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Context: Evaluating moment balance around the knee helps
athletic trainers set appropriate targets for injury prevention and
rehabilitation programs.

Objective: To examine the knee flexor (KF) to knee extensor
(KE) moment ratios using the moments when each muscle
group acts as an agonist and using the moments when the KE
acts as an agonist and the KF acts as an antagonist.

Design: Cross-sectional.

Setting: University research laboratory.

Patients or Other Participants: Seventeen pubertal males
(age = 13.7 = 0.2 years, height = 1.61 = 0.04 m, mass =
51.3 = 2.7 kg).

Intervention(s): The subjects performed maximal isokinetic
concentric KE (KE¢o,) and eccentric KF (KF...) efforts and per-
formed eccentric KE (KEg.;) and concentric KF efforts at
60°/s and 180°/s while we recorded the bipolar surface electro-
myographic (EMG) signal of the involved muscles. The KF an-
tagonist moment was estimated from EMG-moment relation-
ships determined during calibration KF efforts. Maximal

moments were used to estimate the KF:KE ratios, and EMG-
based moments were used to estimate the antagonist to ago-
nist ratios.
Main Outcome Measure(s): We calculated KF:KE ratios for
various angular positions, velocities, and movement directions.
Results: The KF¢.c:KEy ratio significantly increased as the
knee extended (P < .05) at increased angular velocity (P <
.05), reaching a value of 3.14 += 1.95 at full extension. The
estimated knee flexor antagonist to knee extensor agonist ratio
also increased near full extension (0.32 = 0.21).
Conclusions: Although the KFs have a higher capacity to
produce maximal moment near knee extension and at in-
creased angular velocities, knee joint movement is achieved
through a balanced coactivation of the 2 antagonistic muscle
groups to maintain joint stability and movement efficiency. The
combined use of moment and EMG data can provide additional
useful information regarding muscle balance around the knee.
Key Words: muscle balance, strength, rehabilitation, injury
index, coactivation

around the knee joint.

adaptations to exercise.

Key Points
» The information obtained when using the knee flexor to extensor moment ratio does not reflect the true balance of forces
* When combined, the electromyographic measures and moment data provide better information about the balance of

forces between the hamstrings and quadriceps muscles at the knee than when these measures are used alone.
« Alterations of muscle coactivation patterns during and after a training program could provide an index of the neuromuscular

cle function conventionally have been described using a

variety of techniques, including isokinetic strength evalu-
ation'2 and electromyography (EMG).3* The knee flexor (KF)
to knee extensor (KE) peak moment ratio is the most frequent
isokinetic value used to estimate muscle balance!- because it
expresses the function of 2 opposing (agonist and antagonist)
muscle groups, providing a comprehensive description of re-
ciprocal muscle function.! Researchers currently propose eval-
uating functional or dynamic control ratios.>>-¢ This evalua-
tion involves calculating the eccentric KF (KFgcc) to
concentric KE (KEcgy) ratio that represents knee extension or
calculating the concentric KF (KFcgn) to eccentric KE
(KEgcc ) ratio that represents knee flexion.! The peak moment
KF:KE ratio ranges from 0.5 to 0.6 and increases near full
knee extension, exceeding 1.0.6-8 attributed this increase to the
KFs demonstrating relative dominance near full extension as
the stabilizer of the knee joint when the strain on the anterior

In clinical and scientific research, knee joint and thigh mus-

cruciate ligament (ACL) is the greatest.® They also attributed
the shift of the KFgcc:KEcqy ratio at angles of knee extension
to a limitation in recruitment of the KE motor unit at joint
angles of greatest ACL strain.® However, they did not record
the muscle activation patterns during the movement.
Isokinetic moment ratios are limited because they provide
the balance of moments that the antagonist extensors and flex-
ors exert and that are obtained using a maximal test of each
muscle group separately. However, joint loading does not de-
pend only on the maximal capacity of each muscle to produce
force independently; it also depends on the magnitude of force
that both muscles produce at the same time.!%!! Quantification
of agonist and antagonist moments of force exerted during a
task is difficult. Examining the EMG activity of the involved
musculature provides an indirect index of coactivation. In-
creased hamstrings antagonist EMG levels have been linked
to large amounts of loading of the knee joint and the
ACL.310.11 Using advanced algorithms, authors of some stud-
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ies'2"14 have reported that the antagonist moment can account
for almost 20% of the net joint moment, and this percentage
increases up to 80% near full knee extension. Although these
investigators have examined the role of the hamstrings in
maintaining joint stability, they have not examined the balance
of moments between the quadriceps and hamstrings.

Researchers assert that evaluation of the KF:KE ratio and
of antagonist coactivation helps identify normal knee function,
with which pathologic states can be compared. It may help
explain the causes of hamstrings and knee injuries and may
help athletic trainers develop a preventive approach through
correct training and rehabilitation.!:> However, Hoskins and
Pollard!® concluded that insufficient evidence exists to con-
clude that hamstring weakness or hamstring-quadriceps im-
balance is a risk factor for hamstring injury. Evaluation of the
KF:KE ratio at specific joint angles may improve the useful-
ness of this value. Simultaneous examination of the muscle
activation levels may provide additional important baseline in-
formation regarding the state of the neuromuscular activation
around the knee, with which pathologic conditions could be
compared. Furthermore, restoring knee muscle function is one
of the main targets of rehabilitation programs,'® and early
identification of muscle imbalances may help prevent knee
joint injuries.®

The purpose of our study was to examine the KF:KE ratio
by using the moment values when each muscle group acts as
an agonist and when one muscle (KE) acts as an agonist and
one muscle (KF) acts as an antagonist.

METHODS

Subjects

Seventeen pubertal males (age = 13.7 * 0.2 years, height
= 1.61 = 0.04 m, mass = 51.3 £ 2.7 kg) volunteered to
participate in our study. Parents and subjects gave informed
consent before the subjects participated in the experiment,
which was approved by the university’s ethical committee. All
subjects passed medical examinations within 10 days before
the tests and had no injury to their lower limbs. Assessment
of maturation status was performed using self-assessed indices
of Tanner for pubic hair.!7-!8 Thirteen subjects rated them-
selves as Tanner stage 3, and 4 subjects rated themselves as
Tanner stage 4.

Design

The subjects performed 2 series of contractions: maximal
isokinetic efforts and calibration knee flexion efforts. We re-
corded moment and EMG data throughout testing. Maximal
KE and KF moments were used to calculate KF:KE ratios.
Calibration knee flexion efforts were performed to establish
the relationship between biceps femoris (BF) EMG and mo-
ment. Establishing this relationship allowed the estimation of
the moment that the KFs exert, based on the recorded antag-
onist EMG. Once we estimated the antagonist moment, we
calculated the antagonist to agonist moment ratio.

Instrumentation

We performed isokinetic tests using a Cybex Norm dyna-
mometer (Lumex Corp, Ronkonkoma, NY). The dynamometer
signal was amplified using a DA100 B amplifier (Biopac Sys-

tems Inc, Goleta, CA; common mode rejection ratio, >90 dB;
bandwidth = 0.05-500 Hz; noise voltage = 1 wV rms). The
EMG measurements were taken using a TEL100D (Biopac
Systems Inc) remote system. All signals were fed to a 12-bit
analog-to-digital converter sampling at 1000 Hz.

Experimental Procedure

Bipolar surface electrodes (model SS2; Biopac Systems Inc;
interelectrode distance = 15 mm) interfaced to a portable am-
plifier/transmitter (model TEL100M; Biopac Systems Inc;
common mode rejection ratio, >110 dB at 50/60 Hz; band-
width = 10-500 Hz) were placed on the vastus medialis
(VM), vastus lateralis (VL), and BF muscles. We identified the
locations for EMG electrode placement as the subject accom-
plished a maximal voluntary isometric contraction effort from
the seated (VM and VL) and prone (BF) positions on the iso-
kinetic dynamometer. We prepared the electrode locations by
shaving the skin at each site and cleaning it with alcohol
wipes. A customized attachment to the chair was placed un-
derneath the subject, leaving a space between the back surface
of the thigh and the chair. This position enabled the subject to
perform knee flexion contractions and prevented the chair
from applying pressure on the surface electrodes.

All tests were performed from the seated position (hip flex-
ion angle = 75°) with the subject’s trunk, waist, and thigh of
the right leg stabilized with hook-and-loop straps. The axis of
rotation of the dynamometer was aligned carefully with the
approximate center of rotation of the knee on the posterior
aspect of the lateral femoral condyle.

The subjects performed 3 submaximal and 3 maximal con-
centric and eccentric efforts with the KEs and KFs at 60%/s
and 180°/s in randomized order. Range of motion (ROM) was
from 100° to 0° of knee flexion (0° = full extension).

Calibration Efforts of the Knee Flexors

Each subject performed 5 isokinetic concentric and 5 ec-
centric efforts of the KFs at each angular velocity tested. The
purpose of these tests was to obtain moment and EMG data
at various levels of intensity when the flexors act as agonists
and to use these data to predict the moment that the same
muscles exerted when acting as antagonists. In particular, we
asked the subjects to sequentially increase the level of intensity
from 1 contraction to another until the moment reached ap-
proximately 60% of their maximum.!* The subjects were in-
structed to try to overcome the moment-angle curve from the
previous repetition and exert moment throughout ROM.

Data Analysis

Knee Flexor to Extensor Ratio. We analyzed the repetition
demonstrating the maximal KE moment. All moment values
were corrected for gravity. The angular acceleration was cal-
culated after smoothing and differentiation of the angular po-
sition data.!® The moment of inertia of the shank-foot system
was estimated from anthropometric data, whereas the moment
of inertia of the dynamometer lever arm was determined by
modeling the moment as a system of 2 rectangular blocks.2°
Subsequently, the moment that the dynamometer recorded was
corrected for the inertial effects.?!

The ROM was divided into 9 equal intervals from 0° to 90°
of knee flexion. We did not analyze the part of the movement
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Figure 1. Biceps femoris electromyography (EMGg;) to knee flexor
moment (M) data (presented as points) from 1 subject at an an-
gular position interval fitted using a second-degree polynomial
(presented as a line).

from 90° to 100°. The KFgcc:KEcon and KFcon:KEgcc ratios
were estimated for each angular position interval.

Quantification of Antagonist Moment. The EMG signals
were full-wave rectified and averaged with a step of 10 mil-
liseconds, yielding the averaged EMG (aEMG). The antagonist
moment of the KFs was predicted using a method that the
primary investigator (E.K.) and colleagues described in other
studies.'*22 Briefly, for each angular position and muscle ac-
tion (eccentric and concentric) in each subject, we used sec-
ond-degree polynomials to fit the agonist hamstrings aEMG-
moment curves formed at 6 levels of effort (Figure 1). The
polynomials were used to predict the antagonist moment from
the recorded antagonist aEMG. This method demonstrates a
standard error of estimate that is less than 10%,!%23 and it
provides reliable results in an adult population.?? Based on the
results from the previous study of the primary investigator and
colleagues,?2 we assumed that the maximal KF moment is
solely due to BF agonist activity. The coefficients of deter-
mination (72) resulting from the fitting procedure ranged from
.63 to .95.

Quantification of Antagonist to Agonist Moment Ratio.
During isokinetic KE movement, the moment the dynamom-
eter recorded represented the difference between the net mo-
ment exerted by the quadriceps (agonist KE [KEsgon]) and
the hamstrings (antagonist KF [KFnt]):

Net KE moment = KEAGON - KFANT' (1)

We estimated KF nt throughout ROM using the described
procedure. After KF Nt Was estimated, the KE,gon moment
was computed by rearranging the terms of Equation 1:

KEAGON = Net KE moment + KFANT' (2)

After we determined KF,nt and KE gon moments, we cal-
culated the KF n1:KEAGgon ratio for each angular position in-
terval throughout ROM.

Statistical Analysis

We considered the KFgcc:KEcon ratio to represent muscle
balance during knee extension because it corresponds with the

isokinetic test in which the quadriceps work concentrically as
agonists. The KFcon:KEgcc ratio was considered to represent
knee flexion because it corresponds with the isokinetic test in
which the quadriceps work eccentrically as agonists.

We used 2-way analysis of variance (ANOVA) to examine
the effects of angular position and velocity on the KFgcc:
KEcon and KFcon:KEgcce ratios. The effects of movement
direction (extension or flexion), angular position, and velocity
on KF n1:KEaGgon ratios were examined using a 3-way AN-
OVA. All statistical analyses were performed with SPSS (ver-
sion 11.5; SPSS Inc, Chicago, IL). To further analyze the
KFANT:KEAGONv KFECC:KECON’ and KFCON:KEECC ratios,
we calculated post hoc Tukey tests. The level of significance
was set at P = .05.

RESULTS

Eccentric Knee Flexor to Concentric Knee Extensor
Ratio

The KFgcc:KEcon ratios ranged from 0.48 = 0.13 to 3.14
* 1.95 (Figure 2). The main effect of angular velocity (F; ;¢
= 6.81, P = .019) and angular position (F; g = 41.49, P =
.005) on KFgcc:KEcoy ratios was significant. Post hoc Tukey
tests indicated that the ratio (collapsed across angular posi-
tions) was significantly higher at 60°s than at 180°s (P =
.02). Further, the ratios (collapsed across angular velocities)
recorded at each angular position from 60° to 0° was signifi-
cantly higher than the ratios recorded at angles from 90° to
71° (P = .002).

Concentric Knee Flexor to Eccentric Knee Extensor
Ratio

The KFcon:KEgc(c ratio throughout ROM ranged from 0.25
* 0.12 to 1.69 = 0.44 (Figure 3). The ANOVA results indi-
cated a significant main effect of angular position (F;g =
78.03, P = .002) on KFcon:KEgcc ratios. Post hoc Tukey
tests indicated that the ratios (collapsed across angular veloc-
ities) recorded at angles from 50° to 0° were significantly high-
er than the ratios recorded at angles from 90° to 71° (P = .01).

Antagonist Knee Flexor to Agonist Knee Extensor
Ratios

For knee extension, the KFsn1:KEsgon ratio ranged from
0.18 = 0.09 to 0.32 = 0.21 (Figure 4). For knee flexion, the
KFanT:KEAGON ranged from 0.06 = 0.03 to 0.24 = 0.17 (Fig-
ure 5). The ANOVA indicated a significant main effect of
movement direction (F; ;¢ = 18.35, P = .001), angular ve-
locity (Fy 16 = 9.55, P = .007), and angular position (Fg jog
= 12.55, P = .0007) on KF nT:KFAGoN ratios. Post hoc Tu-
key tests revealed a higher ratio during knee extension than
during flexion (P = .01). Ratios (collapsed across movement
direction and angular positions) were higher at 60°/s than ra-
tios recorded at 180°/s (P = .02). Further, the ratios recorded
at angular positions from 0° to 30° were significantly higher
than the ratios recorded at angles from 31° to 90° (P = .01).
Finally, the ratios recorded at angular positions from 31° to
40° were higher than those recorded at angles from 41° to 80°
(P = .03).
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Figure 2. Eccentric knee flexor (KF...) to concentric knee extensor (KE.,,) moment ratio, KF... moment, and KE.,, moment during
isokinetic knee extension at 60°/s (A) and 180°/s (B). Error bars indicate SD.

DISCUSSION

We found that the KF:KE ratio increased significantly to-
ward knee extension, with values exceeding 1.0, especially at
180°/s (Figures 2 and 3). The estimated KFn1:KEgon ratios
were lower (Figures 4 and 5), indicating that only part of the
higher maximal moment capacity of the KFs relative to KEs
is used when the KEs act as agonists.

Knee Flexor to Extensor Ratios

The KFgcc:KEcoy ratio (Figure 2) and the KFcon:KEgcc
ratio (Figure 3) increased significantly as the knee approached

extension. This finding corresponds with the findings of other
researchers'-®8 and could be explained by examining the mo-
ments that each muscle group exerted throughout the ROM.
In particular, the KF moment was higher at angles from 40°
to 30° of knee flexion, whereas the KE moment was higher at
angles from 61° to 80° (Figures 2 and 3). Therefore, any con-
clusions regarding the balance of moments between the 2 an-
tagonist muscle groups are highly dependent on the angular
position examined. If the ratio is used as a predictor of knee
joint or ACL injury, then the KF:KE ratio should be evaluated
at angles ranging from 40° to 0°, where ACL strain is higher
because of quadriceps forces.*10
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Figure 3. Concentric knee flexor (KF.,,) to eccentric knee extensor (KE..c) moment ratio, KF.,, moment, and KE... moment during

isokinetic flexion at 60°/s (A) and 180°s (B). Error bars indicate SD.

Antagonist Knee Flexor to Agonist Knee Extensor
Ratio

The KF  n1:KEAGonN ratio increased as the knee approached
full extension, reaching a value close to 0.30 (Figures 4 and
5). This increase was mainly due to a reduction in the KE
moment as a result of the force-length relationship and the
mechanical disadvantage of this muscle group near full knee
extension.!0 This indicates that, near full extension, the ham-
strings produce approximately 25% to 30% of the moment that

the quadriceps exert, and this supports previous findings that
the hamstring muscles play a significant role in providing dy-
namic joint stabilization during active knee extension.*¢

Movement Direction Effects

Our finding that the KFgcc:KEcqn ratio (Figure 2) was
higher than the KFcoN:KEgcc ratio (Figure 3) confirms the
findings of other researchers.!-® Similarly, we noted that the
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Figure 4. Antagonist knee flexor (KF,,;) to agonist knee extensor (KE,;,,) moment ratio, KF,,; moment, and KE,;,, moment during
isokinetic knee extension at 60°/s (A) and 180°/s (B). Error bars indicate SD.

KFanT:KEAGON ratio was lower during flexion (Figure 5) than
during extension (Figure 4). This finding indicates that the
hamstring muscles have a reduced capacity for dynamic knee
joint stabilization during forceful knee flexion movements with
simultaneous eccentric quadriceps muscle contraction.® This
reduced capacity could be attributed to the basic physiologic

principles of the length-force relationship of skeletal muscle;
the force-velocity relationship is characterized by eccentric
contractions that generate higher forces than corresponding
concentric contractions generate. Therefore, because of higher
muscular forces exerted during eccentric actions, the ability of
the hamstrings to produce antagonist muscle force might be
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critically important for maintaining joint stability during var-
ious movements that involve the knee actively flexing at high
joint velocities.

Angular Velocity Effects

The results of our study indicate a decline in both KFgcc:
KEcon (Figure 2) and KFzn1:KEsgon (Figures 4 and 5) ra-

tios from slow to fast angular velocities. This decline indicates
that as angular velocity increases, the relative eccentric max-
imal moment capacity is higher for the KFs than for the KEs
and can be attributed to the moment-velocity properties of hu-
man muscle. In our study, as the angular velocity increased,
the concentric moment that the KEs produced declined, and
the eccentric moment that the KFs produced remained unal-
tered. In contrast, the effect of angular velocity on the KFcgn:
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KEgcc ratio was not significant (Figure 3). Careful examina-
tion of the KF and KE moment data indicated that KF-gy and
KEgcc moments showed a similar decline from 180%s to
60°/s, which resulted in a similar KF:KE ratio at slow and fast
speeds. Because the KFgcc:KEcon ratio and the KFcon:
KEE(( ratio are considered as indices of muscle balance dur-
ing knee extension and flexion, respectively, our results, which
correspond with the findings of Aagaard et al,° indicate that
angular velocity plays a more important role in the functional
moment ratio during knee extension than during knee flexion.

Differences Between Knee Flexor to Extensor
and Antagonist Knee Flexor to Agonist Knee
Extensor Ratios

Our study shows that the information obtained using the
KF:KE ratio was not the same as that obtained using EMG-
based moments. The high KF:KE ratios indicate that the
“braking” action of the hamstring muscles is equal in mag-
nitude to the maximal quadriceps moment.!-® This finding in-
dicates that the maximal capacity of the hamstrings equals that
of the quadriceps, so the hamstrings have the potential to sta-
bilize the joint, when necessary. Furthermore, this capacity for
muscular knee joint stabilization was augmented progressively
at gradually more extended knee joint positions, as indicated
by the very high KFgcc:KE-on ratios observed near full ex-
tension (Figures 2 and 3). However, if the quadriceps and the
hamstrings produced the same amount of opposing moments
around the knee, then the knee joint would be difficult to ex-
tend. In other words, as muscle coactivation increases, move-
ment becomes less efficient.

In a typical movement, the agonist muscles produce the
main force for the movement, and antagonist activity is higher
at the initial and final phases of the movement to decelerate
the limb and control the joint.?* Given the principle of recip-
rocal inhibition and the need for an optimal neuromuscular
system, we suggest that the hamstrings would only produce
the absolute necessary force to stabilize the knee and decel-
erate the limb.!9-2425 This explains the difference in values
between the KF:KE and the KF n1:KEagon ratios that we
observed.

Implications for Training and Rehabilitation

One of the main targets of injury prevention or rehabilita-
tion programs for the ACL is improving the strength of the
hamstrings because of their role in counteracting anterior-di-
rected ACL shear.!0-12.16 Despite their limitations, isokinetics
enable safe and reliable assessment of muscle strength, so us-
ing them to monitor training programs is recommended.?
However, research findings on the use of KF:KE ratios are
conflicting. First, investigators'-2® generally disagree about the
range of KF:KE ratio values in healthy, uninjured subjects.
Second, they disagree about previous studies of the ability of
the KF:KE ratio to discriminate between controls and subjects
with knee ligament problems. For example, some research-
ers?7-28 have found a higher KF:KE ratio in subjects with ACL
reconstruction, and others2%:30 have asserted that the role of
moment improvement after ACL reconstruction is overesti-
mated. Croisier et al3! showed that the KFgcc:KEqoN ratio
plays a significant role in the occurrence of hamstring muscle
injury, but Hoskins and Pollard!'> suggested that the evidence
is inconclusive. Aagaard et al® observed alterations in the KF:

KE ratio after high-resistance exercise, but other investiga-
tors!#8.28.32.33 have stated the importance of identifying spe-
cific neural muscle activation patterns for dynamic joint
stabilization. For example, St Clair Gibson et al3* attributed
the lack of significant differences in the KFgcc:KEqoyN ratio
between ACL-deficient and normal knees to altered muscular
coordination strategies to maintain normal limb activity de-
spite the strength losses. Because the KF n1:KEsgon ratio
combines EMG activity of the antagonists with the moment
capacity of each muscle group, it could be used to examine
function of the knee or to monitor rehabilitation programs.!©
Alterations of muscle coactivation patterns during and after a
training program would provide an index of the neuromuscular
adaptations to exercise. This information is not obtained when
using the KF:KE ratios.

CONCLUSIONS

In conclusion, the KF:KE ratios that we found exceeded 1.0
near full knee extension, indicating an enhanced maximal
force capacity of the hamstrings relative to the quadriceps. The
EMG moment calibration technique that we applied indicated
that, during active knee extension, the KF n1:KEAgon ratio
increased toward knee flexion and reached a value close to
0.30, especially at the higher concentric angular velocity test-
ed. Maximal moment ratios provide an index of balance ratios
around the knee. However, examination of simultaneous bal-
ance of forces between the quadriceps and hamstrings can be
better achieved when surface EMG measures are combined
with isokinetic data.
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