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Abstract
Quadriceps avoidance and higher flexion strategy have been assumed as effects of ACL deficiency
on knee joint function during gait. However, the effect of ACL deficiency on anteroposterior
stability of the knee during gait is not well defined. In this study, ten patients with unilateral acute
ACL ruptures and the contralateral side intact performed gait on a treadmill. Flexion angles and
anteroposterior translation of the ACL injured and the intact controlateral knees were measured at
every 10% of the stance phase of the gait (from heel strike to toe-off) using a combined MRI and
dual fluoroscopic image system (DFIS). The data indicated that during the stance phase of the gait,
the ACL-deficient knees showed higher flexion angles compared to the intact contralateral side,
consistent with the assumption of a higher flexion gait strategy. However, the data also revealed
that the ACL-deficient knees had higher anterior tibial translation compared to the intact
contralateral side during the stance phase of the gait. The higher flexion gait strategy was not
shown to correlate to a reduction of the anterior tibial translation in ACL deficient knees. These
data may provide indications for conservative treatment or surgical reconstruction of the ACL
injured knees in restoration of the knee kinematics during daily walking activities.
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INTRODUCTION
Numerous studies have demonstrated that ACL deficiency could lead to further meniscus
tear and cartilage degeneration1, 2. The post-injury joint degeneration has been mainly
attributed to altered joint kinematics caused by ACL deficiency3, 4. Therefore, understanding
the effect of ACL injuries on knee joint motion is critical for development of conservative
treatment or surgical reconstruction of the ACL injured knees. Historically, in-vitro
cadaveric studies have reported on the anterior tibial translation when the knee was
subjected to an anterior tibial load or a rotational torque5, 6. Few studies have reported on the

© 2011 Elsevier B.V. All rights reserved.

Correspondence to: Guoan Li, PhD, Orthopaedic Bioengineering Laboratory, Harvard Medical School/Massachusetts General
Hospital, 55 Fruit Street - GRJ 1215, Boston, MA 02114, USA, (gli1@partners.org), Tel: +1-617-726-6472, Fax: +1-617-724-4392.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Gait Posture. Author manuscript; available in PMC 2013 March 01.

Published in final edited form as:
Gait Posture. 2012 March ; 35(3): 467–471. doi:10.1016/j.gaitpost.2011.11.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



knee joint motion in response simulated muscle loads7, 8. Recently, advanced imaging
techniques have been used to examine the bony motion of the knee after ACL injuries
during down-hill running9 and single leg lunge10–12. Few data, however, have been reported
on the influence of ACL deficiency on knee joint motion during gait13–20 - the most
commonly performed daily activities.

In literature, the effect of ACL deficiency on knee joint motion during gait has been
assumed to be a quadriceps avoidance gait strategy15, where the patients with ACL injuries
adapt to a reduced quadriceps contraction or extension joint moment during the midstance
phase of the gait cycle. A reduced quadriceps function was thought to reduce the anterior
shear force applied to the tibia at low flexion angles of the knee so that to avoid the
increased anterior tibial translation due to the rupture of the ACL13, 15, 18. However, many
studies have reported other adaptation strategies for ACL deficient patients, showing an
increased flexion angle during stance phase of gait in ACL deficient knees14, 16, 17, 20. This
higher knee flexion with the increased activity of the hamstring muscles suggested a
mechanism exists which may improve sagittal joint stability during locomotion for ACL
deficient knees. Although there are some studies that reported the tibiofemoral translation
during gait13, 17, the soft tissue artifacts were thought to be a limitation of the skin-marker-
based motion capture system, especially in knee joint translation21, 22. In addition, it is still
unclear that either the quadriceps avoidance gait or higher flexion strategy can effectively
avoid the excessive anterior tibial translation caused by ACL deficiency.

Recently, we validated a combined dual fluoroscopic imaging system (DFIS) and MR image
technique23 in determination of the kinematics of the knee during stance phase of gait on a
treadmill19, 24. The objective of this study was to determine the flexion angles and
anteroposterior tibial translation of the knee after ACL injuries during gait on a treadmill
and to compare these data to those measured from the intact contralateral side. We
hypothesized that while the ACL deficient knees may adapt to higher flexion gait strategy
under low demand activities such as walking, the anterior tibial translation could not be
reduced due to the increased flexion angles.

MATERIAL AND METHODS
Patient Recruitment

Ten subjects who suffered from unilateral ACL tear were recruited for this study (5 females
and 5 males with an average age of 35.5 ± 8.5 years, body weight of 77.1 ± 9.1 kg, body
height of 1.76 ± 0.07 m and body mass index (BMI) of 24.9 ± 2.8 kg/m2). The ACL
deficiency of the injured knee was verified through physical examination by an orthopaedic
surgeon as well as MRI examination performed as part of this study. Additionally, the status
of each injured ACL was confirmed during arthroscopy performed during surgical
reconstruction of the ACL after the completion of this study. All knees included in this study
were found to have an ACL rupture accompanied with minimal other tissue injuries that do
not need surgical intervention. There was no history of injury, surgery or disease in the
contralateral knees. The study was approved by our Institutional Review Board, and written
consent was obtained from all study participants prior to the experiment.

Three-Dimensional Knee Model
The technique used in this study has been applied extensively to investigate knee joint
kinematics7, 10, 19, 24. First, each knee was scanned in a relaxed extending position using a 3-
T MR scanner (MAGNETOM Trio, Siemens, Malvern, PA) and a double-echo water
excitation sequence. The MRI scans were used to generate sagittal plane images (512×512
pixels) with a field view of 16×16 cm and 1 mm spacing. The images were then imported
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into solid modeling software (Rhinoceros, version 4.0, Robert McNeel & Associates,
Seattle, WA) and manually digitized to outline the contours of the femur and tibia. These
outlines were used to reconstruct 3D geometric models of the knee.

Dual-Orthogonal Fluoroscopic System Setup
Next, the dual fluoroscopic imaging system setup, previously validated for treadmill gait
analysis25, was used to determine the kinematics of both injured and intact contralateral
knees during the stance phase of gait (Fig. 1). The subjects practiced the gait on the
treadmill for one minute at a treadmill speed of 2.5 miles per hour (equivalent to 1.12 m/s).
Two thin pressure sensors (force sensor resistor (FSR), Interlink Electronics, Camarillo, CA)
were fixed to the bottom of each shoe, recording the heel strike (0%) and toe-off (100%) of
the injured and the contralateral sides that was defined as the stance phase of the leg during
the treadmill gait. Two laser-positioning devices, attached to the fluoroscopes, helped to
align the target knee within the field of view of the fluoroscopes during the stance phase.
Each knee was then imaged during three consecutive strides at a frame rate of 30 Hz using
snapshots with an 8 ms pulse width23, 26. Fluoroscopic imaging was done during separate
trials.

After experiment, the series of fluoroscopic images captured from heel strike to toe off were
imported into the modeling software and placed in calibrated planes to reproduce the
geometry of the fluoroscopes during the testing. In this study, we selected images at 10%
increments during the stance phase. The 3D MR-based femur and tibia models (left or right)
were also imported into the software and manipulated until the projections of the bony
models matched the outlined silhouettes of the bones captured on the two fluoroscopic
images (Fig. 2). The series of matched femur and tibia models reproduced the motion of the
subject’s knee during the entire stance phase19, 23, 24.

Knee Kinematics
A consistent coordinate system was used to estimate the kinematics of both knees of each
subject based on the series of matched bone models. The bone model of the right tibia
(femur) was first mirrored and well aligned with the left tibial (femoral) model of the same
subject and a common coordinate system was created for both left and mirrored right tibia
(femur). Then, the coordinate system of the mirrored right tibia (femur) along with its
coordinate system was mirrored back10. This coordinate system was then used to analyze the
kinematics of both left and right knees. Because the same coordinate system was used on
both the intact and ACL deficient knees, we were able to reduce the variability of our
measurements caused by differences in coordinate systems.

The long axis of the tibia was parallel to the posterior wall of the tibial shaft and passed
through the center point between the tibial spine10. Two circles were created to cover the
posterior edges of both medial and lateral tibial plateaus. The line connecting to the
centroids of two circles was defined as the medial-lateral axis. The anterior-posterior axis
was perpendicular to the anterior-posterior and medial-lateral axes. The line that was parallel
to the shaft of the femur was defined as the long axis of the femur. The transepicondylar line
was obtained by linking the most pivot points on the medial and lateral condyles. The long
axis passed the midpoint of the transepicondylar line (defined as the femoral center).
Anteroposterior tibiofemoral translation was defined as the motion of the femoral center
along the anterior axis in the tibial coordinate system. Flexion of the knee was defined as the
angle between the long axes of the femur and tibia, projection onto the sagittal plane of the
tibia24, 25.
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In this fashion, anterior-posterior translations of the femur and flexion angles of the knee
were determined during the stance phase of a treadmill gait. For comparison to previous
published literatures, we converted the femoral translation to that of the tibia relative to the
femur.

Statistical Analysis
We compared the flexion angles and the anteroposterior tibial translation of the ACL
deficient and intact contralateral knees at every 10% of the stance phase of the gait. A
repeated measure ANOVA was used for data analysis. A Newman-Keuls post hoc analysis
was performed if the ANOVA detected a difference. A p<0.05 was defined as statistical
significance.

RESULTS
Flexion

Both the ACL deficient and normal knees demonstrated a similar flexion pattern along the
stance phase of the gait cycle (Fig. 3). More specifically, both groups extended similarly at
heel strike (2.2 ± 9.2° in normal group and −0.5 ± 9.3° in ACL deficient group) and flexed
during 0 to 20%. The flexion reached the first peak with 8.3 ± 5.9° and 5.3 ± 5.1° in the
ACL deficient and normal knees, respectively, at 20% of the stance phase. Thereafter, the
ACL deficient knees kept to rotate in higher flexion angles during the rest of the stance
phase compared to the normal knees. At the end of the stance phase, the ACL deficient
knees flexed to the second peak with 39.2 ± 13.1° and normal knees flexed to 34.8 ± 10.4°.

Anteroposterior tibial translation
The ACL deficient knees showed significant differences in anteroposterior translation (tibia
relative to femur) during the late stance phase of the gait cycle (p<0.05, Fig. 4). At heel
strike, both groups showed similar anterior tibial translation (0.6 ± 3.5 mm in normal group
and −0.3 ± 3.8 mm in ACL deficient group, p>0.05). The anterior tibial translation was 2.5 ±
4.9 mm in ACL deficient knees which is higher than that in the normal knees (−0.1 ± 2.9
mm) at 20% of the stance phase (p>0.05). Thereafter, the ACL deficient knees kept to move
more anteriorly during the rest of the stance phase compared to the normal knees. During the
70 and 80% of the stance phase, the tibia in deficient knees shifted more anteriorly (2.7 ±
2.4 and 2.8 ± 2.1 mm) than that in the normal group (−2.4 ± 2.7 and −1.0 ± 3.2, p<0.05). At
the end of the stance phase, the ACL deficient knees had an anterior tibial translation of 6.6
± 5.1 mm and normal knees of 4.9 ± 3.6 mm (p>0.05).

DISCUSSION
This study investigated the flexion angle and the anterior-posterior translation of the ACL-
deficient and intact contralateral knees during the stance phase of gait on a treadmill. In
general, the ACL-deficient knees tended to flex more and have more anterior tibial
translation compared to the intact contralateral side. The results confirmed our hypothesis on
the effect of ACL deficiency on the motion of the knee during gait on a treadmill.

The gait is the mostly performed activity of daily living. The kinematic changes during gait
after ACL deficiency may have profound effect on the health of the joint. In literature,
kinematics of the ACL deficient knees has been mostly studied by using skin-marker based
motion analysis systems13, 14, 16–18, 20. Some of these studies reported that ACL deficient
knees showed higher flexion in mid to late stance phases14, 20 or throughout the stance
phase16. Other studies have shown that the ACL-deficient knees tended to flex less
throughout the mid-and terminal stance phase of gait15, 18, 27, 28, some of which showed less
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external flexion moment and supported the “quadriceps avoidance” assumption of the
deficient knee during gait to decrease anterior shear force on the tibia15. However, our data
showed higher flexion angle from the midstance phase to toe off which means the ACL
deficient group tended to use the higher flexion strategy during gait.

Few previous studies have investigated anterior tibial translation of ACL deficient knees
during gait cycle13, 17, 29. Andriacchi et al. did not observe a significant difference in
anteroposterior translation during gait cycle, except at the terminal swing13. Gao et al. also
did not find significant difference in anteroposterior translation between ACL deficient and
normal knees17. Our data showed in average a significant increase in anterior tibial
translation in the terminal stance phase in ACL deficient knees compared to the intact
contralateral side. We should note that there are several different features in our study
compare to the other reported studies. Our study was performed on the same subjects with
one knee injured and one knee intact. In addition, a treadmill gait, although not a free and
natural walking, may provide a controlled testing conditions for all subjects. Finally, the
combined DFIS and MRI modeling technique allowed an improved accuracy in
measurements of knee joint kinematics since the kinematics was measured from the bony
structures of the knee.

Beard et al.14 and Robers et al.20 found the increasing firing of EMG in ACL deficient
groups with higher flexion during stance phase. Theoretically, the increase in knee flexion
allows the hamstring muscles acting across the knee joint to have a greater component of the
muscle force along the tibial plateau surface and therefore be more effective in reducing
sagittal subluxation of the tibia in relation to the femur. In the “quadriceps avoidance” gait
strategy, because of less quadriceps forces might occur, less anterior load may be applied to
the tibia. The physiological response of these two adaptation strategies was thought to lead
to avoid the excessive anterior tibial translation during the stance phase of the gait cycle15.
However, our data showed an increased anterior tibial translation in the ACL deficient knees
during the stance phase of gait, even though the flexion angles are higher than the intact
knees. This kinematic response of the knee during gait could not be explained by both
higher flexion and quadriceps avoidance strategies. Future studies should include the EMG
measurement and dual fluoroscopic images to examine the correlation between the
neuromuscular activities with the joint motions in the ACL injured knees. Our data may also
suggest that conservative or surgical treatment of the ACL deficient knees may need to
restore normal knee flexion-extension capability.

There were several potential limitations associate with this study. During gait analysis, the
DFIS could only image the knee during stance phase of the gait. It is technically difficult to
record the knee positions during swing phase. Treadmill walking instead of level walking
was investigated in this study. Recent reports demonstrated that in healthy subjects the
differences in kinematics between the treadmill walking and level walking are minimal and
the overall patterns of these two activities are similar30. Furthermore, contralateral uninjured
knees were used as normal control knees. Kozanek et al recently demonstrated that there
was no statistically significant difference between the in vivo kinematics of the uninjured
contralateral knee joint of patients with acute unilateral ACL deficiency and subjects
without knee injury during lunge activity19. The potentially benefit for using contralateral
knees is that we could directly compare the differences between two legs of the same
individual. The inter-subjects variable would be eliminated. Future investigation should
include comparison with the gait kinematics data of normal subjects.

In summary, this study examined the changes in flexion angles and anteroposterior
translation of the knee after ACL injury during the stance phase of gait. In ACL deficient
knees, the tibia tends to shift more anteriorly. The increased flexion angle was not
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accompanied by a restoration of anterior tibial translation. These kinematic changes could
lead to abnormal tibiofemoral cartilage contact during daily walking, thus may represent a
biomechanical mechanism of joint degeneration after ACL injuries of the knee. A surgical
reconstruction or conservative treatment aimed at correcting these abnormalities is necessary
to restore the normal flexion capability of the ACL injured knees during gait.

• Combined DFIS and MR image based technique was used to investigate
treadmill gait of the knee.

• Higher flexion angles and anterior tibial translations were found in ACL
deficient knees during stance phase of gait.

• Higher flexion gait strategy of ACL injured knees could not compensate the
anterior tibial translation effectively.
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Fig. 1.
Each subject performed gait on a treadmill at 2.5 MPH and both intact contralateral and
ACL deficient knees were scanned by the DFIS.
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Fig. 2.
Virtual reproduction of the fluoroscopic setup and tibiofemoral kinematics. The 3D MR-
based models of the femur and tibia were matched to their projections on the fluoroscopic
images.
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Fig. 3.
Flexion-extension angle of the knee joint for the intact and ACL deficient groups during the
stance phase of treadmill gait.
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Fig. 4.
Anteroposterior translation of the tibia relative to the femur for the intact and ACL deficient
knees during the stance phase of treadmill gait. Asterisk denotes statistically significant
difference at p<0.05.
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