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Abstract
Background—Step-up exercise is one of the most commonly utilized exercises during
rehabilitation of patients after both ACL injury and reconstruction. Currently, insurance providers
increasingly required a trial of intensified rehabilitation before surgical reconstruction is
attempted. The purpose of this study was to investigate whether this “safe” rehabilitation exercise
in the setting of ACL deficiency can cause altered knee kinematics.

Methods—Thirty patients with unilateral ACL rupture were recruited for this study. The mean
time from injury was 3.3 months. Tibiofemoral kinematics were determined during a step-up
exercise using a combination of MRI, dual fluoroscopy and advanced computer modeling.

Findings—The ACL-injured knee displayed an average 5° greater external tibial rotation than
the uninjured knee (p<0.05), during the last 30% of step-up. The ACL-injured knee also
demonstrated on average 2.5 mm greater anterior tibial shift during the last 40% of stance phase
(p<0.01). In addition, during the last 30% of stance the tibia of the ACL-deficient knee tended to
shift more medially (~1 mm) as the knee approached full extension (p<0.01).

Interpertation—The data confirmed the initial hypothesis as it was found that ACL deficient
knees demonstrated significantly increased anterior tibial translation, medial tibial translation and
external tibial rotation towards the end of the step-up as the knee approached full extension.
Intensive rehabilitation utilizing the step-up exercise in the setting of ACL deficiency can
potentially introduce repetitive microtrauma by way of altered kinematics.
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INTRODUCTION
Step-up exercise is one of the most commonly utilized exercises during rehabilitation of
patients after both anterior cruciate ligament (ACL) injury and reconstruction.(Bynum et al.,
1995) As a typical representative of closed kinetic chain exercises, it has become
increasingly popular and highly recommended for rehabilitation after ACL injury because of
the belief that it is safer than other, mostly open kinetic chain exercises.(Bynum et al., 1995,
Henning et al., 1985, Lutz et al., 1993, O’Connor et al., 1989, Palmitier et al., 1991, Yack et
al., 1993) The factors of importance to characterize an exercise as more or less harmful for
the injured knee are the altered tibiofemoral kinematics, muscle co-activation, shear forces,
and ACL strain associated with it. Closed kinetic chain exercises seem to produce smaller
anterior shear forces in healthy subjects and less anterior tibial translation in ACL-injured
knees than do open kinetic chain exercises. Co-activation of the muscles of the lower
extremity during the closed chain exercises is claimed to improve stability of the knee joint.
(Wilk et al., 1996, Solomonow et al., 1987, Palmitier et al., 1991, Baratta et al., 1988, Kellis
and Baltzopoulos, 1999) It is generally accepted that closed kinetic chain weight-bearing
exercises lead to greater co-activation of the quadriceps, hamstrings and gastrocnemius than
do open kinetic chain exercises.(Fitzgerald, 1997, Lutz et al., 1993, Wilk et al., 1996)
However, the results regarding the amount of co-activation and the resulting tibiofemoral
kinematics during open and closed kinetic chain exercises are inconsistent.(Draganich et al.,
1989, Kellis and Baltzopoulos, 1999, Kvist et al., 2007, Osternig et al., 1995, Kvist and
Gillquist, 2001, Hooper et al., 2001)

To date, several studies have investigated the kinematic differences between the ACL-
deficient and uninjured ACL-intact knees during the step-up exercise or stair climbing.(Patel
et al., 2003, Kvist and Gillquist, 2001, Berchuck et al., 1990) Because of the technical
limitations, the measurements were mostly focused on knee motion in the sagittal plane. The
majority of these studies came to the conclusion that closed kinetic chain exercises such as
step-up or stair climbing are safe in the early stages of rehabilitation after injury because
they were not found to significantly alter knee kinematics. Currently, insurance providers
increasingly require a trial of intensified rehabilitation before surgical reconstruction is
attempted.

This study was undertaken with the purpose of evaluating the knee kinematics during a step-
up exercise. We employed an established and validated technique utilizing a combination of
MRI, dynamic dual fluoroscopic imaging and computer modeling that can measure knee
kinematics during unrestricted dynamic motion with high accuracy.(Li et al., 2008, Kozanek
et al., 2009) We hypothesized that during the single-leg step-up the ACL-deficient knee will
show significantly different kinematics from that of the uninjured contralateral knee.

MATERIAL AND METHODS
Thirty patients with unilateral ACL rupture were recruited for this study (11 females and 19
males with an average age of 36 years, mean body weight of 82 kg, mean height of 175 cm,
and mean body mass index (BMI) of 26 kg/m2). There were 19 right and 11 left ACL-
deficient knees. The mean time from injury was 3.3 months. The ACL deficiency of the
injured knee was verified upon physical examination by an orthopaedic surgeon specializing
in sports medicine as well as MRI examination, and KT-1000 arthrometric testing performed
as part of this study. Additionally, the status of each injured ACL was confirmed during
arthroscopy performed at the time of surgical reconstruction of the ACL after the completion
of this study. In all studied knees, soft tissue structures other than the injured ACL and
menisci did not require operative treatment. There was no evidence or history of injury,
surgery or disease in the contralateral knees. The injured knees were grouped as ACL-
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deficient group and the healthy contralateral knees as control group. The study was
approved by the Institutional Review Board, and written consent was obtained from all
study participants prior to the experiment.

The technique used in this study has been used extensively to investigate knee joint
kinematics.(Li et al., 2005, Li et al., 2007) First, each knee was scanned in a relaxed
extended position using a 3-Tesla MR scanner (MAGNETOM Trio®, Siemens, Erlangen,
Germany) and a double-echo water excitation sequence (Figure 1A). 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 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 construct
three dimensional geometric models of the knee.

Next, the dual fluoroscopic imaging system setup, previously validated for treadmill gait
analysis (Li et al., 2009), was used to determine the kinematics of both injured and intact
contralateral knees during the a step ascent (Figure 1A). Two thin pressure sensors (force
sensor resistor (FSR), Interlink Electronics, Camarillo, CA) were fixed to the bottom of the
subject’s shoe, recording the beginning and end of weightbearing on the studied extremity.
Laser-positioning devices, attached to the fluoroscopes, helped to align the target knee
within the field of view of the fluoroscopes during the activity.

After experiment, the series of fluoroscopic images were imported into the modeling
software and placed in calibrated planes to reproduce the orientation of the fluoroscopes
during the testing. The 3D MR-based knee model was also imported into the software and
manipulated in 6DOF until the projections of the bony model matched the outlined
silhouettes of the bones captured on the selected pairs of fluoroscopic images (Figure 2).
This process was repeated at each 10% of the activity from the beginning to the end of
weightbearing. A previously established and validated coordinate system was used to
measure the kinematics.(Defrate et al., 2006)

Statistical Analysis
A two-way repeated measures ANOVA was used to compare the tibiofemoral kinematics of
the ACL-injured and ACL-intact knees. The kinematics were the dependent variables and
the injury status and time were the independent variables. Level of statistical significance
was set at p<0.05. When a statistically significant difference was detected, a post hoc
Newman-Keuls test was performed, and the level of significance was again set at p<0.05.
The statistical analysis was performed using commercially available software (Statistica® v.
8.0, Statsoft, Tulsa, OK).

RESULTS
The primary rotation occurred in the sagittal plane (flexion-extension) and its range was on
average about 45°. The secondary rotat ions in other rotational planes were of much smaller
amplitude (on average <5°). From the beginning to the end of the step ascent the flexion
angle consistently decreased from an average of 45° at 0% to an average of 0.2° of hyper
extension at 100% of activity progress. There was no significant difference in kinematics in
the sagittal plane between the injured and control knees. Significant difference in rotational
motion between the two knee conditions was observed in the transverse rotational plane
(internal-external rotation) towards the end of the step-up (knee extension). From the
initiation of weightbearing until full extension the ACL-injured knee displayed an average
of 5° of external tibial rotation. During the last 30% of the activity, this was significantly
different from the ACL-intact knee which maintained a relatively constant axial rotation
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throughout the cycle (p<0.05). Coronal plane rotation was not found to be significantly
different between the two conditions at any point during the step-up (p>0.75).

With regards to translational motion, the greatest difference between the ACL-intact and
injured knee was found, as expected, in the anteroposterior direction when the knee
approached full extension towards the end of the step-up. The ACL-injured knee
demonstrated on average 2.5 mm greater anterior tibial shift during the last 40% of the cycle
(p<0.01). In addition, significant difference was found in motion in the mediolateral
direction. The tibia of the ACL-deficient knee tended to shift more medially as the knee
approached full extension. During the last 30% of the cycle this pattern of motion was
significantly different from that of the uninjured contralateral knee (p <0.01).

DISCUSSION
This study investigated tibiofemoral kinematics during step-up exercise in patients with
ACL deficient knees and uninjured contralateral knees using MRI, dynamic dual
fluoroscopy and computer modeling. The data confirmed the initial hypothesis, as it was
found that ACL deficiency alters the tibiofemoral kinematics by causing increased anterior
tibial translation, medial tibial translation and external tibial rotation. However, these
kinematic disturbances were only present towards the end of the step-up as the knee joint
approached full extension. The most striking difference between the kinematics of the ACL-
injured knee and the contralateral uninjured control was in anteroposterior translation. On
average, the tibia of the ACL-deficient knee tended to shift more anteriorly towards the end
of the step-up. There are few reports in the literature on the anteroposterior motion in ACL-
deficient tibiofemoral joint during step-up or stair climbing. Ahmed et al.(Ahmed and
McLean, 2002) studied simulated stair climbing in cadaveric specimens and reported
increased anteroposterior translation in ACL deficient knees. The difference was significant
only during the terminal stance phase, which is similar to our findings. Vergis et al.(Vergis
and Gillquist, 1998), on the other hand, did not find significant difference when they studied
the effect of ACL deficiency on sagittal plane knee kinematics during stair climbing using
electro-goniometric system. The authors explained that, in those patients, no significant
difference was present because they had developed a compensatory mechanism through the
action of muscular co-contraction that substituted for the lost ACL. However, those
conclusions might have been due to insufficient statistical power. Furthermore, their device
was set to zero at full extension of the ACL-deficient knee. Therefore, their data may have
accounted for the change in kinematics at full extension of the ACL-deficient knee. As a
result, their results might not have found an additional change during weightbearing.

ACL deficiency has also been shown to disturb the flexion-extension motion during stair
climbing. Vergis et al.(Vergis and Gillquist, 1998) reported smaller flexion angles and
moments for the ACL-deficient knees. They found that maximal anteroposterior translation
in the ACL-deficient knees occurred at smaller flexion angles than in the uninjured knees. In
contrast to their study, in our study, we did not observe significant differences in flexion
between the injured and intact contralateral knee. The discrepancies between these results
can be attributed to the different control groups, methodologies and possibly also to
presence/absence of gait adaptation mechanisms of the studied subjects. Based on the more
recent literature reports, the preferred exercises in the initial stages of rehabilitation after
ACL injury and reconstruction are by many considered to be those which employ closed
kinetic chain e.g. step-up. Closed chain exercises have been shown to produce smaller
anterior displacement of the tibia and smaller anteroposterior shear forces than open
kinematic chain exercises.(Bynum et al., 1995, Henning et al., 1985, Lutz et al., 1993,
O’Connor et al., 1989, Palmitier et al., 1991, Yack et al., 1993) It is well accepted that
closed chain exercises lead to more quadriceps/hamstring/gastrocnemius co-activation that
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dynamically stabilizes the knee and thus they are believed to be less harmful to the injured
knee.(Fitzgerald, 1997, Lutz et al., 1993, Wilk et al., 1996) In contrast to the reports of no
significant difference in anteroposterior translation between the ACL-deficient and
uninjured knees during step-up exercise or stair climbing(Vergis and Gillquist, 1998), our
study found on average 2.5 mm difference in anteroposterior translation between the two
conditions during step-up as the knee approached full extension. Concurrently, we found the
tibia to shift more medially (~ 1 mm) and externally rotate (~ 5°) towards the end of the
step-up. To put these apparently small numbers in clinical perspective, it has been reported
that a posterolateral shift of the femur of such magnitudes can substantially alter contact
stress distribution in the cartilage by shifting the peak of contact deformation to areas of
thinner cartilage.(Van de Velde et al., 2009) In the medial tibiofemoral compartment the
contact stress distributions were found to be altered near the medial intercondylar eminence
of the tibia - a location where osteoarthritic changes often develop in knees with long-
standing ACL insufficiency (Fairclough et al.). The findings of this study question the long-
held contention that the step-up exercise is biomechanically safe as it does not alter
tibiofemoral kinematics. In this context it is of note that some insurers currently require a
minimum 6-month trial of intensified physical therapy before allowing the patients and the
surgeons to proceed with ACL reconstruction. Further research is needed to determine
whether exercise such as the step-up in the setting of ACL deficiency do not introduce
repetitive microtrauma to the cartilage with potentially deleterious consequences.

The results of this study should be interpreted in the context of its potential limitations. First,
not all patients included in this study had isolated ACL tears, as the majority of patients have
some associated injuries. However, we excluded patients that had insufficiency of other
collateral or cruciate ligaments, fracture, required reconstruction other than that of the ACL
or removal of more than one third of the meniscus. Next, we did not record the ground
reaction forces and instead used the sensors attached to the bottom of the shoe in order to
record the start of weightbearing on the studied extremity. Another limitation is that no
baseline measure of the change in ACL-deficient knee kinematics was made of the unloaded
knee prior to weightbearing. This was not done, as the scope of this investigation was to
compare the kinematics of ACL intact and deficient knee during the same loading condition
– the step-up exercise. Finally, we only measured kinematics during one cycle of step-up in
order to minimize the radiation exposure from the fluoroscopes. However, the step-up
exercise has been shown to have reasonable reproducibility.(Yu et al., 1997)

In summary, this study investigated the tibiofemoral kinematics in knees with ACL
deficiency during step-up exercise - one of the most commonly performed exercises during
physical therapy. Advanced imaging and computer modeling techniques were used to test
the hypothesis that ACL deficiency alters tibiofemoral kinematics during the step-up
exercise. The data analysis confirmed the initial hypothesis as it was found that ACL
deficient knees demonstrated significantly increased anterior tibial translation, medial tibial
translation and external tibial rotation towards the end of the step-up as the knee approached
full extension. Intensive rehabilitation utilizing the step-up exercise in the setting of ACL
deficiency can therefore potentially introduce repetitive microtrauma by way of altered
kinematics.
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Figure 1.
A) Subjects were first MR-scanned to construct a 3D knee model. B) Following this, each
subject performed the step-up exercise while the knee was scanned by the dual fluoroscopic
imaging system.
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Figure 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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Figure 3.
Tibiofemoral kinematics (rotations) of healthy and ACL deficient knees during the step-up
exercise. The values represent motion of the tibia with respect to the femur. Asterisk denotes
statistically significant difference at p<0.05.
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Figure 4.
Tibiofemoral kinematics (translations) of healthy and ACL deficient knees during the step-
up exercise. The values represent motion of the tibia with respect to the femur. Asterisk
denotes statistically significant difference at p<0.05.
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