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Abstract

Many hamstring injuries that occur during physical activity occur while the muscles are lengthening, during eccentric hamstring muscle actions.
Opposite of these eccentric hamstring actions are concentric quadriceps actions, where the larger and likely stronger quadriceps straighten the
knee. Therefore, to stabilize the lower limbs during movement, the hamstrings must eccentrically combat against the strong knee-straightening
torque of the quadriceps. As such, eccentric hamstring strength expressed relative to concentric quadricep strength is commonly referred to
as the "functional ratio" as most movements in sports require simultaneous concentric knee extension and eccentric knee flexion. To increase
the strength, resiliency, and functional performance of the hamstrings, it is necessary to test and train the hamstrings at different eccentric
speeds. The main purpose of this work is to provide instructions for measuring and interpreting eccentric hamstring strength. Techniques for
measuring the functional ratio using isokinetic dynamometry are provided and sample data will be compared. Additionally, we briefly describe
how to address hamstring strength deficiencies or unilateral strength differences using exercises that specifically focus on increasing eccentric
hamstring strength.

Video Link

The video component of this article can be found at https://www.jove.com/video/57508/

Introduction

The relationship between knee flexor and extensor strength has been identified as an important parameter in assessing a person's risk of
incurring a lower limb injury1. Specifically, there is an increased probability of hamstring injury when ipsilateral or bilateral imbalances in
hamstring strength are present when compared to quadricep strength2. Therefore, many sport scientists and practitioners test knee flexor and
extensor strength to determine whether an athlete is at risk of incurring a hamstring injury. However, various testing methods are used that do
not allow for direct comparisons to be made between methods (e.g., different contraction speeds, different muscle actions, and field testing
vs. laboratory testing)3,4,5,6,7,8,9. Although different testing methods provide different bits of valuable information regarding strength levels, the
methodological approach for thigh muscle isokinetic strength testing should be unified to enable comparisons across individuals, populations,
and time.

Although the evaluation of ipsilateral imbalances between knee flexors and extensors have been often described using the conventional
concentric hamstring to concentric quadriceps ratio (H/QCONV)10,11, co-activation of the knee flexors and extensors is known to occur during all
movements and takes place through opposing contraction modes. To explain, the knee extensors are primarily involved in propulsion during
jumping and running, whereas the knee flexors primarily stabilize the knee during landing and running by decelerating the lower limb and
counteracting the rapid and forceful concentric contractions of the extensors. As most movements in sports require simultaneous concentric knee
extension and eccentric knee flexion, a relative strength comparison between the two would be appropriate. Therefore, eccentric knee flexor
strength relative to concentric knee extensor strength is commonly tested and is known as the "functional ratio" (H/QFUNC)12.

Compared to the H/QCONV ratio where values can range from 0.43 to 0.9012, the H/QFUNC ratio can range from 0.4 to 1.413, indicating that
data from different protocols should not be compared to each other. Although maximal concentric torque decreases as concentric speed
increases14,15,16, eccentric torque is greater than concentric torque as speed increases16,17. As such, the H/QFUNC ratio can approach a value of
1.0 as the speed of testing contraction increases13,18. Since most sport movements occur at high velocities, knee extensor and flexor strength
testing are likely more ecologically valid at higher speeds. Therefore, such strength testing protocols should include progressively increased
speeds in a stepwise progression.

If isokinetic testing reveals a large discrepancy between eccentric hamstring and concentric quadricep strength, the discrepancy should
be narrowed through training. For this purpose, decreasing knee extensor strength should never compensate for weak knee flexors at the
expense of a more favorable H/QFUNC ratios, especially in sporting environments. The other option would be to progressively and intensively
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increase knee flexor strength so that the hamstrings become stronger, especially in relation to the quadriceps, at higher speeds. Therefore, if
isokinetic testing reveals some degree of hamstring weakness, a training intervention will likely be necessary to increase hamstring strength,
especially during eccentric muscle actions. As with all training interventions, follow-up testing should be performed to determine the efficacy
of the eccentrically-focused hamstring strength training program, and further adjustments may need to be made. The objective of this paper is
to describe how to test isokinetic functional eccentric hamstring strength, reveal potential hamstring weakness, and suggest how to resolve a
functional hamstring weakness.

Protocol

The presented protocol follows the guidelines of human research ethics committee at Charles University, Faculty of Physical Education in Sport
and has been previously approved as part of research.

1. Familiarize All Subjects Before Isokinetic Testing by Following Steps

1. Ensure that the subjects have not had any recent musculoskeletal injuries or pain in the lower limbs in the previous 6 months. If a subject
reports recent knee pain, or has knee pain during testing, exclude the subject.

2. As eccentric isokinetic testing is likely a novel stimulus for many individuals, familiarize the subject with the protocols on a valid isokinetic
dynamometer19,20 (steps 1.3 to 1.7.6, below) at least twice before participating in official testing. Instruct the subjects to not perform any lower
body resistance training, or other strenuous exercises, 72 h before testing.

3. To begin, guide the subjects through a general warm up.
1. Instruct the subjects to jog for 5-10 min or cycle for 5-10 min on an ergometer with a resistance of 1.5-2 W/kg of body mass with a

cadence between 60-90 rpm.
2. After cycling, instruct the subjects to perform two sets of 8-10 body weight lunges and 8-10 hamstring curls on a Swiss ball with each

leg with 1 min of rest between sets.
3. Next, guide the subjects through dynamic stretching of the lower limbs including the quadriceps and hamstrings21.

4. Show the subject an example of the isokinetic torque-angle curve and explain that live visual feedback will be provided during the test.
5. Explain that the subject should "kick out as hard and fast as possible" for concentric knee extension and "pull back as hard as fast as

possible" for concentric knee flexion. Also explain that the machine will move on its own during eccentric actions, but that the subject should
try to "push as hard as possible" during eccentric knee flexion (eccentric action of the quadriceps) and "pull as hard as possible" during
eccentric knee extension (eccentric actions of the hamstrings).

6. Allow the subject to ask any questions and make sure they understand what will happen during the test. Clearly state that if the subject
experiences any pain or discomfort during the test that makes the subject wish to terminate the test at any time, the subject should inform the
researcher immediately, and the test can be safely aborted.

7. Start the pre-set protocol listed in Table 1, and continually guide the subject through the protocol.
1. Using the recommendations of Brown22, position the subject on the dynamometer in a sitting position with a hip angle of 100° of

extension. Adjust the settings of the dynamometer to ensure that the subject's hips are all the way back and in contact with the chair
and the dynamometer's axis of rotation axis is in-line with the axis of rotation of the subject's tested knee.

2. Instruct the subject to hold a deep breath while fixing the shoulders, pelvis, and thigh of the tested leg using the pads and straps on
the dynamometer. Fix the lever arm of the dynamometer to the distal part of the shin with the pad placed 2.5 cm over the apex of the
medial malleolus, but do not support the non-exercised lower limb.

3. Allow the subject to passively and actively go through the full extension and flexion range of motion while readjusting the straps,
dynamometer settings, or both if needed.

4. Ensure that the subjects can see a screen that shows the torque-angle curve and provide a verbal countdown to begin the test. Instruct
the subjects to hold the handgrips located at the side of the seat during all testing efforts.

5. Start the test and verbally encourage the subject by using phrases such as "go", "push harder", "pull, pull, pull", etc. During the rest
intervals, provide the subject with short instructions about the upcoming task.

6. After completing the protocol, allow the subject to get out of the dynamometer chair, and adjust the dynamometer to test the other limb.
7. After repositioning the subject and adjusting the machine accordingly, perform the gravity correction measurement again and start the

test for the untested lower limb.

8. Open the test results that show the angle-torque curve and check whether the subject achieved the selected speed of contraction
for the whole movement.

1. To determine if the desired speed was accomplished, ensure that the angle-torque curve does not appear to be interrupted (Figure 1).
2. If the curve looks interrupted (Figure 2), it is likely that the subject did not push or pull against the lever arm fast enough for the

dynamometer to register torque. If the subject was not able to reach the required angular velocity and register torque, continue with
additional familiarization or exclude the subject from the study and check the possibility of an articular knee lesion23.

2. Isokinetic Strength Measurement After Two Familiarization Visits

1. Set up the dynamometer's software to perform the tests according to Table 1, and complete the protocol as described in steps 1.3 to 1.7.6.
2. After the end of the protocol, allow the subject out of the chair and begin analyzing the data.

3. Hamstrings to Quadriceps Functional Ratio Calculation

1. Use the best peak torque values from all three trials at each given speed and type of muscle action. Insert the peak torque data and resultant
ratios into a data organizing software that can graphically depict data such as Microsoft Excel.
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2. Calculate the H/QFUNC60 ratio by dividing the hamstring eccentric peak torque at 60°·s-1 by the quadriceps concentric peak torque at 60°·s-1.
3. Calculate the H/QFUNC180 ratio by dividing the hamstring eccentric peak torque at 180°·s-1 by the quadriceps concentric peak torque at

180°·s-1.
4. Calculate the H/QFUNC240 ratio by dividing the hamstring eccentric peak torque at 240°·s-1 by the quadriceps concentric peak torque at

240°·s-1.
5. After creating a table similar to Table 2, compare the H/QFUNC ratios across different speeds and between the right and left limbs.

1. Compare the measured peak values with normative data of a similar athletic group of the same age and gender.
2. Determine if bilateral imbalances are present by comparing the right and left limbs at each tested speed.
3. Determine if the ipsilateral H/Qconv ratio at the same speed is above or below 0.624. If the values are below 0.6, the ipsilateral hamstring

weakness is present compared to the quadriceps; design a specific hamstring strengthening intervention (Section 4).
4. Determine if the ipsilateral H/Qfunc ratio increases along with increased speed and reaches the desired value of 1.012,18, preferably in

the speed of 180°·s-1. If the HQfunc does not increase with the increased speed, implement hamstring training to resolve the reciprocal
function of the hamstrings (Section 4).

4. Eccentric Hamstring Strength Training Examples

1. Consult with a trained exercise professional25, such as Certified Strength and Conditioning Specialist, to select various exercises
that target the hamstrings across a variety of muscle lengths, speeds, and movement patterns.

1. Consult the exercise professional for advice regarding exercises that improve neuromuscular control during landing and jumping in
addition to exercises reported to decrease hamstring injury risk.

2. Under the professional's guidance, use the Nordic curl (Russian curl) exercise which can strengthen the hamstrings and reduce the risk
of injury26,27, as this exercise focuses on eccentric hamstring strengthening.

3. Under the professional's guidance, use unilateral knee flexions on a Swiss ball to strengthen the hamstrings and possibly reduce a
bilateral strength deficit28,29.

4. Under the professional's guidance, use unilateral or bilateral Romanian deadlifts, the good morning exercise, or both to strengthen the
hip extension function of hamstrings28,30,31.

5. Under the professional's guidance, use complex exercises to strengthen both the hamstrings and quadriceps during "triple extension"
exercises where the hips, knees, and ankle simultaneously flex and extend such as the squat, deadlift, and lunge.

6. Under the professional's guidance, use exercises such as drop jumps or other repeated jumps to train proprioception in the lower limbs.

2. Under the professional's guidance, progressively increase the number of sets and repetitions in bodyweight exercises such as the Nordic curl
and unilateral hamstring curl on the Swiss ball32, while also progressively increasing the external resistance and decreasing the number of
repetitions in complex exercises (for an example, see Table 3).

Representative Results

The examples below show the differences between young elite soccer athletes (age 15.4 ± 0.5 years, body mass 62.7 ± 8.2 kg, height 175 ± 9.1,
training experience more than 8 years) performing eccentric hamstring training (EHT, n = 18) and without EHT (n = 15) for 12 weeks (Figure 3).
The group performing EHT included this exercise two times per week, while the group without EHT performed core training and a general lower
limb program instead. Both groups participated in their program for four months.

Before the training program, neither group increased their H/Qfunc as the tested speed increased (Figure 3). After 12 weeks of training, EHT
players had significantly greater H/Qfunc at each tested speed. Moreover, the EHT group showed increased H/Qfunc between the speeds 60°·s-1,
180°·s-1, and 240°·s-1, while the core training group (without EHT) showed H/Qfunc increase only between the speed 60°·s-1 and 240°·s-1.

 

Figure 1: Apropriate knee flexors and extensor torque during 10-90° knee flexion range of motion. (A) Torque/angle strength curve for
knee extension, (B) torque/angle strength curve for knee flexion. Please click here to view a larger version of this figure.
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Figure 2:. Interrupted knee flexors and extensor torque during 10-90° knee flexion range of motion. (A) Torque/angle strength curve for
knee extension, (B) torque/angle strength curve for knee flexion. Please click here to view a larger version of this figure.

 

Figure 3: The representative results of H/Qfunc with and without specific hamstring training. H: hamstrings, Q: quadriceps, EHT: eccentric
hamstrings training, PRE: test before specific training, POST: test after 12 weeks specific training. Data are presented as the mean ± standard
deviation. The error bars represent the standard deviation.
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Test phase Task Rest

Pre-test Gravity correction, set knee flexion to 90°, set
range of motion from 90° to 10° (where 0° = full
extension)

Trial at 60°·s-1 Concentric knee extension/flexion 1 repetition 15 s

Test at 60°·s-1 Concentric knee extension/flexion 3 repetitions 60 s

Trial at 60°·s-1 Eccentric knee extension/flexion 1 repetition 15 s

Test at 60°·s-1 Eccentric knee extension/flexion 3 repetitions 60 s

Trial at 180°·s-1 Concentric knee extension/flexion 1 repetition 15 s

Test at 180°·s-1 Concentric knee extension/flexion 3 repetitions 60 s

Trial at 180°·s-1 Eccentric knee extension/flexion 1 repetition 15 s

Test at 180°·s-1 Eccentric knee extension/flexion 3 repetitions 60 s

Trial at 240°·s-1 Concentric knee extension/flexion 1 repetition 15 s

Test at 240°·s-1 Concentric knee extension/flexion 3 repetitions 60 s

Trial at 240°·s-1 Eccentric knee extension/flexion 1 repetition 15 s

Test at 240°·s-1 Eccentric knee extension/flexion 3 repetitions 60 s

Table 1: Isokinetic testing protocol.

Right lower limb Hamstrings peak torque
(N∙m)

Quadriceps peak torque
(N∙m)

H/Q conventional H/Q functional

60°·s-1 concentric 117 243 0.48

60°·s-1 eccentric 171 327 0.52

0.7

180°·s-1 concentric 123 168 0.73

180°·s-1 eccentric 159 327 0.59

0.95

240°·s-1 concentric 98 137 0.71

240°·s-1 eccentric 167 297 0.56

1.21

Left lower limb

60°·s-1 concentric 118 245 0.48

60°·s-1 eccentric 152 282 0.54

0.62

180°·s-1 concentric 113 151 0.75

180°·s-1 eccentric 149 286 0.52

0.99

240°·s-1 concentric 114 134 0.85

240°·s-1 eccentric 153 298 0.51

1.14

Table 2: Organized table with test outcome values. H: hamstrings, Q: quadriceps.

Week Sessions per week Sets Repetitions

1 1 1 5

2 2 2 6

3 2 3 6-8

4 2 3 8-10

5 3 3 8-10

6-12 3 3 12,10,8

Table 3: Nordic curl exercise volume progression according to Mjølsnes32.
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Discussion

The first critical step in the aforementioned protocol is the athlete's familiarization, especially for the eccentric tests. Subjects may have to
be familiarized two or three times to ensure reliable data during such isokinetic testing. Furthermore, it may be a good idea to re-familiarize
subjects if testing sessions are more than two months apart. The second critical step is properly setting up the athlete in the dynamometer,
ensuring that the knee axis is in-line with the axis of the dynamometer; it is also important to note that stronger individuals may push or pull so
hard against the lever arm that the seat pad becomes depressed or the knee joint may move slightly forward or backward. These possibilities
should be considered during positioning the athlete and during testing. Another critical point is the ability of the athlete to produce maximal
torque production at all tested speed conditions and load range data reduction across increasing velocities. The maximal attainable torque is
highly dependent on the speed of contraction, meaning that it is crucial to check whether an athlete can generate torque against the lever arm
throughout the whole range of motion (ROM) during high-speed protocols (240°·s-1). Along these lines, the load range data should be reduced
by eliminating the first and last 10° of measured range of motion22 to avoid artificial spikes in the torque output signal that may occur at the
beginning and end of the ROM.

After completing a successful test, it is also important to interpret the data correctly. If the H/Qconv values (e.g., at 60° m∙s-1) are below 0.6,
ipsilateral hamstring weakness is present compared to the quadriceps. However, assessing this ratio alone is not enough for predicting a
possible hamstring strain or anterior cruciate ligament injury33,34. More important is to assess whether the H/Qfunc ratio increases along with
the tested speed. The minimal recommended H/Qfunc increase between different tested speeds is not sufficiently established. However, we are
suggesting optimal H/Qfunc increase between the speed of 60°, 180°, and 240°·s-1 from above 0.6, to above 0.8, to above 0.113,18. The H/QFUNC
should be also evaluated in relation to specific athlete groups, where uninjured elite sprinters tested at 60°∙s-1 were reported for H/QFUNC 0. 83
± 0.17 and injured sprinters 0.73 ± 0.1235. Between-leg comparisons may be valuable information as well. For example, a bilateral strength
difference greater than 15% (measured in the same speed) is considered to increase an athlete's risk of knee injury36 and a difference over 20%
indicates that an athlete is predisposed to injury37. On the other hand, a bilateral deficit less than 10% is not considered a significant imbalance
and is interpreted as a target for athletes with previous imbalances or athletes reconditioning after injury2.

Although the presented protocol can be used in many athletic populations, it is possible to adjust the speed and contraction mode for testing
untrained or extremely trained subjects. In the event that maximal strength tests are warranted, isometric tests can be performed on a
dynamometer as well and can be used in conjunction with dynamic testing38. If the athletes are highly trained or participate in high velocity
sports, speeds nearer to 300°·s-1 39 or more may be appropriate. Regardless of the speeds used, the presented method is limited to isokinetic
contractions and single joint movements, neither of which happen during sport. However, in a laboratory setting, isokinetic measurements likely
provide the most valid and reliable data for assessing concentric and eccentric strength of the knee flexors and extensors22. One alternative
method for assessing muscle net force is by calculating it from reactive force40; however, this method is unable to isolate force or torque
generated by a specific group of muscles.

If coaches or practitioners are in search of additional data to create global strength measures for different muscle groups, additional
measurements can be performed on the muscles of the lower body35,41,42,43,44,45. Together, the H/QFUNC ratio combined with strength
measurements of the hip adductors, abductors, and extensors can provide a wealth of data that can be used to monitor the effectiveness of a
resistance training program. The future application of this method might be in its combination to other isolated strength measures, specification of
compared knee joint angles for specific purposes13, and combination with multijoint movements such as the leg press46 or squat47.
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