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Background: Most knee joint biomechanics studies have involved knees with an isolated anterior cruciate ligament (ACL) injury.
However, a large portion of patients with injured ACLs have accompanied meniscus tearing. In this study, the in vivo alteration of
knee biomechanics after tearing the ACL with or without combined medial or lateral meniscus tear was investigated during stair-
ascending activity.

Hypothesis: The kinematic behavior of ACL-deficient knees changes with a combined medial or lateral meniscus tear.

Study Design: Controlled laboratory study.

Methods: Twenty-one patients with injured ACLs (contralateral side intact) were recruited before undergoing ACL reconstruction.
Among these patients, 5 had isolated ACL injuries (group I), 8 had combined ACL and medial meniscus injuries (group II), and 8 had
combined ACL and lateral meniscus injuries (group III). Bilateral magnetic resonance scans were obtained on each patient to con-
struct 3-dimensional anatomic knee models. Both knees were then scanned during stair-climbing activity using a dual fluoroscopic
imaging system. The knee kinematics during stair climbing were reproduced using a bone model image matching method. Ante-
roposterior and mediolateral translations and axial tibial rotation of the knee during stair ascent were then compared between the
injured and intact contralateral knees of the patients.

Results: On average, injured knees in groups I and III showed more than 2 mm increased anterior tibial translation close to full knee
extension. In group II, no statistically significant difference was observed between the injured and contralateral side in ante-
roposterior translation. Near full extension, in groups I and III, injured knees had less than 1 mm of increased medial tibial translation
compared with the contralateral side, whereas in group II, a 1.0-mm increase in lateral tibial shift was observed in the injured knees.
With regard to axial tibial rotation, group I showed an increased external tibial rotation (approximately 5�), group II had little varia-
tion, whereas group III had increased internal tibial rotation (approximately 3�).

Conclusion: The results of this study demonstrate that a combined ACL/meniscus injury could alter the kinematics of ACL-injured
knees in a different way compared with knees with isolated ACL tears, depending on the pattern of the meniscus tear. Considering the
varying effect of meniscus injuries on knee joint kinematics, future studies might focus on specific treatment of patients with com-
bined ACL and meniscus injuries to protect the joint from abnormal kinematics and subsequent postoperative cartilage degeneration.

Keywords: anterior cruciate ligament (ACL); ACL deficiency; meniscus injury; isolated ACL injury; medial meniscus injury; lateral
meniscus injury; kinematics; fluoroscopy

It is well known that anterior cruciate ligament (ACL)
injury alters the kinematics of the knee joint.1,4,9,17,19

ACL-deficient knees tend to have more anterior tibial
translation both under passive clinical examination and
during physiologic activities.1,17 Increased medial tibial
translation and internal tibial rotation are also associated
with ACL deficiency.4 These changes in the kinematics of
the tibiofemoral joint result in alteration in the articular
cartilage contact behavior with a shift of contact points
to a thinner cartilage zone, increased cartilage deforma-
tion, and decreased cartilage contact area.26 ACL defi-
ciency and the resultant knee joint instability have been
reported to be clinically associated with increased inci-
dence of joint degeneration,7,24 with faster progression of
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osteoarthritis.13 Long-term joint degeneration has been
observed in up to 62% of patients who have been surgically
treated with ACL reconstruction.14

ACL injuries are commonly combined with other soft tis-
sue injuries, such as collateral ligament injuries and menis-
cus tears. In the United States, approximately 40% to 80% of
ACL injuries are combined with menisci injuries.6,10,23,27

Recent Swedish National Knee Ligament Registry data
showed 40% of ACL ruptures were combined with menisci
injuries.2 Although contemporary ACL reconstructions are
successful in restoration of anteroposterior stability of the
knee,25 the effect of combined injuries to the meniscus on the
function of the knee joint is not well understood.3 Most
research has investigated knee biomechanics with an iso-
lated ACL injury only. Recently, in 2 independent studies
of stair ascent in ACL-deficient patients, conflicting data
on tibial rotation have been reported. Gao et al8 measured
increased internal tibial rotation after ACL deficiency,
whereas an increased external rotation was shown by
Kozánek et al.15 Different injury patterns in other soft tis-
sues besides the ACL in those studies might be a factor for
the variation in measured kinematics.

In this study, the in vivo alteration of knee biomechanics
after the ACL injury with or without combined medial or
lateral meniscus tear was investigated. Stair-ascending
activity was chosen since it is a demanding physiological
activity for ACL-deficient patients. We hypothesized that
the kinematic behavior of ACL-deficient knees changes
with a combined medial or lateral meniscus tear.

METHODS

Twenty-one patients with injured ACLs and their contra-
lateral knee intact were sequentially recruited before
undergoing ACL reconstruction. Institutional review board
approval was obtained. Among these patients, 5 had iso-
lated ACL injuries (group I), 8 had combined ACL and
medial meniscus injuries (group II), and 8 had combined
ACL and lateral meniscus injuries (group III). Medial
and/or lateral meniscus injuries were confirmed later dur-
ing arthroscopic ACL reconstruction. The average period of
time from injury to time of analysis was 2.2, 43.2,§ and 6.2
months, respectively. No patient had participated in any
rehabilitation program. All patients had a positive Lach-
man test during clinical evaluation. No patient had any
symptoms of joint degeneration (pain, cartilage wear, etc).
Detailed demographic data on participation subjects is pre-
sented in Table 1. Bilateral magnetic resonance imaging
scans were obtained in both sagittal and coronal planes
on each patient using a 3.0-T magnetic resonance scanner
(Magnetom Trio; Siemens), with an image size of 160 �
160 mm and image resolution of 512 � 512 pixels. The
images were imported into modeling software (Rhinoceros;
Robert McNeel & Associates) to construct 3-dimensional
models of the tibia, femur, fibula, and patella.12,16

The patients’ knees were then scanned during stair-
ascending activity (Figure 1) using a dual fluoroscopic
imaging system. This system consists of 2 fluoroscopes
(BV Pulsera; Philips) with image intensifiers positioned
orthogonally relative to each other. The fluoroscopes were
synchronized and set to take images in 30 Hz with an 8-ms
pulse width (beam current, 5 mA; beam energy, 50 kVp).
The patient was asked to stand on both legs in the field
of view of both fluoroscopes and ascend a step in front of
them. Laser-positioning devices, attached to the fluoro-
scopes, helped align the target knee within the field of
view of the fluoroscopes during the activity. The activity
was recorded from heel strike to full extension for both
injured and healthy contralateral legs. The order of activ-
ities was randomly chosen by the patient. To minimize the
amount of radiation exposure, the subjects were trained to
first practice this activity 5 times, followed by recording 1
trial for each leg.

Next, the kinematics of the tibiofemoral joints were
reproduced using a bone model image matching
method.15,18 The paired images were imported into Rhino-
ceros software and placed in the calibrated planes that
simulate the image intensifiers of the actual fluoro-
scopes.18 Corresponding virtual x-ray sources were cre-
ated to reproduce the orientation of the fluoroscopes
during the actual experiment. The 3-dimensional tibial
and femoral models were imported into the virtual dual
fluoroscopic system and manipulated independently to
match the projections of the bony models to the outlined
silhouettes of bones on a selected pair of fluoroscopic
images captured during the experiment. This process was
repeated at each 10% of the activity from the beginning
(heel strike) to the end (full knee extension) of the stair-
ascending activity.

A previously established coordinate system was used to
measure the knee joint kinematics4 (Figure 2). Tibial
translations (anteroposterior, mediolateral) and axial
tibial rotation of the knee were measured in this study.
The changes in the kinematics of the ACL-injured knee
relative to the intact contralateral knee of each patient
were calculated and compared among the 3 groups of
patients (isolated ACL-injured, combined ACL and medial
meniscus injuries, and combined ACL and lateral menis-
cus injuries).

The accuracy of the above procedure for reproducing
knee joint kinematics has been extensively evaluated.4,18

Using standard geometries, the system has an accuracy
of 0.1 mm in translation and 0.1� in rotation.18 Using
cadaveric human knee specimens, the system has an
accuracy of 0.1 mm in translation and a repeatability
of 0.3� in rotation.4 A paired t test was used to compare
the tibiofemoral kinematic changes of the ACL-injured
knees relative to ACL-intact knees within each selected
group of patients. In addition, analysis of variance
(ANOVA) was used to compare the tibiofemoral kine-
matic changes of the ACL-injured relative to ACL-
intact knees between the 3 groups of patients. The kine-
matic variables (anteroposterior translation, mediolat-
eral translation, and axial rotation) were considered as
dependent variables. Injury status was considered as the

§Group II had 2 patients with a >10-year time gap between injury and
experiment.
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TABLE 1
Patient Demographicsa

Age, y Sex
Height,

cm
Weight,

kg
BMI,
kg/m2

Injured
Leg

Meniscal Injury
Time Between

Injury and
Experiment, mo

Step-up Time, s
Injury
Side

Type and
Location Control Injured

Group I 1 18 M 175 73 23.6 R — — 3.4 0.9 0.7
2 32 F 165 72 26.3 R — — 1.2 0.8 1.0
3 31 F 163 64 24.1 L — — 2.0 0.6 0.6
4 34 M 178 86 27.3 L — — 3.5 1.2 1.3
5 20 F 173 68 22.8 R — — 1.1 0.8 0.5

Mean 27.0 2M/3F 171 72 24.8 3R/2L 2.2 0.9 0.8
(SD) (7.4) (7) (9) (1.9) (1.1) (0.2) (0.3)

Group II 1 44 M 173 86 28.9 L Med Small complex tear,
middle horn

NA 0.6 0.5

2 45 M 193 114 30.5 R Med Small oblique tear,
posterior horn

2.1 0.7 0.9

3 23 M 180 84 25.8 R Med Bucket-handle tear 3.1 0.7 0.8
4 34 M 178 73 23.0 L Med Longitudinal tear,

posterior horn
3.9 0.6 0.9

5 44 F 164 61 22.7 R Med Displaced bucket-
handle complex
tear

141.0 0.9 0.7

6 43 M 173 82 27.4 L Med Medial meniscus
tear, posterior
horn

1.7 1.1 0.9

7 42 F 160 91 35.5 R Med Longitudinal tear,
posterior horn

138.6 0.6 0.7

8 42 M 185 114 33.3 R Med Complex tear 11.8 0.6 0.7

Mean 39.6 6M/2F 176 88 28.4 5R/3L 43.2 0.7 0.8
(SD) (7.5) (11) (18) (4.6) (66.1) (0.2) (0.1)

Group III 1 21 M 170 73 25.1 L Lat Longitudinal tear,
posterior horn

8.6 0.8 1.0

2 38 M 183 89 26.5 R Lat Longitudinal tear,
posterior horn

5.2 0.6 0.7

3 59 M 185 89 25.8 R Lat Radial tear, middle
horn

3.8 0.9 0.6

4 31 F 170 73 25.1 L Lat Complex tear,
middle and
posterior horn

1.3 1.0 1.0

5 32 M 175 73 23.6 R Lat Short oblique tear,
along the
posterior root and
posterior horn

0.4 0.7 0.6

6 27 F 163 68 25.8 L Lat Flap tear, posterior
horn

1.6 0.8 1.0

7 43 F 165 82 30.0 R Lat Complex tear with
a radial
component,
middle horn

1.9 0.7 0.7

8 41 M 189 125 34.9 R Lat Complex tear,
posterior horn

26.7 0.5 0.5

Mean 36.5 5M/3F 175 84 27.1 5R/3L 6.2 0.8 0.8
(SD) (11.7) (10) (18) (3.6) (8.7) (0.1) (0.2)

aGroup I—isolated ACL deficiency; group II—combined ACL and medial meniscus injuries; group III—combined ACL and lateral menis-
cus injuries. ACL, anterior cruciate ligament; BMI, body mass index; F, female; L, left; Lat, lateral; M, male; Med, medial; R, right.
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categorical variable. Level of statistical significance was
set at P < .05. When a statistically significant difference
was detected by the ANOVA test, a post hoc Newman-
Keuls test was performed to provide specific information
on which means were significantly different. The statis-
tical analysis was performed using Statistica software
(Statistica; Statsoft).

RESULTS

The changes in the kinematics of the ACL-injured knees rela-
tive to the intact contralateral knees are presented in Table 2
for the second half of stair climbing (50% to 100% of the activ-
ity, when the knee was extended from approximately 30� to
full extension). The ACL is known to be functional in this
range of knee flexion. The step-up time is shown in Table 1
as well. In general, the kinematics of the joints with or with-
out meniscus injuries was different.

Anteroposterior Translation

In the isolated ACL-injured group (group I), an increase in
anterior tibial translation was observed in the ACL-injured

Figure 1. Schematics of the dual fluoroscopic imaging system (DFIS) with a patient performing stair-ascending exercise and the
corresponding pair of fluoroscopic images.

Figure 2. Definition of tibiofemoral coordinate systems.
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knee compared with the intact contralateral knee (Figure 3).
At 90% and 100% of the ascent activity, the average anterior
tibial translation increased in injured knees compared with
their contralateral side by 2.3 ± 1.6 mm (P ¼ .019) and 2.3 ±
2.9 mm (P ¼ .144), respectively. For group II patients, the
average change of anterior tibial translation was less than
0.5 mm along the motion path (P > .05) compared with their
contralateral side. For group III patients, the anterior tibial
translation of the ACL-injured knees increased as the knee
was getting close to full extension. At 90% and 100% of
the stair-ascending activity, the anterior tibial translation
increased by 2.0 ± 5.1 mm (P ¼ .313) and 3.5 ± 4.7 mm
(P ¼ .076), respectively. Comparing the changes of anterior
tibial translation of the 3 groups of patients, no statistically
significant difference was detected along the flexion path.

Mediolateral Translation

Different trends of changes in the mediolateral tibial
translation were observed in ACL-injured knees in the
3 patient groups (Figure 4). At 90% and 100% of the
stair-ascending activity, the injured knees of group I
showed an increase in the medial tibial translation by

0.8 ± 0.8 mm (P ¼ .110) and 0.7 ± 1.6 mm (P ¼ .487) com-
pared with the contralateral side, respectively. For group
II patients, the lateral tibial translation of the ACL-
injured knees increased as the knee approached full
extension. At 90% and 100% of the activity, the tibia of
injured knees translated more laterally compared with
their corresponding contralateral knees by 0.3 ± 2.0
mm (P ¼ .078) and 1.1 ± 2.8 mm (P ¼ .019), respectively.
For group III patients, the average change of mediolat-
eral tibial translation was less than 0.5 mm along the
motion path (P > .05). Comparing the changes of medio-
lateral tibial translation of the injured knees with
respect to the intact knees in 3 groups of patients, a sta-
tistically significant difference was detected at 90% of
the activity between groups I and II (P ¼ .02; knee
flexion, 6.4�), as well as at 100% of the activity between
group III and the other 2 groups (P ¼ .017; knee
flexion, 3�).

Internal/External Rotation

The changes in the axial tibial rotation between injured and
intact contralateral knees after ACL injury showed

TABLE 2
Changes in the Kinematics of ACL-Injured Knees Relative to Their Contralateral Intact Kneesa

Anteroposterior Translation, mmb Mediolateral Translation, mmc Axial Tibial Rotation, degd

50% 60% 70% 80% 90% 100% 50% 60% 70% 80% 90% 100% 50% 60% 70% 80% 90% 100%

Group I 1 –1.2 2.4 4.4 3.6 2.2 –0.1 1.2 0.6 –3.4 –1.1 0.7 –0.5 –2.9 –2.5 –8.6 –9.6 –7.3 –6.8
2 –0.5 –0.5 1.4 2.3 2.8 2.5 0.3 –0.8 –1.4 –1.0 0.6 1.0 –4.3 –3.9 –6.9 –7.3 –4.6 –10.0
3 0.9 0.3 0.6 0.4 0.1 –0.5 0.3 0.5 1.5 1.6 2.2 3.4 –3.4 –1.7 0.4 –0.1 0.1 0.9
4 4.4 2.5 2.1 4.0 1.9 3.0 –1.3 –0.8 –1.5 –1.6 0.1 –0.7 –6.8 –4.0 –1.4 –1.0 –3.2 –6.5
5 –3.0 –3.3 –0.3 2.3 4.4 6.6 2.6 0.9 0.0 0.9 0.6 0.4 –7.9 –10.6 –9.3 –9.0 –7.5 –2.4

Mean 0.1 0.3 1.6 2.5 2.3 2.3 0.6 0.1 –1.0 –0.2 0.8 0.7 –5.1 –4.5 –5.2 –5.4 –4.5 –5.0
(SD) (2.8) (2.4) (1.8) (1.4) (1.6) (2.9) (1.4) (0.8) (1.8) (1.4) (0.8) (1.6) (2.2) (3.5) (4.4) (4.5) (3.2) (4.2)

Group II 1 3.6 1.1 1.8 1.5 –0.8 –2.1 –2.8 –3.1 –2.2 –2.0 –2.9 –3.1 –3.6 –2.8 –7.3 –6.3 0.4 2.4
2 0.4 0.4 0.0 –2.6 –2.6 –1.7 1.2 1.0 0.8 0.5 0.0 –0.6 –8.0 –6.9 –10.4 –11.4 –14.5 –14.4
3 0.1 0.9 2.3 0.5 –0.4 0.2 0.9 –0.7 0.2 0.1 –0.3 –1.9 –1.1 2.7 0.9 0.2 –2.6 –0.9
4 –6.3 –6.4 –5.7 –0.9 0.6 1.5 1.0 3.1 0.9 3.0 3.4 4.3 0.7 –1.9 –3.4 –2.1 –4.9 –7.2
5 3.4 3.9 3.2 3.2 3.8 2.4 –1.6 –1.9 –0.5 –0.8 –0.9 –1.2 –2.4 –3.5 –9.6 –11.1 –10.8 –13.8
6 0.4 1.4 2.6 1.9 1.1 0.4 0.2 0.5 0.4 1.0 1.4 1.4 –7.7 –6.7 –8.1 –9.9 –10.1 –8.5
7 2.1 0.0 0.1 –1.9 –1.2 2.2 0.6 0.4 –0.5 0.0 –1.0 –2.8 18.6 19.7 18.7 15.9 18.8 18.6
8 –2.8 –2.7 –4.2 –3.8 0.3 –1.8 1.0 0.4 –0.2 –0.7 –2.0 –4.5 2.8 4.6 2.1 4.4 8.9 14.2

Mean 0.1 –0.2 0.0 –0.3 0.1 0.1 0.1 0.0 –0.1 0.1 –0.3 –1.1 –0.1 0.7 –2.1 –2.5 –1.9 –1.2
(SD) (3.3) (3.1) (3.3) (2.4) (1.9) (1.8) (1.5) (1.9) (1.0) (1.5) (2.0) (2.8) (8.4) (8.7) (9.6) (9.4) (11.1) (12.3)

Group III 1 –0.8 0.2 1.0 1.5 2.1 3.0 0.5 0.5 0.6 –0.1 –0.7 –0.1 –3.7 –4.0 –2.8 –0.1 2.6 0.8
2 0.7 –0.8 0.3 1.9 3.3 5.1 –0.4 –1.8 –1.9 –1.1 –0.5 –1.2 –1.0 –0.8 0.4 0.4 1.2 2.0
3 –0.8 0.7 –0.1 2.6 4.1 4.7 0.6 0.8 1.2 1.4 2.3 3.3 1.0 0.1 5.3 6.7 3.6 0.9
4 –2.2 –3.1 –5.0 –2.8 –7.6 –5.6 –0.8 –0.4 –1.7 –0.5 0.1 1.4 4.6 4.2 5.0 4.5 5.2 11.2
5 –4.7 –2.0 –0.3 1.0 1.7 3.6 –0.9 0.4 2.3 –1.9 –0.1 –2.7 2.8 1.7 1.7 7.2 9.8 9.3
6 6.2 5.5 2.9 1.1 0.7 1.9 1.5 0.2 –1.1 –1.3 –0.6 0.6 13.9 14.0 5.4 1.1 3.3 5.5
7 1.4 0.8 1.4 1.5 0.5 3.5 –0.9 –1.3 –0.3 –0.1 –0.6 0.1 3.3 3.0 2.8 –0.9 2.2 1.6
8 7.1 7.3 8.3 10.0 10.9 11.7 –1.5 –2.7 –1.8 –0.3 0.6 1.5 –1.5 –2.0 –1.8 –2.9 –5.5 –7.3

Mean 0.9 1.1 1.1 2.1 2.0 3.5 –0.2 –0.5 –0.3 –0.5 0.1 0.4 2.4 2.0 2.0 2.0 2.8 3.0
(SD) (4.0) (3.6) (3.7) (3.6) (5.1) (4.7) (1.0) (1.3) (1.6) (1.0) (1.0) (1.8) (5.4) (5.5) (3.2) (3.7) (4.3) (5.8)

aGroup I—isolated ACL deficiency; group II—combined ACL and medial meniscus injuries; group III—combined ACL and lateral menis-
cus injuries.

bPositive value indicates anterior translation.
cPositive value indicates medial translation.
dPositive value indicates internal rotation.
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different trends among the 3 groups of patients (Figure 5).
At 90% and 100% of the ascent activity, group I showed an
increase in external tibial rotation by 4.5� ± 3.2� (P ¼ .034)
and 5.0� ± 4.2� (P¼ .129), respectively. In group II, the aver-
age external tibial rotation of the injured knees increased
by less than 2.5� along the flexion path (P > .05). However,

in group III, at 90% and 100% of the ascent activity, the
axial tibial rotation of injured knees increased internally
by 2.8� ± 4.3� (P ¼ .107) and 3.0� ± 5.8� (P ¼ .184), respec-
tively. Comparing the changes of axial tibial rotation of the
3 groups of patients, no statistically significant difference
was detected along the flexion path.

DISCUSSION

The changes in the tibiofemoral joint kinematics (including
anteroposterior and mediolateral tibial translations and
axial tibial rotation) in patients with isolated ACL defi-
ciency and combined ACL and medial or lateral meniscus
injuries were investigated. Altered kinematics were
defined as the changes in the kinematics of the injured knee
relative to the intact contralateral knee of the same patient.

In general, ACL-deficient knees showed more anterior
tibial shift toward full extension, except for patients with
a combined medial meniscus tear. Controlling tibial trans-
lation in the anterior direction is the primary function of
the ACL, as increased anterior tibial translation in ACL-
deficient knees was observed in both in vitro1,17 and in vivo4

investigations. This difference was reported to be signifi-
cant only during the terminal stance phase,1,15 with an
average difference of 2.5 mm in anteroposterior translation
between ACL-deficient and ACL-intact groups. Interest-
ingly, patients with combined ACL and medial meniscus
injuries did not show increased anterior tibial shift while
ascending stairs in our study, although a positive Lachman
test was seen in all patients. The reason for this finding is
yet to be determined and warrants future investigation.

Figure 4. Mediolateral shift the of tibia with respect to the
femur in anterior cruciate ligament (ACL)–deficient patients
with isolated ACL deficiency (group I), combined ACL and
medial meniscus injuries (group II), and combined ACL and
lateral meniscus injuries (group III). *Statistically significant
difference (P < .05).

Figure 5. Axial tibial rotation in anterior cruciate ligament
(ACL)–deficient patients with isolated ACL deficiency (group
I), combined ACL and medial meniscus injuries (group II), and
combined ACL and lateral meniscus injuries (group III).
*Statistically significant difference (P < .05).

Figure 3. Anteroposterior shift of the tibia with respect to the
femur in anterior cruciate ligament (ACL)–deficient patients
with isolated ACL deficiency (group I), combined ACL and
medial meniscus injuries (group II), and combined ACL and
lateral meniscus injuries (group III). *Statistically significant
difference (P < .05).
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In different groups of patients, the mediolateral tibial
translation was not similar, especially close to full exten-
sion. Patients with isolated ACL deficiency and patients
with combined ACL and lateral meniscus injuries were
associated with medial tibial shift. However, patients with
combined ACL and medial meniscus injuries had lateral
tibial shift close to full extension. These patterns imply that
in the mediolateral direction, the femoral condyles tend to
shift toward the injured meniscus in the terminal phase
of stair ascent. Kozánek et al15 reported medial tibial shift
in ACL-deficient patients compared with their ACL-intact
sides when patients performed a similar stair step-up activ-
ity (19 males, 11 females; mean age, 36 years; mean time
from injury to test, 3.3 months). Those patients were
reported not to have other injuries to the soft tissue struc-
tures of the knee joint except the ACL and meniscus. How-
ever, the side of meniscal injury was not reported in their
study, which made a direct comparison with other studies
difficult. Results of our current study revealed that the
presence of a medial or lateral meniscus tear could have a
role in the kinematics of the injured knee. Therefore, it is
important to indicate the specific meniscus injuries when
reporting kinematics of ACL-deficient knees.

Both in vivo4,9,19 and in vitro simulated muscle loading
experiments17 have reported increased internal tibial rota-
tion in the presence of ACL deficiency. However, in axial
rotation, only the results of those patients with a combined
lateral meniscus tear were in agreement with previous
studies. On the other hand, groups I and II showed
increased external tibial rotation in deficient knees during
stair ascent. Interestingly, a similar discrepancy of results
exists in the literature as well. In 2 recent independent
studies of ACL-deficient patients, opposite observations of
increased internal tibial rotation8 and external tibial rota-
tion15 during stair ascent were reported. Even though
‘‘extensive’’ damage to the meniscus was one of the exclu-
sion criteria in the study by Gao et al8 (10 males, 2 females
each in the ACL-intact group and ACL-deficient group;
mean age, 24 years; mean time from injury to test, 3
months),8 neither of the studies mentioned details of menis-
cus injuries in their patient groups (side, existence, etc).
Our results on different patterns of axial tibial rotation
indicate that meniscus injury patterns are critical factors
in knee rotation after ACL injuries.

In the literature, meniscus injury is associated with joint
degeneration20,22 and a high incidence of medial osteoarthri-
tis.5,11,21 However, in most previous studies, the side of
meniscus injury is not reported. Different kinematic results
from similar experimental setups show that accurate
description of the injury pattern is required to interpret
study outcomes. The results of this study supported our ini-
tial hypothesis that kinematic response of ACL-deficient
knees could be dependent on the presence and side of menis-
cus injuries as well. In contemporary ACL reconstruction
surgeries, all surgical techniques have been developed based
on the investigation of isolated ACL injury, regardless of
meniscus injuries. The data of our investigation suggest that
further research may be necessary on different surgical
approaches for restoration of the knee kinematics when ACL
deficiency is combined with meniscus injuries.

The results of this study should be interpreted in the con-
text of its limitations. We acquired data from only 1 func-
tional activity (ascending stairs). Other physiological
activities, such as gait and dynamic flexion-extension,
should be considered before generalizing these results since
different activities may cause different in vivo joint load-
ings. Except medial or lateral side, the location of the
meniscus injury was not considered in this study (due to
our small sample size). All patients with meniscus injuries
were treated with partial meniscectomy later during ACL
reconstruction, except 1 patient who was treated with
meniscus repair. Samples of the second group are not uni-
form due to longer mean time from injury to analysis.
Finally, the sample size of each group was relatively small
and did not have sufficient power to detect the kinematic
differences among the 3 groups of patients. Recruiting
patients will be continued in our future studies.

To summarize, this study investigated the changes of
tibiofemoral kinematics of ACL-deficient knees with or
without an accompanied medial or lateral meniscus injury
during stair ascent using a dual fluoroscopic imaging sys-
tem. The data revealed that a combined ACL and meniscus
injury could alter the tibial translation and axial rotation of
the ACL-injured knee, depending on the injury side of the
meniscus. Considering the varying effect of meniscus inju-
ries on knee joint kinematics, future studies should focus on
specific treatments for patients with combined ACL and
meniscus injuries to restore normal knee joint function and
prevent postoperative cartilage degeneration.
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