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Summary: The metabolic cost of walking and jogging following injury to the anterior
cruciate ligament is unknown. Economy of motion refers to the oxygen consumption for
a submaximal work rate. The purpose of this study was to compare the economy of walking
and jogging of an anterior cruciate ligament-deficient population with that of a control population without orthopaedic abnormalities. Steady-state oxygen consumption was
measured in 30 patients and 98 controls while they were on a treadmill at various speeds.
Deficiency of the anterior cruciate ligament was diagnosed arthroscopically. The patients
also were tested for isokinetic knee extension-flexion strength, hip flexion, and abduction
and adduction strength and underwent arthrometric measurement of anterior tibia1 displacement. The patients had a statistically significant increase in oxygen consumption when
jogging at 160.9 m/min (p = 0.007); however, there was no significant effect of anterior
cruciate ligament deficiency on economy at the other speeds tested. The patients had
significant deficits in strength of all muscle groups tested. Steady-state oxygen consumption
at 160.9 m/min tended to be inversely related to the deficit of strength of knee flexion
(r = -0.44, p = 0.07). Arthrometric measurements and chronicity of injury were unrelated
to steady-state oxygen consumption. These data indicate that anterior cruciate ligament
deficiency increases oxygen consumption during jogging. In long-distance running, this
decreased economy translates into significant additional caloric requirements, which may
result in earlier fatigue.

Adaptations in gait have been identified in patients who have a deficient anterior cruciate ligament (1). Berchuck et al. (1) described adaptations
during walking, running, and stair-climbing, which
were attributed to avoidance of anterior shear forces
on the tibia (“a quadriceps-avoidance gait”). Abnormal electromyographic profiles during walking
also have been demonstrated in anterior cruciatedeficient patients (13J4). In these studies, alterations in the pattern of hamstring activity during the

gait cycle were explained by an increased reliance on
the hamstring muscle group for knee stability. The
potential metabolic effects of these adaptations in
gait have not been examined.
Economy of walking and jogging refers to the metabolic cost, as measured by steady-state oxygen consumption (VO,), for ambulation at a standardized
submaximal speed (4,9,18). Specific orthopaedic abnormalities have been associated with significant
decreases in economy of walking (5,8,16,20,22,23).
In patients with degenerative joint disease of the hip,
and
oxygen consumption (milliliter/kilogram/minute)
oxygen cost (milliliter/kilogram/meter) for walking
decreased significantly following total hip replacement (2,16,20). The oxygen cost of walking with a
prosthesis following amputation of the lower limb
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was increased in comparison with walking with an
intact limb (8); however, the lower the level of amputation, the less the subsequent effect on the oxygen
cost of walking with a prosthesis (22).
It is apparent that economy of running is decreased
in children (21,24), and economy of walking has been
shown to be decreased in individuals over 65 years of
age (15). The sex of the individual does not appear to
affect economy of walking or jogging (3,7,9,17,19).
Comparison of active and sedentary individuals has
shown economy to be unaffected by the level of
physical activity (6J.5); however, in homogeneous
groups of runners, economy has been predictive of
running performance (4,10,12). Paradoxically, maximum oxygen consumption has been shown to be
negatively related to the economy of running (19).
Nonpathological musculoskeletal tightness has been
associated with increased economy of walking and
jogging (9).
The purpose of this study was to compare the economy of walking and jogging in an anterior cruciatedeficient population with that in a population without
orthopaedic abnormalities and to identify any metabolic differences between these groups.

MATERIALS AND METHODS
Thirty anterior cruciate-deficient patients (21 men
and nine women) were studied prior to elective reconstructive surgery. The deficiency was classified
as acute if injury had occurred less than 2 months
previously (n = 13) and as chronic if it had occurred more than 6 months previously (n = 17). The
mean age (2SEM) was 30.1 ? 1.1years, height was
171.8 2 1.2 cm, and weight was 74.8 +- 1.8 kg. Anterior cruciate ligament deficiency was diagnosed
clinically and by magnetic resonance imaging and
subsequently was confirmed arthroscopically by the
same orthopaedic surgeon. Seventeen subjects had
meniscal tears in the anterior cruciate-deficient knee
(seven medial, six lateral, and four combined), and
14 patients had arthritic changes (seven medial compartment, two lateral compartment, two combined
medial-lateral compartments, and three combined
medial compartment and patellofemoral). Eight patients had a combination of meniscal tears and arthritic changes.
VOz was determined through open circuit spirometry by a SensorMedics MMC (SensorMedics, Anaheim, CA, U.S.A.) with patients on a level treadmill
at speeds of 53.6,80.5,107.2,134.1, and 160.9 m/min.
VO, measurements were made at 20-second intervals for 5 minutes at 53.6 m/min; for 4 minutes each
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at 80.5, 107.2, and 134.1 m/min; and for 5 minutes at
160.9 m/min. At the initial speed of testing, measurements were made over 5 minutes to ensure that the
patients had sufficient time to become accustomed
to the breathing apparatus: measurements also were
made over 5 minutes at 160.9 mlmin to provide additional time for patients to reach steady-state V02.
The means of the V 0 2 measurements for the last 2
minutes at each speed were recorded. If the mean
VO, in the last minute increased by more than 2.0
ml/kg/min from the previous minute, the subject was
deemed not to have reached steady state, and no
measurement was recorded for that speed. We attempted to predict V 0 2 at 187.7 d m i n in the patients by computing a linear regression of V 0 2versus
speed. From each individual regression, we calculated the V 0 2 at 187.7 m/min.
The anterior cruciate-deficient population also
was tested for general flexibility, bilateral isokinetic
knee extension, and knee flexion muscle strength;
manual muscle strength was determined for bilateral
hip flexion, abduction, and adduction strength; and
bilateral arthrometric measurements of anterior tibial displacement were made.
Eleven flexibility tests, as described by Gleim et
al. (9), were performed: trunk rotation, toe touch,
hip adductor, lotus, toe-out, knee to chest, Ober test,
Ely test, straight leg raise, ankle dorsiflexion, and
Thomas test. A scoring system of +I (tight), 0 (normal), and -1 (loose) was applied, for a potential total
score of +11 or -9 (two tests had no category for
looseness).
Knee extension and flexion muscle strength were
tested bilaterally with use of an isokinetic dynamometer (Cybex 11; Lumex, Ronkonkorna, NY, U.S.A.).
The subjects were tested in the seated position with
the hips flexed 70" and a stabilization strap positioned across the anterior thigh. They performed two
sets of three maximal repetitions at 60"/sec. Peak
torque was recorded in newton-meters for both muscle groups.
Bilateral hip flexion, abduction, and adduction
muscle strength were tested with use of a hand-held
dynamometer (Nicholas Manual Muscle Tester; Lafayette Instruments, Lafayette, IN, U.S.A.). The mean
breaking force of two repetitions was calculated in
kilograms for each muscle group.
Anterior tibial displacement was measured with a
knee arthrometer (KT1000; Medmetric, San Diego,
CA, U.S.A.).The same experienced examiner tested
all subjects. The subjects were positioned supine with
the knees flexed 20-30' and external tibial rotation
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TABLE 1. Steady-state oxygen consumption (VOJ (mean 2 S E M ) for walking and jogging
for controls and anterior cruciate ligament-deficient patients

Speed (m/min)

VOz (ml/kg/min)

53.6
80.5
107.2
134.1
160.9

10.4 2
12.6 ?
18.0 2
28.6 2
33.7 2

Controls
95% confidence limits

0.2
0.2
0.3
0.3
0.3

Patients
VOz (mVkg/min)
95% confidence limits
9.9 z 0.2
12.8 ? 0.2
18.5 2 0.3
29.9 2 0.4
36.5 2 0.6"

10.1-10.7
12.3-12.9
17.5-18.5
27.9-29.3
33.0-34.4

9.4-10.3
12.3-13.2
17.9-19.1
29.0-30.8
35.2-37.9

uSignificantly different from control (p = 0.007).

of approximately 15-25'. Measurements were made
until three consecutive readings at 89 N varied by
less than 0.5 mm. Anterior displacement of both
knees at 89 N of force was recorded.
A control population of 98 subjects (60 men and
38 women) without orthopaedic abnormalities was
used for comparison of economy of walking and jogging. The data on these subjects were reported previously (9). The control subjects were tested in the
same laboratory as the anterior cruciate-deficient
patients, with use of the same treadmill protocol.
VOz measurements also were made at 187.7 m/min
in the control population. The mean age (tSEM) of
the control population was 33 2 9.7 years, height was
171.9 f 9.3 cm, and weight was 69.6 5 12.4 kg.

Analysis of Data
The VO, measurements were analyzed by the establishment of 95% confidence limits for each group
at each speed. A significant (p < 0.05) betweengroups difference for V 0 2 at a given speed was
present where there was no overlap of the 95% confidence limits. For the patients, two-tailed paired
t tests were used to test for significance of strength
deficits. Two-tailed unpaired t tests were used to test
for the effect of chronicity on selected variables.
Pearson product moment correlations were used to
determine the strength of association between two
variables. All data were reported as the mean 2
SEM.
RESULTS
All 30 patients reached steady state at 53.6 and
80.5 m/min; 28, at 107.2 m/min; 22, at 134.1 m/min;
and 17, at 160.9 m/min. None of the subjects who
completed testing at 134.1 and 160.9 m/min reported
any knee discomfort while jogging. The mean ?
SEM and the 95% confidence limits for VO, at each
speed for the two groups are shown in Table 1. The
VO, for jogging at 160.9 d m i n was significantly increased in the anterior cruciate-deficient group (p =
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0.007) and tended to be increased at 134.1 m/min
(p = 0.075). A predicted V 0 2 at 187.7 d m i n was
calculated for 16 patients (a regression was not calculated for one patient, who only achieved steady
state at 53.6,80.5, and 160.9 mlmin). All 16 individual
regressions were significant at p < 0.01 with r 2 0.95.
The predicted VOz at 187.7 m/min was 42.7 +- 0.8
ml/kg/min. For the controls, the VO, was 38.2 5
0.3 ml/kg/min at 187.7 m/min (Fig. 1). The predicted
V 0 2 at 187.7 m/min for the controls, on the basis of
measurements from 53.6 to 160.9 m/min, was 39.b
ml/kg/min.
The patients had significant strength deficits on
the involved side for all muscle groups tested (Fig.
2). There was a tendency for the percentage of
strength deficit in the hamstring muscle group to be
inversely related to VOz at 160.9 m/min (r = -0.44,
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FIG. 1. Steady-state oxygen consumption (VO,) versus speed.
0 = control, 0 = anterior cruciate ligament (ACL) deficient,
and *significantly different from control (p < 0.05). **The anterior cruciate-deficient value is a predicted value (see Results
section) and was not tested for statistical significance.
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FIG. 2. Knee extension (KE) and knee flexion (KF) peak torque and hip flexion (HF), hip abduction (HAB), and hip adduction
(HAD) breaking force for anterior cruciate ligament-deficient patients (n = 30). *Significant strength deficit on the involved side
(p < 0.001).

p = 0.07). Other variables for strength did not relate with VO, at 160.9 m/min. The strength deficits
in each muscle group tested were averaged for each
patient in order to provide a measure of total weakness of the limb relative to the uninvolved limb.
TheVO, at 160.9 m/min in patients with an average strength deficit of less than 10% (n = 6) was
36.7 2 1.0 ml/kg/min,and in patients with an average
strength deficit of more than 20% (n = 8), it was
35.4 ? 1.0 ml/kg/min (p > 0.05).
Anterior tibial displacement at 89 N was 10.2 f 0.6
mm on the involved side and 6.6 2 0.5 mm on the
noninvolved side; the difference between sides was
3.5 2 0.5 mm. Absolute or relative anterior tibial
displacement measurements were not correlated with
VO, at 160.9 d m i n (r = 0.23, p > 0.05 for both).
Chronicity of anterior cruciate deficiency had no effect on anterior tibial displacement on the involved
side (chronic = 10.2 -+ 3.4 mm, acute = 9.8 ? 3.4 mm).
Chronicity had no effect on V 0 2 at 160.9 mlmin
(chronic n = 7, acute n = 10; p = 0.90). VO, at 160.9
m/min was not affected by meniscal damage (n = 11;
p = 0.86), arthritic changes (n = 6; p = 0.33), or a
combination of both (n = 4; p = 0.31).
The mean flexibility scores were similar between
groups: 0.5 5 0.6 for the patients and -0.3 5 0.5 for
the controls. The effect of flexibility on the economy
of walking and jogging in the control population

has been previously reported (9). Using the same
dichotomy between musculoskeletal looseness and
tightness as used by Gleim et al. (9) (loose,-3 or less,
tight, +3 or more), we observed an increased VO,
at all speeds in anterior cruciate-deficient patients
classified as loose compared with those classified as
tight. The groups were too small to demonstrate statistical significance. VO, at 160.9 m/min was not correlated with flexibility (r = -0.3, p > 0.05).
DISCUSSION
These results demonstrate an 8% increase in the
VO, for jogging at 160.9 m/min in a group of anterior
cruciate-deficient patients compared with controls.
This represents a significant decrease in economy of
jogging associated with anterior cruciate deficiency.
Economy of walking was not affected significantly.
The divergence from normal economy associated
with anterior cruciate deficiency appears to increase
with speed. Although we took VO, measurements
at 187.7 m/min in the control population, we chose
not to have the anterior cruciate-deficient population run at this speed. On the basis of the VO, responses at 160.9 m/min, it is doubtful whether a
significant number of anterior cruciate-deficient patients would have reached steady state at 187.7
m/min. However, these results indicate that running at speeds greater than 160.9 m/min may result
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in an even greater divergence from the normal VO,
for the anterior cruciate-deficient patient (Fig. 1).
The apparent decrease in level of fitness of the anterior cruciate-deficient population is not seen as
a confounding variable, since economy has been
shown to be independent of the level of physical
activity (6,15).
Although the patients had significant weakness in
the major muscle groups of the involved limb, these
variables were not statistically related to V 0 2 during
jogging. Patients with major strength deficits in the
involved limb (more than 20%) actually had a lower
(not significant) V 0 2 for jogging than did patients
with minor strength deficits (less than 10%).
Economy of walking and jogging tended to be increased in patients with general musculoskeletal
tightness. This is in agreement with the previously
reported findings for our control population (9). The
mean total flexibility scores for the two groups
were remarkably similar (patients, 0.5 2 0.6; controls, -0.3 ? 0.5); this suggests that the effect of anterior cruciate deficiency demonstrated here was not
a function of the flexibility of the anterior cruciatedeficient patients.
The mechanism by which economy of motion is
affected by anterior cruciate deficiency is unclear
from this data. The oxygen cost for jogging was not
related to arthrometric measurement of anterior tibial displacement. Previous work has demonstrated
altered hamstring activity with walking in anterior
cruciate-deficient patients (13J4), suggestive of a
compensatory mechanism to minimize anterior tibial displacement. Furthermore, Berchuck et al. (1)
demonstrated a bilateral reduction in peak net internal extension moment during the mid-support phase
of jogging in unilaterally anterior cruciate-deficient
patients. Those authors suggested the possibility
of simultaneous contraction of the quadriceps and
hamstrings, resulting in a decreased internal extension moment. The peak load on the intact anterior
cruciate ligament has been shown to be approximately three times greater while jogging (134.1
m/min) than walking (60.3 m/min) (11), in contrast
to the findings of Berchuck et al. (l), who reported
no increase in the calculated anterior tibial shear
forces with running. If the anterior cruciate-deficient
knee is subjected to greater anterior tibial shear
forces during jogging in comparison with walking,
the subsequent increased demand on the hamstrings
to provide stability should have a concomitant increased metabolic cost. This may explain why relative hamstring weakness tended to be inversely
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related to VO, at 160.9 m/min (r = -0.44, p = 0.07).
It is possible that patients with relatively stronger
hamstrings activated them more effectively to stabilize the anterior cruciate-deficient knee at a concomitant increased metabolic cost. However, the
ability to use the hamstring muscle group to stabilize
the anterior cruciate-deficient knee is not necessarily
a function of the absolute strength of that muscle
group, and the relationship of strength to economy
is weak.
The decreased economy of jogging associated with
anterior cruciate deficiency demonstrated here represents a clinically significant increase in the energy
demand for prolonged running. On the basis of these
results, the caloric cost of running 10 km at 160.9
m/min would be increased by approximately 60 kcal
in an anterior cruciate-deficient runner weighing 75
kg compared with a runner of the same weight who
has an intact anterior cruciate ligament. Such an increased demand for energy by the anterior cruciatedeficient runner would be equivalent to an extra 850
m in a 10 km run. Even greater relative increased
caloric expenditure may be expected for the anterior
cruciate-deficient runner at a faster pace (Fig. 1).
This increased caloric expenditure for long-distance
running may result in earlier fatigue and slower race
times.
It remains to be seen whether a maximally rehabilitated, conservatively treated anterior cruciatedeficient population could improve their economy.
However, we were unable to explain the increased
oxygen consumption for jogging by loss of strength
or by instability in the involved limb. Although it is
possible that the patients in this study were relatively
deconditioned, general activity level has been shown
not to affect economy (6,15).
In conclusion, anterior cruciate deficiency decreases the economy of jogging. It remains to be seen
whether reconstructive surgery on the anterior cruciate ligament can improve economy of jogging
and reestablish a normal response. Similarly, it is
not known whether normal gait mechanics or electromyographic profiles are reestablished following
successful reconstruction of the anterior cruciate
ligament.
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