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Kinematics after tear in the anterior cruciate ligament

Dynamic bilateral radiostereometric studies in 11 patients
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ABSTRACT - We studied the kinematics of both knees
using radiostereometry in 11 patients with unilateral
injury of the anterior cruciate ligament and normal con-
tralateral knee. Continuous radiostereometric exposures
at a speed of 2-4 exposures a second were performed,
when the patients ascended an 8 cm high platform.

The tibial center was more dorsally displaced and the
tibia more externally rotated on the injured side. This
increasing external tibial rotation was associated with
increased anterior displacement of the lateral femoral
condyle. The latter also displayed less anterior-posterior
translations during continuous extension. The anterior-
posterior translation of the medial condyle was about
the same as on the uninjured side.

Changes in the kinematics of the knee joint due to
rupture of the anterior cruciate ligament can result in
an abnormal joint load, which may increase the risk of
damage to the cartilage and the menisci.

Changes in the kinematics of the knee after ante-
rior cruciate ligament (ACL) injuries have been
discussed as an important factor in the develop-
ment of secondary arthrosis (Kannus and Jarvinen
1989, Roos et al. 1995). Laboratory studies of
cadaver knees have frequently been used to evalu-
ate the effect of ACL injuries on knee kinematics
(Nielsen and Helmig 1985, Rong and Wang 1987,
Noyes et al. 1989, Ostgaard et al. 1991, Lane et
al. 1994, Torzilli et al. 1994). These methods may
not mimic the clinical situation sufficiently well
because the combined action of the musculature
and gravity is difficult to reproduce. There are also
limitations in in-vivo measurements. Soft-tissue
movements will increase inaccuracies in electrogo-

niometric measurements (Granberry et al. 1990).
Invasive methods using of intracortical pins (Lafor-
tune et al. 1994, Reinschmidt et al. 1997) overcome
this problem, but they can only be applied to
limited patient populations. The insertion of skel-
etal landmarks, as in radiostereometric analysis
(RSA), also permits the detailed delineation of
small changes in the kinematics of the knee (Kir-
rholm 1989). This method has been used with
increasing frequency to study the kinematics of
joint motion in vitro and in vivo (Kérrholm et al.
1988a, b, 1989, Jonsson et al. 1989, Fridén et al.
1992, Jonsson et al. 1993, Jonsson and Kirrholm
1994, Jorn et al. 1997, 1998). However, none of
these studies has included measurements of knee
kinematics during continuous active extension and
simultaneous weight bearing, since no appropriate
method of examination has been available.

We studied the kinematics of the ACL-injured
knee during continuous extension. Evaluation
models permitting studies of the relative tibial or
femoral motions were used to compare the injured
and intact sides.

Patients and methods

11 patients (median age 24 (17—41) years, 8 men)
with a chronic rupture of the ACL were studied at
a median 4.5 (1.5-12) months after the injury. All
patients complained of instability. None of them
had previously been subjected to knee surgery.
They had positive Lachman and Pivot shift tests.
At arthroscopy of the injured side, 4-5 tantalum
markers (@ = 0.8 mm) were inserted percutane-
ously into the distal femur and proximal tibia on
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Figure 1. Radiostereometric film-exchanger examination.
The patient is performing a step-up.

the injured and contralateral intact sides. Lateral
meniscal tears were treated with partial resection
in 4 patients.

The patients were examined in a radiographic
laboratory specifically designed to perform RSA
examinations of joint kinematics during active
motion. Two ceiling-mounted radiographic tubes,
connected to separate generators, were used to
obtain simultaneous exposures. Two film exchang-
ers were mounted on a stand, which allowed adjust-
ment upwards/downwards and in the transverse
direction. In addition, the film exchangers could be
angled stepwise in relation to each another. In this
study, the angle was consistently set at 90° (Figure
D).

Before examination of active motions, the knee
was exposed in the straight position (0° of flexion/
extension), with the patient supine. All subsequent
examinations were related to this straight reference
position. The latter position was chosen to facili-
tate comparisons with previous studies (Kédrrholm
et al. 1988a,b, 1989, Jonsson et al. 1989, Jonsson
and Kérrholm 1994). Furthermore, we found it dif-
ficult to standardize the alignment of the knee to
the laboratory coordinate system in the weight-
bearing position. At this examination and on the
lateral view, the longitudinal axis of the tibia and

femur should be as parallel to each other as pos-
sible and also parallel with the longitudinal axis
of the cage. The posterior part of the femoral con-
dyles should project over each other as closely as
possible. On the anterior-posterior view, we aimed
at parallel alignment of the longitudinal axis of the
tibia and the cage, which defined the laboratory
coordinate system.

The patients performed a number of trial exten-
sions of the knee, while ascending a platform
(height 8 cm) from about 55°-65° of knee flexion
to full extension. The height of the platform was
chosen to permit use of a standardized examina-
tion routine even by older patients with arthrosis
or total knee replacements. After 5-7 trials, when
the patients had attained a reproducible speed, the
knee motions were recorded using simultaneous
and sequential exposures (2—4/second) from both
tubes. In all, each series consisted of a total of
9 (7-12) exposures corresponding to a period of
about 3-5 seconds. Both the injured and intact
knees were studied. The radiographs were mea-
sured manually on a highly accurate measuring
table or transformed to digitized images, using
a scanner (Sharp JX-610) for subsequent digital
analysis (Borlin and Kdrrholm 1997).

The reproducibility of the motions recorded with
this method has been determined in patients with
total knee replacements (Uvehammer et al. 2000).
The standard deviations (SD) of the rotation were
1.6°-2.3° and the SD of the translation ranged from
1.2 to 2.2 mm, between two step-ups (performed
at an interval of 15 minutes). These values are at
least 10 times higher than the measurement error.
Despite a number of preceding trials, the patient
therefore could not reproduce the exact path of
motion from one examination to the next.

For this study, we evaluated the following param-
eters: the relative tibial rotations about the longitu-
dinal (internal/external rotation) and anterior-pos-
terior axes (adduction/abduction). The translations
were measured as both tibial and femoral transla-
tions in separate evaluations. The medial/lateral,
proximal/distal and anterior/posterior translations
were recorded using the tantalum markers in the
distal femur as a fixed reference segment. To obtain
a reference point in the tibia, the two tips of the
tibial intercondylar eminence were marked on the
radiographs of the extended knee. The coordinates
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Tibial rotations, translations and femoral condyle translations in the normal and ACL-injured knee

55¢° of flexion 0° of flexion P-value 2
Normal  ACL-injured Normal ACL-injured
knees knees knees knees
Tibial internal (+) / external (-) rotation 6.4° 2.5° -1.7° -2.6° 0.03
range -1.4-9.2 -0.4-10.4 -5.2-7.6 -7.4-2.7
Tibial adduction (+) / abduction (-) -2.2° 1.3° 0.3° 0.4° 0.6
range -5.4-6.8 -4.5-7.1 -0.18-0.95 -2.12-1.32
Tibial medial (+) / lateral (-) translation (mm) 1.7 2.1 -0.3 -0.2 0.7
range -1.5-3.3 -0.9-4.4 -0.6-0.4 -1.1-0.8
Tibial proximal (+) / distal (-) translation (mm) 71 6.0 0.5 0.6 0.5
range 3.6-11.2 3.8-11.8 0.1-0.7 0.1-1.3
Tibial anterior (+) / posterior (-) translation (mm) -14.0 -16.2 1.6 0.06 0.008
range -16.1--104 -18.6--13.8 0.1-3.6 -2.6-5.5
Medial femoral condyle transl. (mm) (ant. (+) / post. (-)) 3.5 25 -2.5 2.2 0.9
range 2.0-10.0 -5.6-8.3 -3.1--1.1 -72-0.3
Lateral femoral condyle transl. (mm) (ant. (+) / post. (-)) -4.2 -1.7 -0.7 -1.5 0.02
range -10.7-109 -4.7-3.7 -4.6 -3.0 -9.3-5.7

All values are shown as the median and range.

a Significance (injured knee vs reconstructed knees from 10° to 50°)

of these points were calculated for all the subse-
quent positions, using the known positions of the
tibial markers (Jonsson et al. 1989, Jonsson and
Kéarrholm 1994). We also measured the anterior/
posterior translations of the medial and lateral fem-
oral condyles, using the tibial markers as fixed ref-
erences. To obtain reproducible points to measure
translations, two points were plotted at the circular
center of the medial and lateral condyles, respec-
tively (Kérrholm et al. 2000). These centers were
reconstructed using circular templates. The dis-
tance of these points from the joint line was
recorded and used to find the corresponding dis-
tance on the AP view. The medial/lateral positions
of the points were measured by identifying the
denser cortical bony edges on the medial and lat-
eral aspects of the femoral condyles, respectively.
Transformation of these points to the subsequent
examinations was done mathematically in the same
way as for the tibial reference points, but with use
of the positions of femoral tantalum markers.

All the patients gave their informed consent
before they were included in the study. The local
ethics committee approved the study.

Statistics
Repeated measure analysis of variance (ANOVA)

was used to compare the ACL-injured knees with
the normal knees. The statistical comparisons were
made using values between 10° and 50° of flexion
where observations from 10 or 11 pairs of knees
were available. A p-value of < 0.05 was regarded
as statistically significant. Data are presented as
median and range. All the data in the results are
related to the unloaded reference position.

Results (Table)

Tibial rotation

On the injured side, and at 55° of flexion, we found
a median internal tibial rotation of 2.5° (Figure 2),
which changed to —2.6° (external rotation) at 0°
compared to the unloaded reference position. The
corresponding rotational positions of the tibia on
the intact side were 6.4° and —1.7°. Between 50°
and 10°, the tibia maintained a more externally
rotated position on the injured side (p = 0.03).

At 55°, we found a median adduction on the
injured side of 1.3° but the intact side showed a
small abduction (-2.2°). During active extension,
these positions changed by only 1-2°. Between
50° and 10°, there was no significant difference
between the 2 sides (p = 0.6).



Acta Orthop Scand 2001;72 (4): 372-378

375

Tantalum
markers

+
Internal rotation

External rotation

Degrees

&r Normal knees

Internal rotation
N
T

ACL-injured knees

o

c /

i=l

5 2 /

° Number of evaluated pairs of knees

= PSR R TR I T TR TR N TS B
‘ S R

E .4 1 T T T T

% 0 5 10 15 20 25 30 35 40 45 50 55

Knee flexion (degrees)

Figure 2. Relative tibial rotations around the longitudinal
axis—internal (+) / external (-) rotation. All the motions
were related to the positions of the tibia and femur at the
unloaded supine reference position, defined as 0 degrees
of flexion/extension.

Tibial translation

The intercondylar eminence displaced laterally
from a slightly medial position at 55° (median 2.1
mm) to —0.2 mm at 0°. In the normal knees, the
corresponding displacement was from 1.7 mm at
55° to —0.2 mm at 0°. Between 50° and 10°, the
tibia maintained almost the same lateral displace-
ment in both the injured and the normal knees (p =
0.7).

At55°, the intercondylar eminence was displaced
6.0 mm proximally, compared to the unloaded ref-
erence position, and translated 5.4 mm distally
to 0.6 mm at 0°. The corresponding values in
the normal knees were from 7.1 mm to 0.5 mm.
Between 50° and 10°, the proximal to distal trans-
lations were about the same on the injured and
normal sides (p = 0.5).

The tibial intercondylar eminence displaced ante-
riorly during extension in the knees when the ACL
was torn (Figure 3). This displacement was from a
posterior position (—16.2 mm) at 55° to 0.06 mm at
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Figure 3. Relative anterior (+) / posterior (-) translations of
the tibia, compared with the reference examination.

full extension. In the normal knees, the tibial emi-
nence was displaced about 2 mm more anteriorly
at 55° and 1.6 mm more anteriorly at 0° of flexion.
Thus, during extension from 50° to 0°, the tibial
intercondylar eminence maintained a more anterior
position on the normal side (p = 0.008).

Anterior-posterior translation of the femoral
condyles
In the knees with ACL injury, the medial femoral
condyle displaced posteriorly during extension.
Compared to the reference position, the medial
condylar center was positioned 2.5 mm anteriorly
at 55° and translated to a posterior position (—2.2
mm at extension). In the normal knees, the corres-
ponding displacement was from 3.5 mm to -2.5
mm. Between 50° and 10°, we found no difference
between the two sides (p = 0.9).

During extension, the lateral condyle displaced
about 0.2 mm anteriorly between 55° and 0° on
the injured side. On the normal side, the anterior
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Figure 4. Relative anterior (+) / posterior (-) translations of
the lateral femoral condyle center, compared with the ref-
erence examination.

displacement was 3.5 mm. Between 50° and 10°,
the lateral condyle maintained a significantly more
anteriorly displaced position on the normal side
(p =0.02) (Figure 4).

Discussion

All our examinations of knee kinematics were
related to a straight reference position of the knee
with the patient in a non-weight-bearing position.
The abnormal kinematics after rupture of the ACL
may be due to changes, which were already pres-
ent in the supine reference position. In a previous
study of cadaver knees, Kérrholm et al. (1988a)
found that sectioning of the ACL resulted in mini-
mal external tibial rotation and posterior displace-
ment of the intercondylar eminence at 20°-30° of
flexion. If these findings are also present in the
living knee at 0° of extension, it seems unlikely
that differences in the relative femoral-tibial posi-
tion at the reference position could explain our
findings of increased external rotation. However,
we examined only the knee during low-velocity
activity. It is probable that the kinematics could be
different during high-velocity activity.

In a study in vivo, Kérrholm et al. (1988b) found
that associated meniscal injuries increased the ante-
rior-posterior laxity. In our study, 4 patients had
lateral meniscal tears. These tears were small and
too few to permit a reliable evaluation.

When interpreting data on the kinematics of the
knee joint, the experimental method and the use of
specimens or living subjects must be considered.
Marans et al. (1989) measured the kinematics of
the knee with an electrogoniometer. They showed
an increase in anterior-posterior translations after
tearing the ACL, but found no other differences
compared to normal knees. In a cadaver study,
Grood et al. (1984) reported an increase in anterior
tibial displacement in the range of 30° to 0° after
sectioning the ACL. This finding was expected
since this ligament, when the knee is close to
full extension, normally counteracts anterior tibial
translation.

Jonsson and Kirrholm (1994) studied the kine-
matics of the knee during active and loaded exten-
sion. At that time, they were unable to perform
dynamic measurements. Thus, the patient could
actively stabilize the knee during different degrees
of extension, while being radiographed. Further-
more, their patients climbed a higher platform than
that used in the present study (40 vs 8 cm). Com-
pared to this static study, we found less tibial rota-
tion and smaller medial-lateral translations of the
tibial intercondylar eminence in the normal knees.
The corresponding findings in terms of the prox-
imal-distal and anterior-posterior translations did
not differ from the study of Jonsson and Kérrholm.
In contrast to our measurements, they found no dif-
ference in tibial rotation between the injured and
intact sides.

As has previously been observed during active
flexion, but without weight bearing, Kérrholm et
al. (1988b) found increased posterior tibial trans-
lation after rupture of the ACL. The reason for
the difference in pattern of tibial rotation during
dynamic and static extension is not clear. It could
be that hamstring activity increased during motion
compared to the static position. To avoid anterior
subluxation, especially of the lateral tibial condyle,
increased tension in the biceps tendon would be
beneficial (Kélund et al. 1990). Another explana-
tion could be that absence of the ACL for mechan-
ical reasons changes the restraints of the knee
which, as a result of muscular activity, attains a
position in which the relative axial rotations are
changed.

Some studies have shown that patients can vol-
untarily change the kinematics of the normal knee
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(Kérrholm et al. 2000). This certainly also occurs
after an ACL rupture. Jonsson et al. (1989) exam-
ined active extension without weight-bearing in
the knee and found an initial internal tibial rota-
tion from 30° of flexion, followed by external rota-
tion closer to full extension. The early phase of this
motion corresponded to the activation of the mus-
culature in a relaxed knee and differed from obser-
vations during load-bearing. This observation fur-
ther supports the hypothesis that the kinematics of
the knee vary within certain limits, depending on
the type of activity. The extent to which these limits
change after rupture of the ACL is not known.
However, our study and previous ones have shown
that this injury changes the pattern of motion of
the knee, even when motions occur at low velocity.
This might make the cartilage and menisci more
susceptible to damage, because of changes in con-
tact points and loading pattern.

Rudolph et al. (1998) studied knee-motion using
external markers and cameras. The patients with
rupture of the ACL, who returned to their prein-
jury activity level without limitations (coopers),
had similar kinematics in the injured and normal
knees. However, all the patients had an abnormal
gait. Those who had symptoms of instability during
activities of daily living (non-coopers) had reduced
flexion and used a stabilization strategy to reduce
knee joint laxity. The findings in the latter group
are to some extent in line with our observation of
reduced anterior-posterior motions of the lateral
femoral condyle. The patients may have increased
the joint compression forces on the injured side to
obtain better stability. This may be another reason
for the increased risk of degenerative changes. It
seems probable that the amount of accumulated
damage from abnormal pathways of motion during
all types of activity and any subluxations of the
joint correlate to the risk of developing clinically
manifest arthrosis. The individual anatomy of the
joint and the quality of the cartilage and the sub-
chondral bone before injury may also be impor-
tant.

In conclusion, active continuous extension of the
ACL-injured knee from 55° to 0° was associated
with a more externally rotated and dorsally dis-
placed tibia than in the normal knee. The lateral
femoral condyle was more anteriorly placed at 50°
of flexion and moved less during extension than

did the normal knee. This abnormal kinematics
could increase the joint pressure and may be one
of the reasons for degenerative changes seen after
ACL injuries.
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