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NY), and a computer. Markers were placed at the il-
iac crest, greater trochanter, lateral joint line of the
knee, lateral malleolus, base of the fifth metatarsal,
and the calcaneus (Selspot only). The geometric
centers of the hip, knee, and ankle were determined
from the marker positions.3 The knee center was lo-
cated at the midpoint of a line between the periph-
eral margins of the medial and lateral plateau at the
level of the joint surface. The three-dimensional ki-
netics of the joint centers then were computed using
a link model in which the inertial properties of each
segment were lumped at its mass center.!> External
moments about each joint were transformed to a lo-
cal coordinate system that moved with each limb
segment. The three-dimensional components thus
were resolved along the flexion and extension, ab-
duction and adduction, and internal and external ro-
tation axes. At the knee the local axes followed the
motion of the shank. All of the moments were ex-
pressed as a percentage of the subject’s weight
times height so that comparisons could be made be-
tween the subjects.

The moments that are reported are external mo-
ments and include the effect of the ground reaction
force, limb segment weight, and limb segment in-
ertia. On the basis of mechanical equilibrium, in-
ternal moments of equal magnitude are generated
which must balance these measured external mo-
ments. The internal moments are generated by
muscles, soft tissues, and joint contact forces. Thus
an external flexion moment would be balanced by
net quadriceps muscle activity and an external ex-
tension moment would be balanced by net knee
flexor activity. The external moment, however, re-
flects the net effect of the quadriceps and the knee
flexor muscle performance because cocontraction
of these muscles is possible.

The sagittal plane knee moments normally have
a biphasic pattern! (Fig 1). The external knee mo-
ment changes from an extension moment just after
heelstrike (initial knee extension moment), to a
flexion moment at the end of loading response or
the beginning of midstance (early midstance knee
moment), to an extension moment during terminal
stance (terminal stance knee moment), to a flexion
moment during preswing (preswing knee flexion
moment). The analysis of the quadriceps avoid-
ance gait pattern was based on the early midstance
knee moment (Fig 1). In the case of anterior cruci-
ate ligament deficiency, there is often a net avoid-
ance (quadriceps avoidance gait) or reduction of
this net external flexion moment.¢ The quadriceps
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Fig 1. Variations in the sagittal plane knee mo-
ment during gait. Subjects with an anterior cru-
ciate ligament deficiency tended to have a
quadriceps avoidance gait pattern in which the
midstance knee flexion moment is an extension
moment rather than a flexion moment. Control
subjects typically have a midstance knee flexion
moment that is greater than those subjects with
an anterior cruciate deficiency.

avoidance gait pattern thus is defined by the pres-
ence of a net external knee extension moment at
early midstance rather than an external flexion mo-
ment as typically seen among healthy subjects.!

A statistical analysis of the knee kinematics
and kinetics of the patients with anterior cruciate
ligament deficiency and the control subjects was
performed. Attention was directed toward
changes between the specified time intervals.
Differences between the average values for the
anterior cruciate ligament deficient groups at the
different time intervals and the control group
were analyzed with an analysis of variance
(ANOVA) and Bonferroni correction for multiple
group comparisons. Testing was done for signifi-
cant differences between the slopes and intercepts
of a linear regression model based on the anterior
cruciate deficient subjects and between the slopes
and intercepts of a linear regression model based
on the control subjects. A significance level of o
< .05 was used for all statistical analyses.

RESULTS

The anterior cruciate ligament deficient group
had a significantly decreased midstance knee
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Relationship Between Knee Angle
and Early Midstance Knee Moment
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Fig 2. The early midstance knee flexion mo-
ment and the corresponding knee flexion angle
were significantly correlated. Moreover the in-
tercepts of the best fit line for the anterior cruci-
ate deficient group and control group were
significantly different although there was no sta-
tistically significant difference between the
slopes of the two groups. Thus, for a given mo-
ment the predicted knee flexion angle of the
subjects with an anterior cruciate deficiency
was greater than that of the control subjects.

knee extension moment compared with the
subjects in the control group (p < .03)(Table
2). This increase in the terminal stance ex-
tension moment appeared to develop over
time. The patients in the early and intermedi-
ate groups had a terminal stance extension
moment not significantly different from that
of the control group (-2.2 £ 1.1% body
weight times height) (p = 0.68 early; p=0.80
intermediate) while the moment of the
chronic group was significantly greater than
that of the control group (3.9 = 1.6% body
weight times height). Likewise there was a
trend for the patients in the chronic group to
have an increased moment when compared

with the patients in the early and intermedi-
ate groups (p = .09). The maximum knee ex-
tension moment for the entire stance phase
also was increased terminal stance signifi-
cantly when comparing the entire anterior
cruciate ligament group with the control
group (p < .03) (Table 2).

As time after the injury to the anterior cru-
ciate ligament increased, there was a signifi-
cant decrease in the terminal extension knee
angle between the early and chronic groups
(p < .01). Moreover, in the chronic group the
terminal extension knee angle was signifi-
cantly less than the normal subjects (p < .03)
whereas that of the early and intermediate
groups were not statistically different from
normal (p = 0.1 early; p = 0.5 intermediate)
(Fig 3). The terminal extension knee angle
decreased from 8° + 5° in the early group, to
5° + 3° in the intermediate group, to 2° + 3°
in the chronic group (Table 3). For the con-
trol group, the terminal extension angle was
6° + 4°. The remaining knee kinematics
(minimum knee flexion, midstance knee
flexion, and maximum knee flexion angles)
were not significantly different between the
anterior cruciate ligament deficient groups
and the control group.
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Fig 3. Sagittal plane knee angle during gait for
the chronic anterior cruciate deficient group and
control group. Minimum knee flexion angle, mid-
stance knee flexion angle, terminal extension
knee angle, and maximum knee flexion angle
were evaluated.
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TABLE 3. Sagittal Plane Knee Angles During Gait*

Minimum Midstance Terminal Maximum
Knee Knee Extension Knee
Number of Flexion Flexion Knee Flexion
Subject Group Subjects Angle (°) Angle (°) Angle (°) Angle (°)
Normal subjects 30 -3+5 18+ 6 6+4 67 +4
All patients with
anterior cruciate
ligament deficiency 30 2+3 17+5 65 66 +5
Time interval groups
Early group 15 1+£3 18+5 8+5 67 +4
Intermediate group 9 4+3 16+ 4 53 657
Chronic group 6 212 155 2+3"t 65 +4

*Values are mean + standard deviation.

**Significant difference (p < 0.05) when compared with control group.
tSignificant difference {p < 0.05) when compared with early group.

DISCUSSION

The results of this study suggest that patients
with anterior cruciate ligament deficiency
adapt to their injury over time. Each of the
peak external moments calculated for the
knee during stance phase (midstance knee
moment, terminal stance moment, and the
maximum flexion and extension moments)
showed either a reduction in the magnitude
of the external flexion moment or an in-
crease in the magnitude of the external ex-
tension moment. These changes in the mo-
ments were interpreted to represent a net
reduction or avoidance in quadriceps use and
an accentuation of hamstring use. Thus, a
new phasing between the knee flexors and
extensors in which the use of the quadriceps
is reduced and the use of the knee flexors is
increased is established over time.

The lack of an external flexion moment
during early midstance (quadriceps avoid-
ance gait) would be more consistent with a
reduction in quadriceps activity than an in-
crease in hamstring activity. From an
anatomic viewpoint the hamstrings do not
serve as effective synergists to the anterior
cruciate ligament when the knee is near full
extension.?> The patients’ ability to compen-
sate for the loss of the anterior cruciate liga-

ment during the loading response and early
midstance phases of gait would be limited.
Quadriceps contraction, however, during
these phases of the gait cycle would induce
an anterior drawer, causing the quadriceps to
act as an antagonist to the anterior cruciate
ligament. A decrease in quadriceps activity
would appear to be a more effective mecha-
nism for reducing anterior drawer during this
portion of the gait cycle.

Reports of quadriceps strength deficits
among patients with anterior cruciate liga-
ment deficiency also would be more consis-
tent with a reduction in quadriceps activity
during walking rather than with an increase
in hamstring activity. Tibone et al?8 reported
a 14% quadriceps deficit and a 4% hamstring
deficit in patients with anterior cruciate liga-
ment deficiency, and McHugh et al2? de-
scribed a significant strength deficit on the
involved side for the quadriceps and ham-
strings.

When generating a comparable early mid-
stance knee moment, the patients with ante-
rior cruciate ligament deficiency tended to in-
crease the knee flexion angle in comparison
with the control group. This may represent a
protective mechanism that avoids extension
to protect against anterior translation of the
tibia and against possible instability in pa-
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tients with anterior cruciate ligament defi-
ciency. As time after injury to the anterior cru-
ciate ligament increased, there was a tendency
for decreased knee flexion moments. A pa-
tient’s initial response to injury may be to
walk with his or her knee flexed slightly more
when one is generating the early midstance
knee flexion moment. As time after injury in-
creases, however, patients adapt and tolerate a
straighter knee because the magnitudes of the
external flexion moments are less.

In vivo studies of strain in the anterior cru-
ciate ligament have revealed that the quadri-
ceps is responsible for inducing the greatest
strain in the anterior cruciate ligament during
level walking at the point of terminal exten-
sion of the knee.4 It is not surprising, there-
fore, that no differences between the patients
with anterior cruciate ligament deficiency
and the control subjects were found in maxi-
mum knee flexion angles during level walk-
ing. Patients with anterior cruciate ligament
deficiency tend to function more normally in
activities in which the knee is flexed more
than 40°.6

Understanding adaptations during gait and
their relationship to the stability of the knee
joint may help explain and, eventually, help
predict the clinical outcomes of patients with
anterior cruciate ligament deficiency. How
the adaptation is established over time, the
functional role of adaptation during gait and
during possible strenuous athletic activities
may explain some of the results borne out in
clinical studies. Daniel et al'! described in
their prospective outcome study on the fate of
the patient with anterior cruciate ligament de-
ficiency that 61% of the patients were able to
cope with their injuries although many were
symptomatic. The remaining patients under-
went reconstruction at varying time intervals.
Daniel et al!! found that the hours per year of
participation in strenuous athletic activities
was the most important predictor of the need
for future meniscal ligament surgery.

The goal of conservative treatment in an-
terior cruciate ligament deficiency is to reha-
bilitate the muscles surrounding the knee so

that they can dynamically compensate for
the loss of anterior cruciate ligament func-
tion. Some authors have emphasized ham-
string strengthening because the hamstring
muscles are protagonists of the anterior cru-
ciate ligament when the knee is flexed.!527.29
The authors’ results and the dynamic elec-
tromyography studies of others®26 have sug-
gested the presence of increased and pro-
longed hamstring activity in patients with
anterior cruciate ligament deficiency. The in-
creased external extension moments found in
this study suggest that the hamstrings work
to stabilize the knee during certain periods of
stance phase. These findings support the role
of hamstring strengthening as an integral
part of rehabilitation by adding functional
stability to the knee of the patient with ante-
rior cruciate ligament deficiency.

The decreased external flexion moments
and increased external extension moments,
therefore, may represent an adaptation that
decreases the abnormal anterior translation
of the tibia by reducing the anterior pull of
the quadriceps and increasing the stabilizing
effect of the hamstrings. These gait changes
were significantly more pronounced in the
chronic group of patients when compared
with the earlier groups of patients. This sup-
ports the premise that gait adaptations in pa-
tients with anterior cruciate ligament defi-
ciency develop gradually over time.

This study is a cross sectional representa-
tion of patients with anterior cruciate ligament
deficiency. A limitation of this study is that
patient observation was not carried out longi-
tudinally through time. A prospective study
that analyzes patients who have adapted suc-
cessfully to their injury without surgery at
specified time intervals would better assess
the natural history of the anterior cruciate lig-
ament deficient state. A prospective study also
would determine better whether the small but
statistically significant change in the terminal
knee extension has clinical significance. The
results of this study provide a basis for con-
ducting the more time consuming and costly
prospective study.
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The gradual development of functional
adaptations during time supports the hypoth-
esis that there is a subconscious reprogram-
ming of the locomotive process that protects
the knee from excessive anterior translation
of the tibia. The interval changes in gait
show that the reprogramming process is
adaptable. The interval changes also may de-
velop as the secondary restraints (medial
meniscus) to anterior translation of the prox-
imal tibia begin to stretch out.

Gait analysis provides a means to detect
these subtle changes in the function of the
knee that may have a role in predicting the
outcomes of therapeutic intervention. Better
understanding of how these adaptations
change with time and what effect these
changes have on the menisci and other liga-
ments may help identify patients with ante-
rior cruciate deficiencies who are at a greater
risk of having an unstable knee or subse-
quent degenerative changes develop.
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