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Intraarticular arthrofibrosis of the knee
alters patellofemoral contact biomechanics
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Abstract

Background: Arthrofibrosis in the suprapatellar pouch and anterior interval can develop after knee injury or
surgery, resulting in anterior knee pain. These adhesions have not been biomechanically characterized.

Methods: The biomechanical effects of adhesions in the suprapatellar pouch and anterior interval during simulated
quadriceps muscle contraction from 0 to 90° of knee flexion were assessed. Adhesions of the suprapatellar pouch
and anterior interval were hypothesized to alter the patellofemoral contact biomechanics and increase the
patellofemoral contact force compared to no adhesions.

Results: Across all flexion angles, suprapatellar adhesions increased the patellofemoral contact force compared to
no adhesions by a mean of 80 N. Similarly, anterior interval adhesions increased the contact force by a mean of 36
N. Combined suprapatellar and anterior interval adhesions increased the mean patellofemoral contact force by 120
N. Suprapatellar adhesions resulted in a proximally translated patella from 0 to 60°, and anterior interval adhesions
resulted in a distally translated patella at all flexion angles other than 15° (p < 0.05).

Conclusions: The most important finding in this study was that patellofemoral contact forces were significantly
increased by simulated adhesions in the suprapatellar pouch and anterior interval. Anterior knee pain and
osteoarthritis may result from an increase in patellofemoral contact force due to patellar and quadriceps tendon
adhesions. For these patients, arthroscopic lysis of adhesions may be beneficial.
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Background
Intraarticular arthrofibrosis (adhesions) remains a fre-
quent complication following knee trauma or surgery
(Petsche and Hutchinson 1999; DeHaven et al. 2003;
Cosgarea et al. 1994). Arthrofibrosis is defined as the
development of excessive fibrotic tissue within a joint
that leads to contracture and reduction in knee flexion,
extension, and patellar mobility (Shelbourne et al. 1996;
Murakami et al. 1997). In the knee, arthrofibrosis can
occur in the anterior interval, the infrapatellar fat pad,
the pretibial recess, and the suprapatellar pouch (Fig. 1)
(Enad 2014). The effects of adhesions in the anterior

interval, defined as the space between the infrapatellar
fat pad and anterior border of the tibia (Dragoo et al. 2010),
have been investigated (Ahmad et al. 1998) but not fully
biomechanically characterized. Additionally, there is a
paucity of published literature on the effects of adhesions in
the suprapatellar pouch, which is a large, proximal continu-
ation of the synovial membrane of the knee. Its proximal
border is not precisely defined in the literature, but has
been estimated to be “2–3 finger-widths” superior to the
proximal pole of the patella (Dragoo and Abnousi 2008).
The main clinical manifestations of adhesions in the supra-
patellar pouch are pain, stiffness, and flexion contractures
(Jerosch and Aldawoudy 2007; Millett and Steadman 2001;
Fitzsimmons et al. 2010; Diduch et al. 1997; Schiavone
Panni et al. 2009).
Arthrofibrosis can lead to a loss in capsular compliance

(Dragoo et al. 2010) and may alter tension on the synovium
of the joint capsule, resulting in increased patellofemoral
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contact forces (Ahmad et al. 1998). This is thought to be
one of the causes of knee pain resulting from arthrofibrosis
(Murakami et al. 1997; Steadman et al. 2008). Ahmad et al.
estimated an increase in patellofemoral contact force with
adhesions in the anterior interval given a decrease in the
patellar-quadriceps tendon angle, defined as the angle
formed by the quadriceps and patellar tendons; (Ahmad et
al. 1998) however, these calculations were neither directly
assessed nor validated through biomechanical testing. Fur-
thermore, no studies have investigated contact force in the
context of suprapatellar adhesions and the exact location of
suprapatellar pouch adhesions has not been studied.
The purpose of this study was to analyze the biomech-

anical effects of adhesions in the suprapatellar pouch and
anterior interval and corresponding patellofemoral contact
forces during simulated quadriceps muscle contraction
from 0° to 90° of knee flexion. Arthrofibrotic adhesions
were hypothesized to increase the patellofemoral contact
force and contact pressure in comparison to the control
condition (no adhesions).

Methods
Intraoperative measurements
During routine knee arthroscopy for intraarticular arthro-
fibrosis in 14 consecutive patients (mean age: 45 ± 17 years,
range: 15–65 years; mean height: 175.3 ± 8.8 cm; mean
weight: 74.0 ± 13.5 kg; eight male, six female; nine right
knee, five left knee) intraoperative distance measurements
were made from the proximal-most midsagittal point of
the trochlea to two landmarks: 1) the proximal-most mid-
sagittal point of the joint capsule and 2) the midsagittal
point of the suprapatellar adhesions. These measurements
were made intraoperatively, consistent with the standard
of care, using a common surgical measurement device
(ACUFEX, Smith & Nephew, Inc., Andover, MA) inserted
through the anteromedial portal and were later referenced

to aid in-vitro placement of simulated suprapatellar adhe-
sions for the biomechanical model. Diagnosis of arthrofi-
brosis was based initially upon the patient’s history and
then confirmed by careful examination of the knee in re-
gard to a reduction of range of motion in comparison to
the contralateral side. Particular attention was paid to
patellofemoral mobility and excursion. Often the diagnosis
was confirmed by MRI by visualization of the presence of
heterotopic fibrous bands within the joint (Fig. 1).

Cadaveric specimen preparation
Ten fresh-frozen human cadaveric knees without prior
injury, osteoarthritis, or surgical history (mean age:
50 years, range: 26–59 years; eight male, two female)
were dissected free of skin and muscles while preserving
tendons, ligaments, and capsular structures. The quadri-
ceps tendon (medial, lateral, and proximal aspects) was
sutured with #5 polyethylene/polyester suture (Fiber-
Wire, Arthrex Inc., Naples, FL) utilizing the modified
triple Kessler technique, which has been shown to ex-
hibit excellent strength during in-vitro biomechanical
testing (Clanton et al. 2015). The proximal femur was ri-
gidly secured in a custom fixture, and the distal tibia
was rigidly fixed at specific flexion angles by a ring
stand. Each group of quadriceps sutures was connected
to weights through a system of pulleys to mimic the
quadriceps muscle force (Fig. 2a). Individual muscle con-
tributions were simulated as described in previous stud-
ies and included the vastus lateralis (178 N), vastus
medialis obliquus (VMO; 89 N), and a combination of
the vastus intermedius and rectus femoris (267 N)
(Ahmad et al. 1998; Grood et al. 1984). Utilizing the long
axis of the femur as the reference line and a goniometer
for measurements, the suture representing the vastus
lateralis was directed 15 degrees lateral, the suture repre-
senting the VMO was directed 50 degrees medial, and

Fig. 1 MRI images showing arthrofibrotic adhesions (arrows) of the a anterior interval and b suprapatellar pouch
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the suture representing the vastus intermedius and rec-
tus femoris was directed 10 degrees medial (Lieb and
Perry 1968). A small medial arthrotomy was performed
on the knee immediately posterior to the patella, and a
thin-film pressure sensor (Model 5051; Tekscan, Inc.,
South Boston, MA) was inserted between the patella and
femur. Each pressure sensor was calibrated using associ-
ated software (I-Scan 6.10, Tekscan, Inc., South Boston,

MA) and a two-point calibration method with low and
high calibration point forces of 20 and 600 N, respectively,
with a software sensitivity setting of 5, to encompass the
expected forces and corresponding pressure readings
based on pilot testing.

Biomechanical testing
Suprapatellar and anterior interval adhesions were simu-
lated by consistently tightening adjustable worm-drive
fasteners (1.25-cm band-width) around the femur and
tibia at the location of the respective suprapatellar pouch
and anterior interval at each tested flexion angle. The
fasteners were tightened to 1 in-lb. torque, such that the
soft tissues were not over-constrained. As an experimen-
tal quality control step, a second “no adhesion” state was
tested subsequent to the three adhesion states and com-
pared with the first “no adhesion” state to confirm the
fastener did not deform the tissue. Although fasteners
do not perfectly re-create arthrofibrosis, extensive pilot
testing confirmed adjustable worm-drive fasteners were
the most reproducible biomechanical method for repli-
cating intraarticular arthrofibrosis, especially when com-
pared with other, less reproducible methods such as
suture anchors. Furthermore, our experimental setup is
analogous to a previously-validated knee arthrofibrosis
model performed by Ahmad et al. 1998.
The center of the suprapatellar fastener was secured

around the quadriceps tendon at the average measured
location of the adhesions in the suprapatellar pouch
(40 mm superior to the proximal aspect of the trochlea,
as determined from the previously described intraopera-
tive measurements). The center of the anterior interval
fastener was secured around the patellar tendon midway
between its origin on the inferior pole of the patella and
its insertion on the tibial tuberosity. Knee flexion angles
were randomized and, within each individual knee
flexion angle, adhesion states were randomized to de-
crease any incremental testing bias while preventing
pressure sensor migration resulting from flexion angle
adjustments. Patellofemoral contact force, peak contact
pressure, mean contact pressure, and patellar translation
were measured at 0, 15, 30, 45, 60, 75, and 90° of knee
flexion (Fig. 2b) under simulated quadriceps muscle acti-
vation via the previously described system of weights
and pulleys. Patellar translation was calculated via a cus-
tom script (Matlab, The MathWorks, Inc., Natick, MA)
as superior-inferior shifts in the centroid location of the
recorded pressure map for suprapatellar and anterior
interval adhesions states, relative to the no adhesions
state, for each flexion angle.

Statistical analysis
Patellofemoral contact force, mean contact pressure, and
peak contact pressure were analyzed at each testing

Fig. 2 Schematics of the testing setup. Patellofemoral contact force
was measured with a thin-film pressure sensor in response to simulated
anterior interval, suprapatellar pouch, and combined anterior interval and
suprapatellar pouch adhesions (fasteners) at a 0° and b through a range
of knee flexion angles spanning 0°–90°
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angle during simulated suprapatellar, anterior interval,
and combined suprapatellar/anterior interval adhesions.
The two “no adhesion” states mentioned previously as
quality control checks indeed produced nearly identical
results (on average within 0.01 N/mm2 average contact
force and 0.07 N/mm2 of peak contact pressure; each p-
value approximately 1) and thus all subsequent reporting
only included the first “no adhesion” state. Furthermore,
a global minimum threshold was applied to exclude all
measured pressures less than 0.12 N/mm2 (correspond-
ing to 0.2 N/sensel) in order to isolate patellar-trochlear
contact with the thin-film pressure sensor. Visual in-
spection, in addition to a post-hoc sensitivity analysis of
contact area and contact force, confirmed this minimum
threshold successfully excluded soft tissue contact with
the thin-film pressure sensor. As a simplification of the
full linear mixed-effects model with repeated measures
analysis, power calculations were conducted assuming
dependent comparison of means (t-test), two-tailed test-
ing and an alpha of 0.05. Ten specimens per group are
sufficient to detect an effect size of d = 1.0 with 80%
statistical power. This corresponds to the case where the
paired mean difference is identical to the standard devi-
ation of the differences.
Flexible two-factor linear mixed effects models were

constructed to assess the effects of flexion angle and ad-
hesion state on patellofemoral contact force, mean con-
tact pressure, and peak contact pressure. Random
intercepts were allowed for each specimen to account
for the repeated measures nature of the study design.
Models of varying complexity, allowing nonlinear rela-
tionships for flexion angle and interaction between the
factors, were constructed and the optimal model was de-
termined based on the Bayesian Information Criterion
(BIC). Ultimately, a cubic model was found to best fit
the relationship between flexion angle and patellofe-
moral contact force. Residual diagnostics were per-
formed to confirm model assumptions and model fit. To
address the primary hypotheses of the study, Tukey
comparisons were made between adhesion states, and
effect estimates were reported with 95% simultaneous
confidence intervals. Lastly, the one-sample Wilcoxon
signed-rank test was used to assess whether medial-
lateral and proximal-distal translation significantly dif-
fered from the control (no adhesions) state at each
flexion angle. The statistical software R, with packages
lme4, effects and multcomp, was used for all analyses (R
Core Team 2016; Hothorn et al. 2008).

Results
Intraoperative measurements
The mean distance from the trochlea to the proximal-most
midsagittal point of the joint capsule was 68 ± 7 mm. The
mean location of adhesions in the pouch was 40 ± 9 mm,

which was approximately 60% of the distance from the
trochlea to the end of the joint capsule.

Simulated suprapatellar adhesions: patellofemoral contact
biomechanics
Suprapatellar adhesions significantly increased the patel-
lofemoral contact force across all flexion angles when
compared to no adhesions by a mean of 80 N (95% CI
[51, 109], P < 0.001). When compared to anterior inter-
val adhesions, suprapatellar adhesions significantly in-
creased contact force by a mean of 44 N (95% CI [15,
73], P < 0.001) (Fig. 3). In addition, suprapatellar adhe-
sions resulted in a non-significant increase in the peak
contact pressure between the patella and trochlea by a
mean of 0.335 N/mm2 (95% CI [−0.048, 0.719],
P > 0.119) and the mean contact pressure by a mean of
0.114 N/mm2 (95% CI [−0.004, 0.231], P > 0.063) across
all flexion angles when compared to no adhesions.
Suprapatellar adhesions caused significant proximal pa-
tellar translation at flexion angles from 0 to 60°
(P < 0.05, each) (Fig. 4) and significant lateral translation
at 0° (P = 0.014) when compared with the control group
(no adhesions). The median proximal translation at 0°
was 3.2 mm (range 0.8–17.9 mm) and the median lateral
translation at 0° was 2.3 mm (range 1.0–3.8 mm).

Simulated anterior interval adhesions: patellofemoral
contact biomechanics
Anterior interval adhesions significantly increased the
patellofemoral contact force across all flexion angles by
a mean of 36 N (95% CI [7, 65], P = 0.007) when com-
pared to no adhesions. In addition, anterior interval ad-
hesions resulted in a non-significant increase in the peak
contact pressure by a mean of 0.163 N/mm2 (95% CI
[−0.221, 0.546], P > 0.776) and the mean contact pres-
sure by a mean of 0.058 N/mm2 (95% CI [−0.059, 0.175],
P > 0.667) between the patella and trochlea across all
flexion angles when compared to no adhesions. Anterior
interval adhesions caused significant distal patellar trans-
lation at all tested flexion angles except 15° (each
P < 0.05) (Fig. 4). The median distal translation at 0° was
1.1 mm (range 0.4–7.4 mm). Anterior interval adhesions
did not cause significant lateral or medial translation at
any flexion angle.

Simulated suprapatellar and anterior interval adhesions:
patellofemoral contact biomechanics
Combined suprapatellar and anterior interval adhesions
increased the patellofemoral contact force by 120 N
(95% CI [91, 149], P < 0.001) across all flexion angles
when compared to no adhesions. In addition, combined
suprapatellar and anterior interval adhesions signifi-
cantly increased patellofemoral contact force when com-
pared to suprapatellar adhesions alone (mean = 40 N,
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95% CI [11, 69], P = 0.001) and anterior interval adhe-
sions alone (mean = 84 N, 95% CI [55, 113], P < 0.001).
Combined suprapatellar and anterior interval adhesions
significantly increased the peak contact pressure by a
mean of 0.503 N/mm2 (95% CI [0.119, 0.886], P = 0.003)
and mean contact pressure by a mean of 0.175 N/mm2

(95% CI [0.057, 0.292], P < 0.001) when compared to no
adhesions.

Discussion
The most important finding in this study was that adhe-
sions in the suprapatellar pouch and anterior interval
significantly increased patellofemoral contact forces,

which affirmed our hypothesis. Adhesions in the supra-
patellar pouch led to a larger increase in patellofemoral
contact force when compared with anterior interval ad-
hesions. When adhesions were created in both the anter-
ior interval and suprapatellar pouch, the patellofemoral
contact force was significantly greater than when iso-
lated to either of the individual compartments. In vivo,
this increase in contact force may lead to anterior knee
pain in patients with arthrofibrosis. Therefore, arthro-
scopic lysis of adhesions in the suprapatellar pouch and/
or anterior interval of the knee may reduce patellofe-
moral contact forces and concomitant anterior knee pain
in patients with arthrofibrosis.

Fig. 3 Patellofemoral contact force at each adhesion state (and across all flexion angles) was significantly different from the other adhesion states
(P ≤ 0.007). Combined anterior interval adhesions resulted in the highest contact force followed by isolated suprapatellar adhesions, isolated
anterior interval adhesions, and the no adhesions state

Fig. 4 Proximal (+) and distal (−) translation of the patella with simulated adhesions. Suprapatellar adhesions tended to result in proximal patellar
translation and anterior interval adhesions tended to result in distal translation, and these effects were most pronounced at 0° of knee flexion.
Colored lines connect measurements made on the same specimen
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Despite the abundance of literature regarding arthrofi-
brosis of the knee, few studies have quantified the effects
that arthrofibrosis may have on patellofemoral contact
forces. Specifically, there is no biomechanical data on
the effect of arthrofibrosis in the suprapatellar pouch.
This study demonstrated that suprapatellar adhesions
have a significant effect on patellofemoral contact forces.
Furthermore, the increase in patellofemoral contact force
with increasing flexion angle of the knee is consistent with
previous studies (Rood et al. 2015; Beck et al. 2007;
Nomura et al. 2005; Ostermeier et al. 2007). To date, few
studies have been published on the outcomes of lysis of the
adhesions in the suprapatellar pouch, but improvement in
patient knee motion has been documented (Millett et al.
2001). Results from this study provide insight into the anat-
omy of the suprapatellar pouch and suggest that lysis of
suprapatellar adhesions may decrease patellofemoral con-
tact forces.
Similar to biomechanical findings in the suprapatellar

pouch, arthrofibrosis in the anterior interval altered
patellofemoral contact forces, which may result in chon-
dral damage to the patella and trochlea (Steadman et al.
2008). Steadman et al. 2008 observed degeneration of the
patellofemoral articular cartilage in all patients undergoing
arthroscopic anterior interval release, in which the mean
Lysholm score improved from 59 preoperatively to 81
postoperatively, and average International Knee Docu-
mentation Committee (IKDC) score improved from 49 to
70. After reviewing the literature, only one other study has
assessed the biomechanical effect of anterior interval ad-
hesions: Ahmad et al. 1998 estimated an increase in patel-
lofemoral contact force with adhesions in the infrapatellar
pouch given a posterior translation of the patellar tendon.
However, in contrast to the current study, patellofemoral
contact forces were not directly assessed during testing.
The current study affirms Ahmad et al.’s prediction that
adhesions in the anterior interval increase the patellofe-
moral contact force (Ahmad et al. 1998).
Abnormal positioning of the patella is another path-

ology reported in patients with intraarticular adhesions
(Noyes and Barber-Westin 2017). The results of the
current study suggest that adhesions in the suprapatellar
pouch may lead to proximal translation of the patella,
most prominently at 0 degrees of flexion. A proximal
position of the patella relative to the trochlear groove is
known as patella alta (Insall and Salvati 1971). This con-
dition predisposes the affected knee to patellofemoral
dislocation due to decreased contact with the femur, es-
pecially at lower flexion angles (Fox et al. 2012). The
current study also observed distal translation of the pa-
tella with anterior interval adhesions, which aligns well
with the results of Ahmad et al.’s study (Ahmad et al.
1998). Distal positioning of the patella in the trochlear
groove is known as patella baja and is associated with

anterior knee pain, extensor lag, and a reduction in
range of motion (Fox et al. 2012; Flören et al. 2007).
This study was not without limitations. First, durability

and sensitivity to temperature and fluids have been re-
ported as potential sources of error when utilizing thin-
film pressure sensors (Wilharm et al. 2013; Jansson et al.
2013). However, Wilharm et al. 2013 recently showed that
retropatellar pressure can be reliably and repeatedly mea-
sured using thin-film sensors. Additionally, retropatellar
placement of the pressure sensors necessitated a small
arthrotomy on the knee. The current study utilized a med-
ial arthrotomy because Rood et al. 2015 found that pres-
sure sensor placement through medial arthrotomies did
not have a significant effect on patellofemoral kinematics.
The sample size for our intraoperative measurements was
relatively small, but we felt it was sufficient to aid the
placement of the suprapatellar fastener in our experiment.
Finally, the experimental design and associated fastener
which simulated adhesions was a simplified representation
of in vivo arthrofibrosis. Nevertheless, the changes in
patellofemoral contact forces observed in this study
proved to be repeatable and, therefore, offer new insight
related to the effect of suprapatellar and anterior interval
adhesions on patellofemoral contact biomechanics.

Conclusion
The most important finding in this study was that patellofe-
moral contact forces were significantly increased by adhe-
sions in the suprapatellar pouch and anterior interval. This
may lead to anterior knee pain in patients with advanced
arthrofibrosis. Therefore, arthroscopic lysis of adhesions in
the suprapatellar pouch and/or anterior interval of the knee
may reduce patellofemoral contact forces and concomitant
anterior knee pain in patients with arthrofibrosis.

Abbreviations
VMO: Vastus medialis obliquus

Acknowledgments
The authors thank David M. Civitarese for his assistance with specimen and
supply acquisition and organization. The authors also thank Arthrex, Inc. for
providing an in-kind donation of suture material.

Funding
This study was internally funded by the Steadman Philippon Research Institute.

Availability of data and materials
Please contact the corresponding author for any data requests.

Authors’ contributions
In accordance with JEO’s guidelines, the contributions of all authors are
listed below. JDM, ELS, KDD, GJD, SRM, and TLT were involved in project
planning, data collection and analysis, and manuscript writing and editing.
LOB and TRH were involved in project initiation and planning, clinical
expertise and data interpretation, and manuscript development. All authors
read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable

Mikula et al. Journal of Experimental Orthopaedics  (2017) 4:40 Page 6 of 7



Consent for publication
Not applicable

Competing interests
TRH receives research grants and personal fees from Arthrex, Inc. outside the
submitted work.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Steadman Philippon Research Institute, 181 W. Meadow Drive, Suite 1000,
Vail, CO 81657, USA. 2The Steadman Clinic, 181 W Meadow Dr, Ste 400, Vail,
CO 81657, USA. 3Howard Head Sports Medicine, 180 S Frontage Rd W, Vail,
CO 81657, USA.

Received: 30 June 2017 Accepted: 28 September 2017

References
Ahmad CS, Kwak SD, Ateshian GA et al (1998) Effects of patellar tendon adhesion

to the anterior tibia on knee mechanics. Am J Sports Med 26(5):715–724
Beck P, Brown NAT, Greis PE, Burks RT (2007) Patellofemoral contact pressures

and lateral patellar translation after medial patellofemoral ligament
reconstruction. Am J Sports Med 35(9):1557–1563

Clanton TO, Haytmanek CT, Williams BT et al (2015) A biomechanical comparison
of an open repair and 3 minimally invasive percutaneous achilles tendon
repair techniques during a simulated, progressive rehabilitation protocol.
Am J Sports Med 43(8):1957–1964

Cosgarea AJ, DeHaven KE, Lovelock JE (1994) The surgical treatment of arthrofibrosis
of the knee. Am J Sports Med 22(2):184–191

DeHaven KE, Cosgarea AJ, Sebastianelli WJ (2003) Arthrofibrosis of the knee
following ligament surgery. Instr Course Lect 52:369–381

Diduch DR, Scuderi GR, Scott WN et al (1997) The efficacy of arthroscopy
following total knee replacement. Arthrosc. J Arthrosc Relat Surg Off Publ
Arthrosc Assoc N Am Int Arthrosc Assoc 13(2):166–171

Dragoo JL, Abnousi F (2008) Disorders of the suprapatellar pouch of the knee.
Knee 15(5):348–354

Dragoo JL, Miller MD, Vaughn ZD et al (2010) Restoration of knee volume using
selected arthroscopic releases. Am J Sports Med 38(11):2288–2293

Dragoo JL, Phillips C, Schmidt JD et al (2010) Mechanics of the anterior interval of
the knee using open dynamic MRI. Clin Biomech Bristol Avon 25(5):433–437

Enad JG (2014) Arthroscopic lysis of adhesions for the stiff total knee arthroplasty.
Arthrosc Tech 3(5):e611–e614

Fitzsimmons SE, Vazquez EA, Bronson MJ (2010) How to treat the stiff total knee
arthroplasty?: a systematic review. Clin Orthop 468(4):1096–1106

Flören M, Davis J, Peterson MGE, Laskin RS (2007) A mini-midvastus capsular
approach with patellar displacement decreases the prevalence of patella
baja. J Arthroplast 22(6 Suppl 2):51–57

Fox AJS, Wanivenhaus F, Rodeo SA (2012) The basic science of the patella:
structure, composition, and function. J Knee Surg 25(2):127–141

Grood ES, Suntay WJ, Noyes FR, Butler DL (1984) Biomechanics of the knee-
extension exercise. Effect of cutting the anterior cruciate ligament. J Bone
Joint Surg Am 66(5):725–734

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric
models. Biom. J. Biom Z 50(3):346–363

Insall J, Salvati E (1971) Patella position in the normal knee joint. Radiology
101(1):101–104

Jansson KS, Michalski MP, Smith SD et al (2013) Tekscan pressure sensor output
changes in the presence of liquid exposure. J Biomech 46(3):612–614

Jerosch J, Aldawoudy AM (2007) Arthroscopic treatment of patients with
moderate arthrofibrosis after total knee replacement. Knee Surg Sports
Traumatol Arthrosc Off J ESSKA 15(1):71–77

Lieb FJ, Perry J (1968) Quadriceps function. An anatomical and mechanical study
using amputated limbs. J Bone Joint Surg Am 50(8):1535–1548

Millett PJ, Steadman JR (2001) The role of capsular distention in the arthroscopic
management of arthrofibrosis of the knee: A technical consideration.
Arthrosc J Arthrosc Relat Surg Off Publ Arthrosc Assoc N Am Int Arthrosc
Assoc 17(7):E31

Millett PJ, Wickiewicz TL, Warren RF (2001) Motion loss after ligament injuries to
the knee. Part II: prevention and treatment. Am J Sports Med 29(6):822–828

Murakami S, Muneta T, Ezura Y et al (1997) Quantitative analysis of synovial
fibrosis in the infrapatellar fat pad before and after anterior cruciate ligament
reconstruction. Am J Sports Med 25(1):29–34

Nomura E, Inoue M, Osada N (2005) Anatomical analysis of the medial
patellofemoral ligament of the knee, especially the femoral attachment.
Knee Surg Sports Traumatol Arthrosc Off J. ESSKA 13(7):510–515

Noyes FR, Barber-Westin SD. 2017. 38 - Prevention and Treatment of Knee
Arthrofibrosis. In: Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical
Outcomes (Second Edition). Elsevier; p 1059–1102

Ostermeier S, Holst M, Bohnsack M et al (2007) Dynamic measurement of patellofemoral
contact pressure following reconstruction of the medial patellofemoral ligament: an
in vitro study. Clin Biomech Bristol Avon 22(3):327–335

Petsche TS, Hutchinson MR (1999) Loss of extension after reconstruction of the
anterior cruciate ligament. J Am Acad Orthop Surg 7(2):119–127

R Core Team. 2016. R: A language and environment for statistical computing
[Internet]. Vienna, Austria: R Foundation for Statistical Computing. Available
from: https://www.r-project.org/

Rood A, Hannink G, Lenting A et al (2015) Patellofemoral pressure changes after
static and dynamic medial patellofemoral ligament reconstructions. Am J
Sports Med 43(10):2538–2544

Schiavone Panni A, Cerciello S, Vasso M, Tartarone M (2009) Stiffness in total knee
arthroplasty. J Orthop Traumatol Off J Ital Soc Orthop Traumatol 10(3):111–118

Shelbourne KD, Patel DV, Martini DJ (1996) Classification and management of
arthrofibrosis of the knee after anterior cruciate ligament reconstruction. Am
J Sports Med 24(6):857–862

Steadman JR, Dragoo JL, Hines SL, Briggs KK (2008) Arthroscopic release for
symptomatic scarring of the anterior interval of the knee. Am J Sports Med
36(9):1763–1769

Wilharm A, Hurschler C, Dermitas T, Bohnsack M (2013) Use of Tekscan K-scan
sensors for retropatellar pressure measurement avoiding errors during
implantation and the effects of shear forces on the measurement precision.
Biomed Res Int 2013(829171):7

Mikula et al. Journal of Experimental Orthopaedics  (2017) 4:40 Page 7 of 7

https://www.r-project.org/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Intraoperative measurements
	Cadaveric specimen preparation
	Biomechanical testing
	Statistical analysis

	Results
	Intraoperative measurements
	Simulated suprapatellar adhesions: patellofemoral contact biomechanics
	Simulated anterior interval adhesions: patellofemoral contact biomechanics
	Simulated suprapatellar and anterior interval adhesions: patellofemoral contact biomechanics

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

