Clin Orthop Relat Res (2013) 471:2924-2931
DOI 10.1007/s11999-012-2761-1

Clinical Orthopaedics
and Related Research’

A Publication of The Association of Bone and Joint Surgeons®

SYMPOSIUM: TSCHERNE FESTSCHRIFT

Can Joint Contact Dynamics Be Restored by Anterior Cruciate

Ligament Reconstruction?

Yuichi Hoshino MD, PhD, Freddie H. Fu MD, DSc,
James J. Irrgang PT, PhD, ATC, FAPTA,
Scott Tashman PhD

Published online: 3 January 2013
© The Association of Bone and Joint Surgeons® 2012

Abstract

Background Rotational kinematics has become an
important consideration after ACL reconstruction because
of its possible influence on knee degeneration. However, it
remains unknown whether ACL reconstruction can restore
both rotational kinematics and normal joint contact pat-
terns, especially during functional activities.
Questions/purposes We asked whether knee kinematics
(tibial anterior translation and axial rotation) and joint
contact mechanics (tibiofemoral sliding distance) would be
restored by double-bundle (DB) or single-bundle (SB)
reconstruction.
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Methods We retrospectively studied 17 patients who
underwent ACL reconstruction by the SB (n = 7) or DB
(n = 10) procedure. We used dynamic stereo x-ray to
capture biplane radiographic images of the knee during
downhill treadmill running. Tibial anterior translation,
axial rotation, and joint sliding distance in the medial and
lateral compartments were compared between recon-
structed and contralateral knees in both SB and DB groups.
Results We observed reduced anterior tibial translation
and increased knee rotation in the reconstructed knees
compared to the contralateral knees in both SB and DB
groups. The mean joint sliding distance on the medial com-
partment was larger in the reconstructed knees than in the
contralateral knees for both the SB group (9.5 £ 3.9 mm
versus 7.5 £ 4.3 mm) and the DB group (11.1 £ 1.3 mm
versus 7.9 + 3.8 mm).

Conclusions Neither ACL reconstruction procedure
restored normal knee kinematics or medial joint sliding.
Clinical Relevance Further study is necessary to under-
stand the clinical significance of abnormal joint contact,
identify the responsible mechanisms, and optimize recon-
struction procedures for restoring normal joint mechanics
after ACL injury.

Introduction

Abnormal knee rotation occurs after ACL injury and is not
corrected by conventional single-bundle (SB) ACL recon-
struction [1, 8, 13, 15, 29, 30, 32, 33]. Abnormal knee
kinematics (translations, rotations) has been implicated in
the initiation and progression of knee osteoarthritis sec-
ondary to altered normal joint contact [5].

Double-bundle (DB) ACL reconstruction was intro-
duced in an effort to better restore native ACL anatomy and
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improve knee kinematics [7, 39]. Recent reports suggest DB
reconstruction may restore normal rotational kinematics
during functional activity [18, 26]. Restoration of normal
joint contact mechanics may be a primary determinant for
long-term joint health, especially when meniscus and/or
cartilage are not damaged at the time of injury. This could be
especially important for highly active patients, for whom the
combination of abnormal contact mechanics and larger
cumulative joint loading could increase risk for cartilage
degeneration. However, it remains unclear whether restora-
tion of rotational kinematics is sufficient to reestablish
normal joint contact mechanics.

Most previous studies exploring joint contact mechanics
after ACL injury and reconstruction have focused on
the tibial surface [6, 27, 28, 37], though joint contact
mechanics is defined between two articulating surfaces.
Joint sliding distance, which compares femoral and tibial
joint contact paths, was introduced as a kinematic surrogate
for joint shear stress [21]. By accounting for both motion
and joint surface geometry, joint sliding distance is more
closely related to cartilage contact mechanics than simple
rotational/translational knee kinematics.

We therefore determined whether anatomic ACL
reconstruction (using either the SB or DB technique) was
sufficient to restore normal knee kinematics (tibial anterior
translation and axial rotation) and joint contact mechanics
(tibiofemoral sliding distance).

Patients and Methods

We retrospectively recruited 17 patients who previously
underwent anatomic ACL reconstruction. During the period

Table 1. Inclusion and exclusion criteria

from July 2007 to December 2009, more than 300 patients
who had primary ACL reconstruction were screened. Those
who passed screening criteria (Table 1) and agreed to par-
ticipate were included in the study. In eight of 17 patients,
the choice of SB versus DB reconstruction was based on the
size of the native ACL footprint (measured intraopera-
tively), using a previously described decision algorithm
[36]. For the remaining patients, the choice of surgical
procedure was at the discretion of the surgeon and patient.
Consequently, seven patients had SB ACL reconstruction
(SB group), while 10 patients had DB reconstruction (DB
group). There were differences in sex, age, weight, height,
and duration after surgery between groups (Table 2). An a
priori power analysis to determine sample size was not
performed for this study. However, this sample size was
justified based on previous studies using similar measure-
ment techniques that have identified differences between
ACL-reconstructed and contralateral (uninjured) limbs in as

Table 2. Demographic data of the SB and DB groups

Variable SB group DB group Difference
Number of patients 7 10
Age (years)* 28+ 10 36+ 10 8 (95% CI, 3-18)

Sex (male:female) 2:5 5:5
(number of patients)

p = 0.62"

Height (cm)* 169 £ 10 171 £ 13 3 (95% CI, 9-15)
Weight (kg)* 64+11 73+£19 11 (95% CI, 6-27)
Time after surgery 14 +£4 13+6 0 (95% CI, 5-6)

(months)*

* Values are expressed as average + SD; Ttested by Fisher’s exact
test; SB = single bundle; DB = double bundle.

Type of criteria Criteria

Finished rehabilitation and will be able to perform daily activities without symptoms, including at least light

Rest of the knee ligaments will be intact; however, subjects may have sustained meniscal damage with or
without repair or partial meniscectomy affecting not more than Y3 of the meniscus.

Free of obvious joint effusion and capable of performing the laboratory tasks without difficulty, limping, or

Inclusion 4 months to 2 years postsurgery
running
At least 18 years of age
BMI between 20 and 35
substantial pain
Exclusion

Any prior surgical procedure(s) that grossly disrupt(s) anatomy or function of either lower extremity, with the

exception of the over-the-top group, which will allow previous ACL reconstruction

Other known injury or disease that would interfere with lower-extremity function

Knee pain determined to substantially affect gait

Pregnancy; women of childbearing potential will be screened for pregnancy before each test and any woman
testing positively for pregnancy at any time during the study will be excluded from further study participation

for the duration of her pregnancy

Receiving radiation therapy

@ Springer
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few as six patients after nonanatomic, SB reconstruction
[13, 32, 33]. This study was approved by our institution’s
institutional review board, and informed consent was
acquired from all study participants.

ACL reconstruction was performed by several different
surgeons within the same institution, using a three-portal
independent drilling technique [12, 17]. DB reconstruction
was performed according to previous reports [9, 14, 36, 37].
The femoral tunnel in the SB group and the posterolateral
(PL) tunnel in the DB group were drilled through the anter-
omedial (AM) portal. The femoral AM tunnel was drilled
through the PL tibial tunnel in eight patients in the DB group,
while transportal drilling was used to drill the femoral AM
tunnel in the other two patients [37]. The native insertion
sites of the AM and PL bundle footprints were identified and
marked by a thermal device (Arthrocare, Austin, TX, USA)
on both the femur and the tibia, and the tunnels were created
at the center of each AM and PL bundle footprint for the DB
procedure or between the AM and PL bundle footprint cen-
ters for the SB procedure. Femoral/tibial tunnel diameter was
7.5t09 mm in the SB group and 6 to 7 mm for the PL bundle
and 7 to 8 mm for the AM bundle in the DB group. A single
tunnel was placed in the middle of the native ACL footprint
for SB procedures, while two tunnels for the AM and PL
bundles were located in the middle of each bundle for DB
procedures (Fig. 1). Allograft was used in all patients in
the DB group and four patients in the SB group, while
autografts were utilized in three patients in the SB group
(two hamstrings, one patellar tendon). The EndoButton™
CL (Smith & Nephew Inc, Memphis, TN, USA) was
used for fixation of the femoral side and a bioabsorbable
screw (Smith & Nephew) was used for the tibial side. A
standardized postoperative rehabilitation program was
prescribed for both groups [22]. All the subjects in this
study were closely monitored to ensure they successfully
completed their routine rehabilitation program and could
perform daily activities without symptoms, including at
least light running.

Femur Femur At 90°

Tibia

Single bundle Double bundle

Fig. 1A-B Typical CT images of ACL-reconstructed knees using the
(A) SB and (B) DB techniques are shown.
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In vivo knee kinematics data were obtained during
downhill running using a dynamic stereo x-ray (DSX) sys-
tem and model-based tracking technique, as previously
reported [2, 3, 13, 21, 32, 33] and briefly described below.
The patients performed moderate-speed running (2.5 m/
second) on an instrumented dual-belt treadmill (Bertec Corp,
Columbus, OH, USA) with a 10° downward slope (Fig. 2).
We selected downhill running for the testing activity because
it generates greater shear stress on the knee [25] and has been
used previously to identify abnormal knee kinematics after
conventional SB reconstruction [32, 33]. We collected three
trials for each limb of each patient. For each trial, pairs of
radiographic images were acquired simultaneously by the
DSX system during the stance phase of running (0.6-second
acquisitions). The DSX system consisted of two custom-
built gantries configured with beam paths intersecting at
60° in a plane parallel to the floor (Fig. 2). Each gantry
contained an x-ray source driven by a 100-kW pulsed gen-
erator (CPX 3100CV; EMD Technologies, Inc, Saint-
Eustache, Quebec, Canada), a 40-cm image intensifier
(Thales, Neuilly-sur-Seine, France), and a high-speed
4-megapixel digital video camera (Phantom™ v10; Vision
Research, Wayne, NJ, USA). Images were acquired at
150 Hz with a 90-kVp/150-mA protocol, using 1-millisec-
ond pulsed exposures to reduce exposure and minimize
motion blur. High-resolution (0.625-mm slices, 0.5-mm in-
plane resolution) CT scans were acquired from 10 cm above
to 10 cm below the joint line, along with single slices
through the femoral head and ankle to establish long bone
axes (LightSpeed@ 16; GE Healthcare, Waukesha, WI,
USA). Three-dimensional (3-D) bone models were gener-
ated using medical imaging software (Mimics®; Materialise
Inc, Leuven, Belgium) to segment bone from soft tissue.
Position and orientation of the tibia and femur were deter-
mined for each frame using a model-based tracking
technique to align the radiographic image pairs to digitally
reconstructed radiographs generated by projection through
the 3-D bone model as described previously [2].

[y enoraons|

xray itnifers [

Fig. 2 The DSX system is shown. Two-way dynamic x-ray images
are captured by high-speed digital video cameras installed on the
x-ray intensifiers during downhill running (10° decline).
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We defined the anatomic coordinate systems from 3-D
bone models as described previously [2, 13, 21, 32, 33].
Tibiofemoral translations were defined as the orthogonal
components of a vector from the femoral anatomic origin
(midpoint between the centers of the medial and lateral
condyles) to the tibial anatomic origin (center of the tibial
plateau), expressed in the tibial coordinate system. We
calculated knee kinematics using the conventions origi-
nally described by Grood and Suntay [16]. This kinematics
measurement system has been used extensively for similar
studies and is capable of tracking bone motion with pre-
cision in the order of 0.2 mm/0.2° [2]. During downhill
running, tibial anterior translation and axial rotation were
determined [21, 32, 33], and the magnitude of tibial ante-
rior translation and axial rotation from foot strike to 0.1
second after foot strike were calculated for further analysis.

To measure joint contact sliding distance, the joint
contact point on the surface of the femur and tibia was
estimated using the distance-weighted centroid of the
region of closest proximity at each time frame [2, 21].
Tibial joint contact points (X, Yn, Z,) were described for
the " frame using a Cartesian coordinate system aligned
with the tibial plateau. Femoral contact points (I, Ry, J,)
were described using a cylindrical coordinate system fitted
to the distal femoral condyles. Contact path excursions
were calculated for the femur (Equation 1) and tibia
(Equation 2) in the sagittal plane during early stance (0 to
0.1 second after foot strike) by sequentially summing the
sagittal plane distance between the joint contact points at
consecutive frames (Fig. 3) as follows:

Femoral contact path

2
=> \/R,% + R, ) — RuRiuir) €08 sty — Jn)

(1)

Tibial contact path = Z \/((y<n+1) —y) + (Z(ng1) — )%
(2)

Femoral contact path calculations were conducted only
in the sagittal plane because the mediolateral movement of
the contact point was relatively small (1.4 £ 1.1 mm
medial, 0.4 £ 1.7 mm lateral) compared to the sagittal-
plane movement (8.8 £ 3.5 mm medial, 3.0 & 4.4 mm
lateral) and therefore had minimal influence on the overall
shear motion. The joint sliding distance was estimated as
described by Hoshino and Tashman [21] to assess shear
motions between the femoral and tibial joint surfaces.
Typically, the joint contact points on the femur and tibia
move backward as the knee flexes after foot strike. For pure
rolling, the relative velocity of the tibial and femoral

- -1-" Femoral contact path

‘ Tibial contact path

)

Femoral contact path

I
Tibial contact path

Il
) Sliding length

Medial

Lateral

Fig. 3 Dynamic joint contact path and sliding distance calculation
are shown. Sliding distance is calculated for both compartments.

At 0.1 second after foot

strike \

. Femoral joint
J4 contact path
2

erp | Joint contact point
Tibial joint ;
at 0.1 second after foot strike
contact path : -]

Fig. 4 A typical example of the joint contact path on the medial side
is shown. After foot strike, the joint contact point moves backward by
a combined rolling and sliding movement. Joint contact path is larger
on the femoral side.

contact points is zero and the contact paths would have
equal length. However, surface motion at the knee typically
combines both sliding and rolling motions. Therefore, the
difference between the lengths of the tibial and femoral
contact paths in each medial and lateral compartment is
representative of the amount of sliding on each compart-
ment (Fig. 4).

Separate two-way mixed-model ANOVAs were per-
formed to evaluate differences in tibial anterior translation,
axial rotation range, and sliding distance of the medial and

@ Springer
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lateral compartments between reconstructed and contralat-
eral knees and between SB and DB ACL reconstructions.
For compartmental sliding distance, the difference in
medial and lateral compartment sliding was determined for
each knee. These differences in sliding distance were
compared between reconstructed and contralateral knees
and between SB and DB ACL reconstructions. In the sta-
tistical analyses, main effects were evaluated for side (ACL
reconstructed versus contralateral knee), group (SB versus
DB), and the interaction between group and side. The a
priori alpha level was set at 0.05. We performed all statis-
tical calculations using PASW® Statistics 18 (IBM Corp,
Armonk, NY, USA).

Results

Differences between reconstructed and contralateral knees
were observed in tibial anterior translation and tibial
rotation for the combined SB and DB groups. There was a
decrease (p = 0.028) in tibial anterior translation in the
reconstructed knees compared to the contralateral knees. In
general, the tibia rotated internally after foot strike (Fig. 5),

and tibial internal rotation in the reconstructed knees was
larger (p = 0.010) than in the contralateral knees. The
sliding distance on the medial compartment was larger
(p < 0.001) in the reconstructed knees than in the contra-
lateral knees while the sliding distance on the lateral
compartment was similar (p = 0.493) between the recon-
structed and the contralateral knees. The difference in the
sliding distance between the medial and lateral compart-
ments was also larger (p = 0.029) in the reconstructed
knees than in the contralateral, uninjured knees in both the
SB and DB groups (Table 3).

For surgical and contralateral limbs combined, no effects of
the surgical technique, whether SB or DB, were identified for
any of the knee kinematics or joint sliding measurements: tibial
anterior translation (p = 0.589), axial rotation (p = 0.917),
medial sliding distance (p = 0.228), lateral sliding distance
(p = 0.677), and sliding distance difference between medial
and lateral compartments (p = 0.684) (Table 3).

Side-to-side (reconstructed versus contralateral) differ-
ences were similar between SB and DB procedures for
tibial anterior translation (p = 0.876), axial rotation
(p = 0.642), and sliding distance difference between
medial and lateral compartments (p = 0.549) (Fig. 6).

Fig. SA-B Graphs show the tibial axial rota- —-
tion (0.01-second intervals) during the 2 10 == ACLreconstructedknee
midstance phase of running (0 to 0.1 second & = s(r = Contralateral knee
after foot strike) in the (A) SB and (B) DB -{.?
groups. Values are expressed as aver- g _—
- - a -
age = standard error. S8 35
Ly
o =
iy
SF 0%
-
=
=
- 5 5
= = T 1 - T 1
S o0 0.05 0.1 0 0.05 0.1
A

Time after footstrike (second)

B Time after footstrike (second)

Table 3. Results of knee kinematics and sliding distance during the midstance phase of running (0 to 0.1 second after foot strike) in the SB and

DB groups
Variable SB DB p value*
Reconstructed Contralateral Reconstructed Contralateral

Tibial anterior translation (mm) 47 + 16" 59+1.9 42 + 167 51+£22 0.028
Tibial internal rotation (°) 95+ 39" 75 +43 9.4 + 3.6 79 + 338 0.01
Medial sliding distance (mm) 9.4 + 3.5% 6.1 £33 11.1 + 1.3* 79 £38 < 0.01
Lateral sliding distance (mm) 25+23 25+43 40+ 44 27+£59 0.21
Medial-lateral difference in sliding 6.9 £ 3.4° 3.7 +£38 7.1 £ 4.4% 52 £+ 6.0 0.029

distance (mm)

Values are expressed as average £ SD; * determined for side-to-side differences using two-way ANOVA considering both types of ACL
reconstruction; 'significantly different from contralateral knee (p < 0.05); ¥significantly different from contralateral knee (p < 0.01);

SB = single bundle; DB = double bundle.

@ Springer
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Fig. 6A-B Graphs show the side-to-side differ-
ences (ACL-reconstructed knees — contralateral
knees) in (A) knee kinematics and (B) joint 4
sliding distance during the midstance phase of SB
running (0 to 0.1 second after foot strike) in the . group
SB and DB groups. Values are expressed as I DB group
average =+ standard error. There was no differ- o
ence between the SB and DB groups. )
Anterior Tibial
Translation (mm)
0
A
2L

Discussion

Abnormal rotational knee kinematics occurs after ACL
injury and remains even after conventional SB ACL recon-
struction [1, 8, 13, 15,29, 30, 32, 33]. The ability of DB ACL
reconstruction to restore normal rotational kinematics dur-
ing functional activity remains controversial [18, 20, 24, 26].
We therefore determined whether the in vivo knee kine-
matics (tibial anterior translation and axial rotation) and joint
contact mechanics (tibiofemoral sliding distance) during a
high-demand, functional activity (downhill running) would
be restored to normal by the DB or SB ACL reconstruction.
In this study, neither SB nor DB reconstruction restored
normal joint kinematics or contact mechanics.

The primary aim of this study was to test whether the SB
or DB reconstruction procedure would restore the knee
kinematics and joint contact mechanics of the affected
knees to those of the contralateral normal knees. However,
the study was not powered to make direct comparisons
between the SB and DB procedures. Also, multiple sur-
geons performed the surgery. This could have introduced
variability within the treatment groups, particularly in
regard to tunnel placement. Since development of surgical
procedures was ongoing throughout the course of this
study, some variation in tunnel placement may have
occurred, leading to increased variability of results across
patients. Prospective patient recruitment and random
assignment of surgical method to reconstruct the ACL with
standardized operative techniques are needed to reduce
bias. A second limitation of this study was that the study
sample size was insufficient to control for potentially
confounding variables between the SB and DB groups.
Although we attempted to compare SB and DB ACL
reconstructions, the main focus of this study was to test the
restoration of knee kinematics and joint contact mechanics
in two different ACL reconstruction procedures rather than

Internal Rotation Medial Sliding  Lateral Sliding  Medial-lateral
) (mm) (mm) Difference in
Sliding (mm)

to compare SB and DB procedures. Based on our findings
concerning knee kinematics and joint contact kinematics,
sufficient power (80%) for a side-to-side comparison of
those parameters would have required a sample size of
40 subjects. An even larger number of patients would have
been required to directly compare the effects of SB and DB
ACL reconstruction and to perform multifactorial analysis
concerning other factors, such as sex, age, activity level,
and graft material. Such a study can be (and has been)
designed based on these results [23]. Third, three of seven
patients in the SB group used autograft (two hamstring, one
patellar tendon), whereas the other four patients in the SB
group and all 10 patients in the DB group utilized allograft.
Some would argue allograft may be more likely to be
associated with abnormal knee kinematics. Previous
reports also used a mixture of different graft materials and
surgical procedures to demonstrate abnormal knee kine-
matics [13, 32, 33]. Allograft might provide some
advantage of preserving function of the muscles sur-
rounding the knee, which may have contributed to the lack
of side-to-side differences in kinematics in the DB group;
however, these individuals still had differences in joint
contact mechanics. Also, at the time of this investigation,
allograft was often used for DB procedures. It was hard to
obtain sufficient graft volume with autograft for DB pro-
cedures until we found the quadriceps tendon can
constantly provide enough volume of graft material for
either SB or DB procedures [35]. Lastly, it remains
unknown how much the demonstrated differences in knee
rotation and joint sliding distance in this study affect
clinical outcome and long-term knee health. Genetic fac-
tors, concomitant injuries in meniscus or cartilage, and
patient activity level might have greater impact on
degenerative change of the knee in the long run. However,
it has been reported abnormal knee rotation can lead to
cartilage thinning of the joint surfaces [4], and rotational
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knee kinematics and joint sliding distance balance between
the medial and lateral compartments are related during
in vivo functional activity [21]. Thus, both abnormal knee
rotation and joint sliding distance might impact cartilage
degeneration and clinical outcomes. Assessing these effects
will require further studies with long-term followup.

Advocates of DB ACL reconstruction propose DB
reconstruction could provide better rotational stability than
SB reconstruction based on several in vitro studies [7, 31,
39, 40], although other in vitro studies do not support this
[19, 20, 24]. Several recent in vivo studies using dynamic,
functional activities (ie, jumping and cutting) [13, 18, 26]
demonstrated rotational kinematics after DB ACL recon-
struction were closer to normal than that after SB ACL
reconstruction while other reports of rotational kinematics
during walking, descending from a platform, and pivoting
[11, 34] have found no differences between SB and DB
ACL reconstructions. The disparity of those results could
be due largely to the varied loading conditions employed.
In this study, we found abnormal knee rotations during
downhill running after SB reconstruction, similar to pre-
vious reports [32, 33], and after DB reconstruction.

Our findings suggest abnormal knee kinematics (rota-
tions, translations) are associated with altered joint contact
kinematics. Analyses that combine bone motion with joint
surface geometry are better suited for determining joint
contact location and motion and may therefore be more
relevant to joint cartilage biology and risk of cartilage
degeneration [10]. Andriacchi et al. [5] suggested abnormal
knee rotation could lead to initiation and progression of
osteoarthritis and subsequently reported abnormal knee
rotation was related to cartilage thinning [4]. However,
their work was unable to establish specific relationships
between altered kinematics and the location of cartilage
damage. Previous studies have suggested alteration of the
joint contact point and pressure could contribute to carti-
lage degeneration after ACL injury and reconstruction [6,
27, 28, 37]. These studies, however, have generally
investigated only the path of tibial contact and have
ignored the complex rolling and sliding components of the
articular surface interaction. Given that articular cartilage
is more susceptible to damage from shear than from
compressive forces [38], the direction and magnitude of
stress applied at the area of joint contact may be even more
important than its location. The joint sliding distance,
calculated from the femoral and tibial joint contact path
lengths, reflects shear motion and is therefore related to
shear stress. The medial and lateral balance of the joint
sliding distance is reportedly related to the knee rotation
[21]. Based on the relationship between knee kinematics
and joint sliding, abnormal knee rotation is likely associ-
ated with abnormal joint sliding distance in either the
medial or lateral compartment, as observed in this study.

@ Springer

Thus, evaluation of the joint contact dynamics could
expose underlying risk factors for cartilage degeneration,
even in knees with normally restored knee rotational
kinematics.

In conclusion, neither the SB or DB ACL reconstruction
procedures restored normal joint kinematics (tibial anterior
translation and axial rotation) or joint contact mechanics
(tibiofemoral joint sliding distance). Successful restoration
of knee translation and rotation are required to obtain full
recovery of joint contact sliding. We suspect sliding dis-
tance is an important parameter for assessing current ACL
reconstructions and for developing future reconstructions.
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