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Abstract—The objective of this study was to determine theNTRODUCTION
effects of tibial rotation om situ strain in the peripatellar reti-
naculum and patellofemoral contact pressures and aree The mechanism of the patellofemoral joint has been

Patellofemoral joint biomechanics demonstrate a strong correlgtdied extensively by determining the quadriceps force

tion with the etiology of patellofemoral disorders, such as Chorwith respect to various physiological activities (1-5). In
dromalacia, and are significantly influenced by tibial rotation

. ) .. these earlier studies, the patellofemoral joint was assumed
Six human cadaveric knees were used along with . .
patellofemoral joint testing jig that permits physiological IoadingtO be a frlt_:tlt_)nless pulley §ystem, this was Iater_ found to be
of the knee extensor muscles. Patellofemoral contact pressuwan unrealistic representathn (3-7). The quadrlcgp_s muscle
and areas were measured with a Fuiji pressure-sensitive film, afOrce acts on the patella with a lever arm that originates at
the changes i situsstrain in the peripatellar retinaculum were the geometric center of the load-transmitting articular sur-
measured with four differential variable reluctance transducerface. The patellar ligament force, however, acts on the
Tibial rotation had a significant effect on patellofemoral jointpatella with a different lever arm that also originates at the
biomechanics. The data showed an inverse relationship betwecenter of the articular surface. These two lever arms vary
increasing knee flexion angles and the change in patellofemoiduring movement and are thus not always equal (8).
contact pressures amdsitu strain with tibial rotation. At higher  Therefore, the quadriceps muscle force and the patellar lig-
knee flexion angles, the patella is well-seated in the trochleiyment force are not equal. Instead, the ratio of the two
groove and the function of t_heT peripqtellar retinaculum is mini¢y.-as varies in a complex manner as a function of knee
mized and less affected by tibial rotations. flexion angle. Below 45° knee flexion, the force in the patel-
lar ligament is greater than in the quadriceps tendon. At
knee flexion angles greater than 45°, this phenomenon is
reversed (8). These complexities in the patellofemoral
This material is based upon work supported in part by a VA Rehabilitation joint necessngt_e ana,'to_mlqa'”y b_ased loading of the
Research and Development Award. patellofemoral joint duringn vitro testing (9,10).
Address all correspondence and requests for reprints to Thay Q. Lee, Ph Patellofemoral joint mechanics demonstrate a strong
Orthopedic Biomechanics Laboratory, VA Long Beach Healthcare SySterCOI‘I’elation with the etiology of patellofemoral disorders,
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tqlee@med.va.gov. such as chondromalacia (11-13). Chondromalacia of the
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patella is considered the primary precursor to arthrosis
the knee (14). Chondromalacia of the patella can res
from any condition of the patella in which the normal phys
iology of the quadriceps mechanism is disturbed, whe
abnormal stress distribution on the articulating surfaces
the patellofemoral joint occurs. These aberrations in thgsss
patellofemoral joint force system can ultimately lead tqf= =

painful, degenerative joint disease. In addition, imbaland '
of the patellofemoral mediolateral force, often in conjunc
tion with abnormalities in the bony anatomy of the joint
has also been associated with subluxation of the patel
leading to chondromalacia and arthrosis (6,12,15,16
Furthermore, literature has documented patellofemor
joint disorders resulting from problems associated with so
tissues, the femur and/or the tibia (17-19). However,
studies have quantified the relationship betwee@l
patellofemoral joint contact pressures and areasnasitl
strain in the peripatellar retinaculum, with respect to tibi
rotation. The objective of this study was to determine th
effects of tibial rotation o situ strain in the peripatellar
retinaculum and patellofemoral contact areas and contd
pressures. The null hypothesis is that tibial rotation wil
have no effect oim situ strain and patellofemoral contact =
pressures and areas.

METHODS

Specimen Preparation
Six fresh-frozen unmatched cadaveric knees wer
used in this study. All knees were macroscopically intac'94"e 1.

. . . . A specimen mounted at full extension in the custom patellofemoral
with radiographically normal bone structure and no histor: P P

) ~ - joint testing jig. Numbers indicate degrees of freedom at both the
of knee surgery. The ages of the specimens were estimasemur and tibia.

to be between 60 and 80 years. The specimens were ¢

sected carefully, removing the skin and subcutaneous tissaround the Instron materials-testing machine frame
and leaving the patellofemoral joint, tibiofemoral joint, ano(Model #1122, Instron Corp., Canton, MA), which was

knee capsule intact. Individual components of the extensused to flex the knee and provide the mechanism for
mechanism (Vastis Medialis, Vastis Lateralis, Vasticanatomical muscle pull (10). The custom testing jig

Intermedius, Rectus Femoris, lliotibial Band) were leflallowed the individual application of extensor muscle

intact and clamped to allow application of muscle forcesforces along the orientation of principle muscle fibers.

The superior part of the synovial pouch was liberated tThe tibia and femur of each specimen were placed in
allow placement of Fuji pressure-sensitive film (Fuji Photcmounting cylinders and held in place with fixation pins

Film Co, Ltd., Tokyo, Japan). Specimens were kept moiand diaphyseal bolts. The femur was mounted with its

throughout testing with 0.9-percent saline. coronal plane parallel to the cylinder and in anatomic
valgus.

Patellofemoral Joint Testing Jig and Specimen Physiological knee motion requires six degrees of

Mounting freedom at the knee joint. The knee testing jig used in this

The specimen was mounted at full extension, in study permitted five degrees of freedom at the femur
custom testing jig Kigure 1). This jig was designed (three translational and two rotational) and three degrees
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of freedom at the tibia (rotational), which permit sixwith the developer sheet. The density or shade of the
degrees of freedom at the knee joint. These degrees adlor is proportional to the amount of pressure experi-
freedom are essential for achieving proper physiologicanced between the two sheets. Fuji's (super-low) pres-
knee flexion. The experimental setup provided contrabure-sensitive film has a range of 0.33-5.41 MPa, as
over various knee flexion angles and tibial rotationsdetermined in our laboratory. Due to the low-end thresh-
Knee flexions were confirmed with a goniometer. Thisold of 0.33 MPa for the detection of pressure by Fuji
experiment was performed at knee flexion angles of 0Ofiim, the contact areas measured are underestimated.
30°, 60°, and 90°. At each knee flexion angle, measur&here is a 1-percent degree of accuracy when an optical
ments of corresponding patellofemoral contact pressur@seasuring system is used.

and areas were taken at neutral, 10° and 15° of internal A Hewlett Packard (Palo Alto, CA) ScanJet llc color
and external tibial rotation. Strain was tracked at increscanner with an optical resolution of 400 dpi was used to
ments of 5° up to 20° of internal and external rotation. Thiemage the Fuji film. After the image was scanned,
differences in the tibial rotation for the contact pressurélational Institutes of Health (Bethesda, MD) Image
measurements and strain measurements were necessit@rsion 1.52 and a Macintosh Power PC were used to
ed due to the unacceptable artifacts created on the Fdjgitize and quantify the contact pressures and areas.

film at 20° of tibial rotation. Each portion of the contact pressure was then processed
and saved as a pixel based on a 256-level grayscale range.
Reference Neutral With the use of the calibration curve provided by the

Due to the geometry within the knee, the anatomimanufacturer, each pixel within the scan was assigned a
cally neutral position of the patella can display a higlpressure value. The overall accuracy of Fuji film for mea-
degree of variability. Therefore, it was essential tcsuring contact pressure is within 10 percent.
establish a protocol that allowed for consistent determi- At each knee flexion angle, measurements for con-
nation of a “reference” neutral position from specimertact pressures were made at the specified “reference”
to specimen. First, it was necessary to establish theeutral, 10° and 15° of internal and external rotation.
maximal degree of rotation at the tibia within each spedNeutral measurements were made by placing the knee in
imen. The amount of torque used to establish this ranges determined neutral position, placing the Fuji film
was 15 N-m and was applied to each specimen withwithin the joint, and loading the muscles. However, for
torque wrench. The neutral was then determinethe measurements with the tibia in a rotated state, the
through the bisection of this maximal range of tibialtibia starts off in the neutral position at the time of Fuiji
rotation. This neutral position for each specimen wailm placement and is then rotated to the specified 10° or
used as the reference for both change in strains and cdrb®. The clamp and pulley system was adjusted at each

tact pressures. knee flexion angle to maintain proper anatomic pull. Fuji
film was inserted through the superior aspect of the syn-
Patellofemoral Contact Pressures and Areas ovial pouch just prior to application of the extensor mus-

The measurement of contact pressures was accowles and was left in for 2 min to allow the film to
plished with “Fuji Pre-scale (super-low) pressure-sensiecompletely saturate.
tive film” (Fuji Photo Film Co, Ltd., Tokyo, Japan). The All muscles were loaded simultaneously in order to
film was cut to 5 cnx5 cm. The Fuji film comprises two avoid error associated with the irreversible nature of the
parts, a “transfer sheet” and a “developer sheet.” Each 6fm. The total extensor muscle loading force was 276
the two sheets is approximately 0.10 mm in thickness$\, with the distribution of forces being based on muscle
The sheets of Fuiji film were wrapped within a polyeth-cross-sectional areas as reported by Wickiewicz et al.
ylene bag to protect the film from fluid. The total thick-(21). The calculated muscle forces were Vastis Medialis,
ness of the pressure sensitive film in the polyethylen&7 N; Vastis Lateralis, 98 N; Vastis Inter-medius com-
bag was approximately 0.25 mm. This has a negligiblbined with the Rectus Femoris, 111 N. An additional
effect on the measurement of patellofemoral contadbad of 27 N was placed on the lliotibial Band. All mea-
pressures and areas (20). The transfer sheet containsumements were repeated for verification of the
microcapsule layer, which contains a translucent colopatellofemoral contact patterns. Any film with an indi-
forming substance. When pressure is exerted, the microation of a wrinkling artifact was discarded and the
capsules break and release their substance into contawtasurement repeated.
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Strain Measurement u—
The change in strain was measured with ¢ =t
Differential Variable Reluctance Transducer (DVRT) =
(Microstrain, Burlington, VT, USA). The DVRT was set g I
in the peripatellar retinaculum with the use of barbs i
which were 3 mm in length. Movement between the twi
barbs was tracked with the use of free-sliding transduc:
cores. Motion between the cores was registered as a va
displayed as a voltage. These voltages were then conve
ed to distances with a calibration curve. The range ¢
motion that the DVRT can accurately track is approxi-
mately 0—4 mm. The repeatability of the DVRT is g1
while resolution is 1.5um and accuracy is 0.5 percent.
The sensitivity of the DVRT is approximately 2 V/mm.
Four DVRTs were used. First, the center of the pate
la was determined. The DVRT placement was made t
placing two DVRTs at positions 1 cm superior from the
center, one in the medial portion (Medial Superior) of the Data Acquisition
retinaculum and one in the lateral portion (Latera : I using LabView
Superior). Two more DVRTs were placed, in a similal » "‘I;. ;
fashion, 1 cm inferior from the center of the patelle 3
(Medial Inferior, Lateral Inferior). All four DVRTs were & i
placed parallel to the floor, while the knee was at 30° ¢ §
knee flexion Figure 2). Analysis of variance (ANOVA) ‘ |
was used for statistical analysis. 5

DVRTs

RESULTS
Total Contact Area

Typical pat_e"Ofem_oral contact press_ures obtained EFigure 2. Diagram showing DVRT placement and data acquisition.
30° KFA for tibial rotations are shown Figure 3. The  pjagram is not to scale.
range of patellofemoral joint contact area at 0°, 30°, 60
and 90° flexion was 94.2-158.1 ®m74.1-218.8 mi)
175.6-216.5 mi) and 147.4-176.6 minrespectively. It
is important to note that all contact-area measuremen i o
are underestimations of the actual articular cartilage col & m ‘
tact area, due to limitations within the film to detect pres Ttirmal Mewtral External
sures below 0.33 MPa.

Percent change of contact area with respect to titrjgyre 3.
ial rotation is shown ifFigure 4. This was determined Typical tibial rotation contact pressures taken at 30° KFA.
as the change in area at the externally and internal
rotated positions of the tibia, with respect to its correlittle change in contact area with respect to neutral,
sponding neutral. There was a greater change at 15°except at 60° and 90°.
external tibial rotation for 0°, 30°, and 60° of knee flex:
ion, with respect to the corresponding neutral for eacTotal Contact Pressure
knee flexion. The contact area also decreased wil The range of patellofemoral total contact pressures,
increasing knee flexion at 15° of external tibial rotationwith respect to tibial rotation, was 0.81-1.23 MPa,
At 10° and 15° of internal tibial rotation, there was very1.04-1.49 MPa, 0.95-1.20 MPa, and 1.01-1.32 MPa, at
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tially identical to those of total pressures. Total contact
pressures were relatively similar at all knee flexions except
| 7 0°, where they were the lowest. At each knee flexion, 15°
- W15 Int N . :
, .ﬁ S| of externgl tibial rotation had the highest pressure.
| 1 I m 18" Ext Again, the percent change of top 10-percent peak
1 i o pressure was determined as change in the top 10-percent
pressure at the externally and internally rotated position
of the tibia with respect to its corresponding neutral.
e Percent changes for 10° and 15° of external tibial rotation
were inversely proportional to the degree of knee flexion
(Figure 6). There were very little percent changes for

Figure 4. iqternal tibial rotation at any of the knee flexions.

A histogram showing percent change of total contact area with respec
to tibial rotation.

Percent (%)
8o B EEB

] i)’
Knee Flexion Anpghe

Changes inIn Situ Strain

0°, 30°, 60°, and 90°, respectively. The total contact pre Change in peripatellar retinacular strain at 20° of
sures were relatively similar at all knee flexions excepinternal and external rotation of the tibia exhibited a
0°, where they were the lowest. At each knee flexion, 1frange of—4.3 to 3.1 percent. With internal rotation of the
of external tibial rotation had the highest pressure. tibia, strain decreased in the lateral retinaculum; with

Percent change of total contact pressure was deteexternal rotation, strain decreased in the medial retinacu-
mined as change in area at the externally and internallum with one exception at 0° flexion, the medial inferior
rotated position of the tibia with respect to its corre-DVRT (Table 1).
sponding neutral. Percent changes for 10° and 15° As shown at 30° knee flexion, rotation in a particu-
external tibial rotation were inversely proportional to thelar direction resulted in decrease of strain on the con-
degree of knee flexiorF{gure 5). There were very little tralateral side, as previously stateBigure 7). For
changes in pressure for internal rotations of the tibia @xample, external rotation of the tibia caused a decrease

any angle of knee flexion. in strain at the medial superior and medial inferior
DVRTs. Internal rotation of the tibia resulted in a
Top Ten-Percent Peak Pressure decrease in strain at the lateral superior and lateral inferi-

The top 10-percent peak pressure represents the hicor DVRTS.
est pressure values corresponding to 10 percent of the tc
contact area. The range of peak pressures for the t
10-percent contact pressures, with respect to tibial rotatioDISCUSSION
was 1.45-2.63 MPa, 2.17-3.26 MPa, 1.95-2.77 MPa, al
2.02-3.00 MPa, at 0°, 30°, 60°, and 90°, respectively. Tl Tibial rotation had a significant effect on the
trends seen for top 10-percent peak pressures were esspatellofemoral contact pressures as well asiromsitu

&l 120
1 0o -
o g WIS Int 3 0 C FERT
L]
s M 310" Lot 3 10 Tnt
g o NS = 107 Ext -yl ! 81K Ext
5 T ] T ;
% i_lﬂ B 15 Fat 2 a i:n-[,ih .p.E_H_ & 15" Ext
20
=X -4
i 30 iy ) ¥ 3 B’ o
Ko Flexlon Angle konee Flexian Angle
Figure 5. Figure 6.

A histogram showing percent change of total contact pressure with histogram showing percent change of the top 10-percent peak pres-
respect to tibial rotation. sure with respect to tibial rotation.
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Table 1.
Change in strain of peripatellar retinaculum at 20° of external and internal tibial rotation with respect to neutrahtibra(¥6}L

Lateral superior Medial superior
Knee flexion 0° 30° 60° 90° 0° 30° 60° 90°
External rot. 2.0+1.1* 1.1+0.6 1.1+1.0 -1.3+0.4* —2.4%2.0 —-0.1+0.5 —-0.5+0.6 —-0.5+0.7
Internal rot. —-0.2+0.9 -3.7t1.4 -2.6+1.1 -1.0+0.6 0.7+1.6 3.1+2.1 2.8+1.3 0.0+1.1

* * * * *

Lateral inferior Medial inferior
Knee flexion 0° 30° 60° 90° 0° 30° 60° 90°
External rot. 1.6x1.9 09+19 -04+11 -1.1+1.3 1.7+1.9 -1.6%£2.5 —1.5%2.2 -1.7£1.2
Internal rot. —-4.3£3.1 -14+1.0 -3.2+#1.1 -1.3+#14 -0.9+2.0 -0.5%1.6 -0.3£1.4 0.3+¥1.5

*
* Indicates significant differences.
i 0 Dagroes M opposed to internal tibial rotation. However, Huberti et al.
T ; = (18) measured contact pressures between 20° and 90°,

while our results showed the greatest increases occurring

LT RTRY

Hi ”""-“' P I;:’“"“'"- % i with the knee in full extension. The data also showed an
"4 [ SR S P inverse relationship between increasing knee flexion
: @ @ : angle and the percent change in mean patellofemoral con-
4 e o 2 tact pressure with rotation, especially with external
. S o rotation.
3 o — = st Previous results have shown that contact pressures
T oo ) e m— g ﬁ{: increase with increasing knee flexion angle (18). This dif-
.E 11 5 i s ] e " e T e el _E'I I H H H
| 2 s fers from our study in which we found the highest contact
: i e ity it g3 pressures at 30° and 60° of knee flexion. Some of the rea-

sons for this can be attributed to differences in protocol.
Figure 7. The biggest discrepancy between the studies involves the
Histograms and illustration showing strain in peripatellar retinaculunio@ding conditions. Our study used the same loading con-
with respect to tibial rotation at 30° knee flexion angle. Patella trandlition at each knee flexion. Huberti et al. (18), however,
lation upon internal and external rotation is shown through dasheighcreased the amount of load used with increasing knee
Iiljeg that.representlthe position of patella post ti.bial translation. Straiﬂexion, which may explain why they saw increasing con-
within retinaculum is demonstrated through solid and dashed arrows .+ 1, re5yres with increasing knee flexion angle. Despite
that rep_resent ma_gmtude anc_:l direction of strain distribution Wlthlr}h ial di findi il h "
four regions of peripatellar retinaculum tested. e par_tla |sc_repancy, ourfin '”95 still support those o

Huberti et al., in that we too saw increased contact pres-

sures due to tibial rotation.
strain in the retinaculum. The trends seen in  The effects of tibial rotation om situ strain in the
patellofemoral contact pressures are primarily due to thgeripatellar retinaculum can best be characterized with
geometric variables dominating as the knee flexiothe data obtained at 30° of knee flexiéigQre 7). Tibial
increases. As knee flexion increases, the patella sits in thetation decreased tha situ strain of the contralateral
trochlear groove more securely and, thereby, is lessde of the retinaculum with respect to the direction of
affected by either external or internal tibial rotation. tibial rotation, often accompanied by an increase inrthe

The increase in the patellofemoral contact pressuresitu strain of the ipsilateral side of the retinaculum. The

due to tibial rotation was similar to that of Huberti et al.data further suggest that there is, on average, little effect
(18). Our results also showed higher patellofemoral coren the medial retinaculum more distal with internal rota-
tact pressure readings with external tibial rotation ason. These strain values can be interpreted as a
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combination of axial and rotational translation, with a 5.

common point of rotation located on the medial side. Fc
example, as depicted Figure 7, internal rotation result-

ed in a lateral shift of the patella accompanied by a coul

terclockwise rotation.
With a pressure detection range from 0.33 MPa t
5.41 MPa, as tested in the lab, one of the limitations ¢

this study is the underestimation of contact area. In adc &

tion, the applied muscle load is well below that of possi
ble maximum load. Because this is a cadaveric study th
deals with mostly older specimens, using higher load

becomes increasingly difficult due to the compromisel0.

strength of muscle tendons. Another limitation is that thi:
study does not take into account the varying rates of mu
cle contraction. There were no variations in the rate ¢
applied muscle load. Our study emphasizes the role of tl
extensor mechanism and does not look at the effect of tl

flexor mechanism. Therefore, it does not address tF12.

effects of cocontraction forces within the knee.

Results found in this study suggest that the underly
ing geometry of the patella causes the patella to rotate a
shift with external and internal tibial rotation. The peri-

patellar retinaculum is an essential, complex, anisotropil4.
multilayered tissue for patellar stabilization. However 1>

the residual strain and stress in these tissues still must
guantified and further biomechanical and histologica
studies are necessary to accurately predictirthsitu
stress in this complex tissue structure.
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