image registration 
on CPU and GPU for diagnostic classification of Alzheimer’s disease. Front Neuroinform 
2014;7:50. [PubMed: 24474917] 

33. Klein S, Staring M, Murphy K, Viergever MA, Pluim JPW. elastix: A toolbox for intensity-based 
medical image registration. IEEE Trans Med Imaging 2010;29:196–205. [PubMed: 19923044] 

34. Pedoia V, Gallo MC, Souza RB, Majumdar S. Longitudinal study using voxel-based relaxometry: 
Association between cartilage T(1ρ) and T(2) and patient reported outcome changes in hip 
osteoarthritis. J Magn Reson Imaging 2017;45:1523–33. [PubMed: 27626787] 

35. Marchini J, Presanis A. Comparing methods of analyzing fMRI statistical parametric maps. 
Neuroimage 2004;22:1203–13. [PubMed: 15219592] 

36. Liao TC, Yin L, Powers CM. The influence of isolated femur and tibia rotations on patella cartilage 
stress: a sensitivity analysis. Clin Biomech (Bristol, Avon) 2018;54:125–31. [PubMed: 29579721] 

Liao et al. Page 11

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Besier TF, Pal S, Draper CE, Fredericson M, Gold GE, Delp SL, et al. The role of cartilage stress 
in patellofemoral pain. Med Sci Sports Exerc 2015;47:2416–22. [PubMed: 25899103] 

38. Slater LV, Hart JM, Kelly AR, Kuenze CM. Progressive changes in walking kinematics and 
kinetics after anterior cruciate ligament injury and reconstruction: A review and meta-analysis. J 
Athl Train 2017;52:847–60. [PubMed: 28985125] 

39. Chan MS, Sigward SM. Individuals following anterior cruciate ligament reconstruction practice 
underloading strategies during daily activity. J Orthop Res 2021.

40. Erhart-Hledik JC, Chu CR, Asay JL, Andriacchi TP. Longitudinal changes in knee gait mechanics 
between 2 and 8 years after anterior cruciate ligament reconstruction. J Orthop Res 2018;36:1478–
86. [PubMed: 28984381] 

41. Friedman JM, Su F, Zhang AL, Allen CR, Feeley BT, Souza R, et al. Patient-reported activity 
levels correlate with early cartilage degeneration after anterior cruciate ligament reconstruction. 
Am J Sports Med 2021;49:442–9. [PubMed: 33395319] 

42. Liao TC, Samaan MA, Popovic T, Neumann J, Zhang AL, Link TM, et al. Abnormal Joint Loading 
During Gait in Persons With Hip Osteoarthritis Is Associated With Symptoms and Cartilage 
Lesions. J Orthop Sports Phys Ther 2019;49:917–24. [PubMed: 31610757] 

43. Luke AC, Stehling C, Stahl R, Li X, Kay T, Takamoto S, et al. High-field magnetic resonance 
imaging assessment of articular cartilage before and after marathon running: does long-distance 
running lead to cartilage damage? Am J Sports Med 2010;38:2273–80. [PubMed: 20631252] 

44. Teng HL, Calixto NE, MacLeod TD, Nardo L, Link TM, Majumdar S, et al. Associations 
between patellofemoral joint cartilage T1rho and T2 and knee flexion moment and impulse during 
gait in individuals with and without patellofemoral joint osteoarthritis. Osteoarthritis Cartilage 
2016;24:1554–64. [PubMed: 27084352] 

45. Souza RB, Baum T, Wu S, Feeley BT, Kadel N, Li X, et al. Effects of unloading on knee articular 
cartilage T1rho and T2 magnetic resonance imaging relaxation times: a case series. J Orthop 
Sports Phys Ther 2012;42:511–20. [PubMed: 22402583] 

46. Seedhom BB. Conditioning of cartilage during normal activities is an important factor in the 
development of osteoarthritis. Rheumatology (Oxford) 2006;45:146–9. [PubMed: 16287918] 

47. Van Ginckel A, Baelde N, Almqvist KF, Roosen P, McNair P, Witvrouw E. Functional adaptation 
of knee cartilage in asymptomatic female novice runners compared to sedentary controls. A 
longitudinal analysis using delayed Gadolinium Enhanced Magnetic Resonance Imaging of 
Cartilage (dGEMRIC). Osteoarthritis Cartilage 2010;18:1564–9. [PubMed: 20950697] 

48. Natoli RM, Athanasiou KA. Traumatic loading of articular cartilage: Mechanical and biological 
responses and post-injury treatment. Biorheology 2009;46:451–85. [PubMed: 20164631] 

49. Eklund A, Nichols TE, Knutsson H. Cluster failure: Why fMRI inferences for spatial extent have 
inflated false-positive rates. Proceedings of the National Academy of Sciences 2016;113:7900–5.

50. Cox RW, Chen G, Glen DR, Reynolds RC, Taylor PA. FMRI Clustering in AFNI: False-Positive 
Rates Redux. Brain Connect 2017;7:152–71. [PubMed: 28398812] 

Liao et al. Page 12

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Flowchart of subject enrollment and at each stage of study.
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Figure 2. 
Patellofemoral joint (PFJ) contact pressure in the anterior cruciate ligament reconstruction 

(ACLR), contralateral, and control knees over time. ACLR subjects were assessed 

preoperatively, and at 6 months, 1, 2, and 3 years postoperatively, and once for control 

subjects. Values are presented as mean with 95% CI including individual data points.

┼ Indicates significant lower stress at 2 years and 3 years postoperatively when compared to 

preoperatively and at 6 months in the contralateral knees.

* Indicates significant differences when compared to healthy controls.
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Figure 3. 
Representative of the statistical parametric mapping results. A lower peak patellofemoral 

joint contact pressure at 6 months postoperatively was associated with elevated T2 times 

in the patellar and trochlear cartilage at 3 years (percentage of voxels showing significant 

correlation = 9.0 to 11.2%; mean r = −0.47 to −0.49; mean p value = 0.021 to 0.025).
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