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ARTICLE
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THELEN, D.G., E.S. CHUMANOV, M.A. SHERRY, and B.C. HEIDERSCHEIT. Neuromusculoskeletal models provide insights into the mechanisms and rehabilitation of hamstring strains. Exerc. Sport Sci. Rev., Vol. 34, No. 3, pp. 135Y 141, 2006. Neuromusculoskeletal models are used to investigate hamstring mechanics during sprinting. We show that peak hamstring stretch occurs during late swing phase and is invariant with speed, but does depend on tendon compliance and the action of other muscles in the lumbopelvic region. The insights gained are relevant for improving the scientific basis of hamstring strain injury prevention and rehabilitation programs. Key Words: muscle injury, tendon compliance, stretch shortening cycle, forward dynamics, computer simulation, biomechanics, motion analysis, sprinting



INTRODUCTION



neuromuscular control dramatically reduced hamstring reinjury rates compared with a traditional stretching and strengthening approach. Although these are promising observations, the underlying mechanisms are not completely understood. We have used a neuromusculoskeletal model of sprinting to analyze potential hamstring injury mechanisms. The model describes the relationship among muscle excitations, activation dynamics, musculotendon contraction mechanics, and segmental accelerations (13,15). Thus, the model has allowed us to relate mechanics at the muscle level to the movement produced at the whole body level. In this article, we review the use of a neuromusculoskeletal model to investigate the effects of sprinting speed, musculotendon properties, and coordination on hamstring mechanics during sprinting. The insights gained are relevant for improving the scientific basis of injury prevention and rehabilitation programs.



Acute hamstring strains are a common injury in sports involving sprinting. Strain injuries are characterized by observable disruption of the musculotendon junction (7), with postinjury remodeling involving both scar tissue formation and muscle regeneration (6). The injury can cause an athlete to miss a few days to a few weeks of sport. More problematic is the high recurrence rate, with approximately one of three athletes reinjuring within a year of returning to sport (9). These observations highlight the prevalence of hamstring strain injuries and the challenge in preventing the initial injury and subsequent reinjury. The residual effects of a prior hamstring strain may be identifiable, and the associated risk for reinjury reducible using new approaches. For example, Proske et al. (10) identified a shift in the isokinetic knee strength profile in previously injured limbs, an effect that may be amendable via lengthening contraction training. Sherry and Best (11) have shown that a rehabilitation program focused on early movement and



HAMSTRING INJURY REHABILITATION Hamstring strain injuries most commonly occur in the biceps femoris long head and exhibit a strong tendency to recur. For example, imaging analysis of 170 recently injured athletes found that approximately 80% of hamstring strain injuries involved the biceps femoris (7). Furthermore, a review of 858 hamstring strains in Australian footballers showed the rate of recurrence was 12.6% during the first week of return to sport and 8.1% for the second week. The cumulative
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risk for reinjury for the 22-wk season was 30.6% (9). The high reinjury rate may be due to the use of inappropriate criteria for determining suitability for return to sport or, alternatively, that traditional rehabilitation methods are insufficient for reducing risk for reinjury. Rehabilitation protocols for acute muscle strains have traditionally emphasized hamstring stretching and strengthening exercises. Sherry and Best (11) prospectively compared such an approach with a progressive agility and trunk stabilization (PATS) rehabilitation program. PATS included exercises that emphasized early movement and coordination of the pelvis and trunk muscles (Fig. 1). In the first 2 wk after returning to sport, none of the 13 athletes participating in the PATS program experienced a reinjury, compared with 6 (54.5%) of 11 athletes that performed isolated hamstring stretching and strengthening exercises. A significant reduction in reinjury rate was still evident in PATS participants even after 1 yr of returning to sport. However, the study was unable to relate reinjury risk to common clinical measures such as strength, flexibility, speed, and vertical jump height. Although Sherry and Best (11) have shown a promising clinical outcome, it remains unclear which neuromuscular factors are responsible for the reduced reinjury risk in the PATS group. One hypothesis is that improved neuromuscular control of the lumbopelvic region allows the hamstrings to function at safe lengths and loads during athletic movement, thereby reducing injury risk (11). An alternative explanation is that the use of early submaximal loading limits the residual adverse effects of scar tissue formed early in the remodeling process. Recent observations by Proske et al. (10) suggest residual effects may indeed be present in a previously injured muscle.



They studied isokinetic (60-Isj1) knee flexion exercises performed by nine athletes who had experienced multiple unilateral hamstring strains within the past 5 yrs. At the time of testing, all athletes were injury-free for at least 1 month and participating in sport. Interestingly, there were no strength deficits in the previously injured limbs. However, peak isokinetic torque was generated at an average 12greater knee flexion angle in the previously injured limb compared with the uninjured limb. The authors attributed the difference to a shorter optimal musculotendon length for active tension in the previously injured muscle. Such a shift can be a training effect, for example, repeated performance of concentric strengthening exercises in rehabilitation. Alternatively, the shift can reflect the presence of residual scar tissue at the musculotendon junction (6). Scar tissue is stiffer than the contractile tissue it replaces and, thus, may alter the mechanical environment seen by the muscle fibers. Specifically, a decrease in series compliance would shift peak force development to shorter musculotendon lengths as observed. Proske et al. (10) have also shown, at least in healthy control subjects, that the performance of controlled lengthening contraction exercises can facilitate a shift in peak force development to longer musculotendon lengths. Their initial data suggest that the incorporation of such exercises into training may reduce hamstring injury rates. Although there are promising new approaches for improving the prevention and rehabilitation of hamstring strains, questions remain regarding the underlying mechanisms. Fundamentally, a strain injury is the result of exceeding the local mechanical limits of the muscle tissue. Thus, it is relevant to investigate the mechanical behavior of the hamstrings during potentially injurious tasks. In this article, we review the use of a neuromusculoskeletal model



Figure 1. Sherry and Best (11) compared the effectiveness of two rehabilitation programs in reducing reinjury rates in athletes who sustained an acute hamstring strain. A SS group (N = 11) performed static stretching, isolated progressive hamstring strengthening, and graduated return to activity. A PATS group (N = 13) performed agility exercises beginning with movements primarily in the frontal and transverse planes, then progressing to movements in the sagittal plane. Exercises requiring muscle activity to maintain the spine and pelvis in a desired posture (bridges) were also performed. For each rehabilitation program, athletes progressed from phase 1 to phase 2 when they could walk with a normal gait pattern and do a high-knee march in place without pain. Compared with the SS group, there was a statistically significant reduction in injury recurrence in the PATS group at 2 wk and at 1 yr after return to sport. PATS indicates progressive agility and trunk stabilization; SS, stretching and strengthening.
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to estimate the stretch, loading, and work done by muscles during sprinting. These analyses are used to address the following specific questions: When during the sprinting gait cycle are the hamstrings susceptible to injury? How does speed affect hamstring mechanics and potentially contribute to injury risk? How can changes in musculotendon properties affect injury potential? Can the coordination of individual trunk muscles influence hamstring mechanics?



HAMSTRING INJURY MECHANISMS Despite the frequency of hamstring strains during sprinting, it remains uncertain when in the gait cycle the muscle is injured. It has been suggested that injuries may occur during late swing, when the hip is flexed and the knee is extended. However, others have speculated that the potentially large loads associated with ground contact may cause injury. Animal models clearly show that muscle injury is associated with excessive fiber stretch during a lengthening contraction (8). Thus, we have used a model of sprinting to quantify the stretch of the biarticular hamstrings throughout the gait cycle (14). This information, coupled with EMG measurements, was used to assess when the hamstrings were undergoing an active lengthening contraction and why the biceps femoris long head may be more susceptible to injury. A generic model of the pelvis and lower extremity was first created, which included a description of the musculotendon paths of the semimembranosus, semitendinosus, and biceps femoris long head muscles (Fig. 2A). The model incorporated important differences between the individual hamstring moment arms at the hip and knee (14). Wholebody kinematics were collected while subjects (N = 14)



sprinted on a high-speed treadmill at speeds ranging from 80% to 100% of maximum. The model was scaled to each subject using subject-specific measures of segment lengths. Joint angles were computed to fit the scaled model to the measured marker kinematics. This process provided quantitative estimates of musculotendon stretch for each of the hamstring muscles throughout the gait cycle (Fig. 2B). We found that peak hamstring stretch occurs during the late swing phase of sprinting before foot contact (14). Electromyography data indicate that the hamstrings are active at this same phase of the gait cycle (13). Thus, the hamstrings are undergoing an active lengthening contraction during late swing, creating the potential conditions for a strain injury to occur. The magnitude of peak stretch was significantly greater for the biceps femoris long head (stretched 9.5% beyond length in an upright posture) than the semimembranosus (7.4%) and semitendinosus (8.1%) muscles. Differences in the knee flexion moment arms between the medial and lateral hamstrings accounted for the intermuscle variations in peak musculotendon stretch. Specifically, because the knee is slightly flexed during late swing, the smaller knee flexion moment arm of the lateral hamstrings (biceps femoris) results in this muscle undergoing greater stretch relative to upright. We concluded that intermuscle differences in hamstring muscle geometry might be a contributing factor to the greater propensity for biceps femoris injury. Although providing interesting information, it is difficult to directly assess when an injury occurs based on the kinematic analysis of injury-free running trials. Through unexpected circumstances, we recently completed an analysis of whole-body kinematics obtained at the time of an acute hamstring strain injury (5). A male athlete injured his right biceps femoris while running at 5.36 mIsj1 on an



Figure 2. A. Subject-specific models were obtained by scaling segment lengths of a generic musculoskeletal model based on anatomical marker positions recorded of a subject in a standing posture. An inverse kinematics routine was then used to determine the segment joint angles that best align the scaled model with the measured marker kinematics of the subject sprinting on a treadmill. B. Shown are the ensemble-averaged (N = 14 subjects) estimates of musculotendon stretch, normalized to upright musculotendon lengths, for each of the biarticular hamstrings throughout the sprinting gait cycle. Peak stretch is reached during late swing phase when both feet were off the ground. The lateral hamstrings (biceps femoris) are stretched significantly more than the medial hamstrings because of differences in the knee flexion moment arms between muscles (14). Volume 34 Number 3 July 2006 c
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inclined (15%) treadmill. We used statistical techniques to identify when individual marker trajectories deviated from a periodic pattern, indicating the earliest mechanical response to injury. This information, combined with estimates of neuromuscular latencies and electromechanical delay, was used to identify a 130-ms portion of the late swing phase of the gait cycle when the injury most likely occurred. Maximum stretch of the biceps femoris and peak hip extension and knee flexion moments also occurred within the suspected period of injury. We concluded that the biceps femoris was likely injured as a result of a lengthening contraction during the late swing phase of the running gait cycle. SPEED EFFECTS ON HAMSTRING MECHANICS Hamstring injuries are commonly associated with highspeed sprinting. Therefore, an assessment of how hamstring mechanics vary with speed is relevant to understanding injury mechanisms. We have used a neuromusculoskeletal model to investigate the influence of speed on the stretch, loading, and work done by the hamstrings during the late swing phase of sprinting (13). Musculotendon mechanics were represented by a Hill-type model in which a contractile element is in parallel and series with elastic elements. The series elastic element was assumed to represent the compliance of the tendon and aponeurosis. The input to each muscle was an idealized excitation level that can vary between 0 and 1 (full excitation). The forces developed by the musculotendon actuators acted on the skeleton via the



linked-segment equations of motion. Therefore, the neuromusculoskeletal model related the muscle excitations, muscle forces, and the segmental accelerations generated in the system. A computed muscle control algorithm (12) was used to determine the excitation patterns of 26 lower extremity muscles that drove the lower extremity to track measured hip and knee motion of sprinting athletes (Fig. 3A). Validation of the model was assessed by comparing estimated and measured joint angles and muscle activation patterns. Subject-specific joint angles were tracked closely, with less than 2- of average error in hip and knee angles (13). The timing of computed muscle excitations closely matched measured EMG activities (Fig. 3B). The simulations show that the hamstrings undergo a stretch shortening cycle during the latter half of swing phase. Biceps femoris muscle excitations increase rapidly between 70% and 80% of the gait cycle, continuing through the end of swing phase. Maximal hamstring loading is reached slightly before peak musculotendon stretch of the musculotendon unit (Fig. 3B). As a result, the hamstrings are doing a substantial amount of negative work (integral of negative musculotendon power) between 70% and 90% of the sprinting gait cycle. Peak hamstring musculotendon stretch was found to be invariant across the range of speeds (80 Y100% of maximum) considered (Fig. 4). However, the negative musculotendon work done by the hamstrings increased considerably with speed. The hamstrings likely function to absorb and redistribute the kinetic energy of the swing limb before foot contact. Because kinetic energy increases in proportion to the velocity



Figure 3. A. A computed muscle control algorithm was used to determine muscle excitations that, when inputted to the neuromusculoskeletal model, produced simulated kinematics that closely replicated measured kinematics. At each time step of the simulation, the controller determined muscle excitations that would produce the desired accelerations while minimizing a cost function to resolve muscle redundancy (12). With the muscle excitations as input, the set of activation, musculotendon, and musculoskeletal dynamic equations were integrated forward to simulate the kinematics that the muscle actions produce. B. Timing of the simulated biceps femoris excitations are consistent with measured EMG patterns (mean T 1 SD of five subjects). The simulation provides estimates of force, stretch, and power development of the muscle, tendon, and musculotendon components (13).
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Figure 4. A. Shown is the lower extremity posture at the time of peak hamstring musculotendon stretch. Slightly greater hip and knee flexion occurs at a maximal sprinting speed compared with a submaximal speed. B. However, the additional hamstring stretch due to hip flexion is offset by shortening due to knee flexion, resulting in a peak stretch that is invariant with speed. In contrast to the kinematic quantities, the negative musculotendon work increases substantially with sprinting speed.



squared, the negative work done by the hamstrings increases at a rate that exceeds the percentage change in speed. These observations demonstrate that maximum muscle stretch may be reached at lower sprinting speeds than the maximum energy absorption capabilities of the muscle. Stretch and negative work requirements may couple together at high speeds to contribute to injury risk. For example, the cumulative negative work done over repeated maximal stretch-shortening contractions may predispose a muscle to injury (2). Alternatively, injury can result from stride-to-stride variability in the peak stretch imposed, with an excessive stretch in a single stride leading to the onset of injury. It should be noted that our analyses of muscle loading and work were limited to the swing phase of sprinting, when the hamstrings are undergoing an active lengthening contraction and seem susceptible to injury. However, similar analysis of stance phase is warranted to characterize the net loading and work done by the hamstrings during sprinting. EFFECT OF TENDON COMPLIANCE ON HAMSTRING MECHANICS It is important to recognize that the motion of the musculotendon unit is not necessarily representative of the behavior of individual muscle fibers where the injury occurs. For example, Griffiths (4) showed that a stretch imposed on a contracting musculotendon is often taken up by the tendon, allowing the muscle fibers to maintain an isometric length or even continue to shorten. Griffiths proposed that tendon compliance acts as a mechanical buffer that reduces the stretch of muscle fibers and protects against injury. Therefore, changes in musculotendon properties can affect fiber stretch and, hence, contribute to injury risk. For example, residual postinjury scar tissue at the musculotendon junction can alter the mechanical environment of the muscle fibers. Also, it has been shown in an animal model that series compliance seems to decrease with repeated maximal stretch Y shortening contractions (2). A timeVolume 34 Number 3 July 2006 c
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dependent decrease in tendon compliance would conceivably alter the stretch and the loading of the fibers during repetitive athletic movement such as sprinting. We used a sensitivity study to investigate how the stretch and negative work seen at the fiber level depends on the compliance of the in-series tendon component during sprinting (13). A nominal muscle-actuated simulation of the swing phase of sprinting was first created (Fig. 3A). We then varied the tendon compliance of the biceps femoris long head and reconducted the simulation with an altered muscle excitation pattern that retained the overall musculotendon behavior, albeit with altered musculotendon mechanics. A decrease in tendon compliance, within a normal physiological range, necessitated a substantial increase in muscle fiber stretch and negative musculotendon work (Fig. 5). This illustrates that with a reduction in tendon compliance, an increased risk for injury can occur unless the running posture adapts to allow the musculotendon complex to operate at shorter lengths. INFLUENCE OF MUSCLE COORDINATION ON HAMSTRING MECHANICS An intriguing aspect of the promising rehabilitation outcomes demonstrated by Sherry and Best (11) involves the potential benefit of trunk stabilization exercises. In particular, the authors suggest that the ability to control the lumbopelvic region during higher-speed skilled movements may prevent hamstring reinjury. Neuromusculoskeletal models provide a tool by which to quantitatively assess how individual muscles influence hamstring mechanics and, hence, injury potential. The approach taken was to first generate a simulation of the double-float phase of sprinting, the last part of the gait cycle when peak hamstring stretch occurs. The simulation generated included 58 force trajectories for individual muscles crossing the lower trunk, hip, knee, and ankle. We then perturbed the muscle force trajectories one at a time by a small amount (1 N) and resimulated the movement for each perturbation. The change in hamstring musculotendon Mechanisms of Hamstring Strains
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Figure 5. A. Force-length Y velocity properties of muscle and force-strain properties of tendon were used to describe musculotendon contraction dynamics. The tendon forcestrain curve was parameterized by ?0T, defined as the tendon strain resulting from the application of maximum isometric force (F0M). Simulations of the swing phase of sprinting were performed with a range of ?0T to estimate the effect of tendon compliance on fiber stretch and work. B. A decrease in tendon compliance, within physiologically reported ranges, substantially increases the stretch and negative work attributable to the muscle component of the biceps femoris (13). This illustrates that decreased series compliance because of the performance of repeated stretch-shortening contractions (2) or as a result of postinjury scarring (6) could contribute to increased injury risk.



stretch because of each perturbation was ascertained. The change in stretch was then scaled by the average muscle force over double float, resulting in an estimate of the influence of each muscle on hamstring stretch. Our analysis suggests that the contralateral hip flexors (i.e., iliopsoas) have as large an influence on hamstring stretch as the hamstrings themselves (Fig. 6). This occurs because the iliopsoas can directly induce an increase in anterior pelvic tilt, which in turn necessitates greater hamstring stretch. Other proximal muscles acting on the pelvis such as the abdominal obliques and erector spinae also substantially influence hamstring stretch. The more distal muscles acting about the knee and/or ankle had much less influence on hamstring mechanics. This analysis illustrates a mechanism by which neuromuscular control of trunk and pelvis muscles can affect hamstring strain injury risk. FUTURE DIRECTIONS AND RESEARCH The development and use of neuromusculoskeletal models inherently depends on experimental data both to formulate appropriate scientific questions and to validate model-based estimates. Given the high rate of injury recurrence, there is a need for a better description of the structure and function of the remodeled musculotendon



complex after injury. In this regard, magnetic resonance imaging may be a useful tool for characterizing the extent of scar tissue in remodeled muscle. Furthermore, new ultrasound approaches for measuring contraction mechanics can be used to characterize mechanical strains near a prior injury site, at least under controlled circumstances in which these in vivo measurements can be performed (3). These data would be important for understanding remodeling factors that might influence reinjury risk. The eventual coupling of imagingbased measurements with controlled intervention studies may provide new understanding of the effects of specific exercises on muscle function and mechanics. There is a complimentary need for further refinement of the neuromusculoskeletal models to characterize localized mechanics around the musculotendon junction where the injury occurs. Hill-type musculotendon models inherently assume a uniform mechanical strain distribution along the muscle fiber, which may not be the case when injury occurs. For example, it has been suggested that strain injury may be preceded by disruption of individual sarcomeres, leading to large local mechanical strains, which propagate to the musculotendon junction (10). The substantial change in stiffness between fibers and tendon can then contribute to the fibers tearing at the junction. The development and incorporation of more refined soft tissue models are needed to



Figure 6. A. A nominal simulation of the doublefloat phase of sprinting was generated. Individual muscle force trajectories were then perturbed (by 1 N throughout double float) and the simulation regenerated. Perturbation-induced changes in hamstring stretch were determined and then scaled by the associated average muscle force to quantify the muscle’s influence. B. Shown are the muscles that exhibited the greatest influence on biceps femoris musculotendon stretch. A positive influence means the muscle acts to increase stretch. This analysis shows that the contralateral iliopsoas, abdominal obliques, and ipsilateral low back muscles all substantially influence hamstring stretch via their actions on the pelvis and, thus, illustrates a mechanism by which trunk muscles may affect injury risk (11).
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provide a more detailed description of this injury mechanism and can also provide a means for assessing how remodeling can alter localized strain patterns. The recent development of finite element models of muscle that account for important architecture effects may facilitate such analyses (1). Quantifying the role of neuromuscular coordination in preventing injury or reinjury remains a challenging endeavor. Trunk stabilization exercises are widely cited as providing such benefits for a range of pathologies, although the specific manner in which the benefits are achieved remains tenuous. In this article, we showed that lumbopelvic muscles could indeed influence lower extremity muscle mechanics. However, complimentary experimental approaches are still needed to investigate how training truly facilitates improved coordination of these muscles during athletic movements. An understanding of the changes in coordination can then be coupled with simulations of movement to interpret the mechanical ramifications.



CONCLUSIONS Hamstring strains are a common and recurrent injury among sprinting athletes. The effective prevention and rehabilitation of such injuries remains challenging. In this article, we have shown that neuromusculoskeletal models enhance the fundamental understanding of factors that affect both injury and rehabilitation mechanisms. The continued development and use of such models, together with controlled experimental observations, are important for scientifically establishing effective injury prevention and rehabilitation programs. Acknowledgements The authors thank Allison Arnold, Thomas Best, Li Li, Steve Swanson, and Michael Young for their contributions to this research. This study was supported by the Aircast Foundation and National Football League Charities, as well as an National Science Foundation Graduate Fellowship to E. Chumanov.



Volume 34 Number 3 July 2006 c



c



References 1. Blemker, S.S., and S.L. Delp. Three-dimensional representation of complex muscle architectures and geometries. Ann. Biomed. Eng. 33: 661 Y 673, 2005. 2. Butterfield, T.A., and W. Herzog. Quantification of muscle fiber strain during in-vivo repetitive stretch-shortening cycles. J. Appl. Physiol. 99:593 Y 602, 2005. 3. Fukunaga, T., Y. Kawakami, K. Kubo, and H. Kanehisa. Muscle and tendon interaction during human movements. Exerc. Sport Sci. Rev. 30:106 Y 110, 2002. 4. Griffiths, R.I. Shortening of muscle fibres during stretch of the active cat medial gastrocnemius muscle: the role of tendon compliance. J. Physiol. 436:219 Y 236, 1991. 5. Heiderscheit, B.C., D.M. Hoerth, E.S. Chumanov, S.C. Swanson, B.J. Thelen, and D.G. Thelen. Identifying the time of occurrence of a hamstring strain injuring during treadmill running: a case study. Clin. Biomech. (Bristol, Avon) 20:1072 Y 1078, 2005. 6. Kaariainen, M., T. Jarvinen, M. Jarvinen, J. Rantanen, and H. Kalimo. Relation between myofibers and connective tissue during muscle injury repair. Scand. J. Med. Sci. Sports 10:332 Y 337, 2000. 7. Koulouris, G., and D. Connell. Evaluation of the hamstring muscle complex following acute injury. Skeletal. Radiol. 32:582 Y 589, 2003. 8. Lieber, R.L., and J. Friden. Mechanisms of muscle injury gleaned from animal models. Am. J. Phys. Med. Rehabil. 81:S70 Y S79, 2002. 9. Orchard, J., and T.M. Best. The management of muscle strain injuries: an early return versus the risk of recurrence. Clin. J. Sport Med. 12:3 Y 5, 2002. 10. Proske, U., D.L. Morgan, L. Brockett, and P. Percival. Identifying athletes at risk of hamstring strains and how to protect them. Clin. Exp. Pharmacol. Physiol. 31:546 Y 550, 2004. 11. Sherry, M., and T. Best. A comparison of two rehabilitation programs in the treatment of acute hamstring strains. J. Orthop. Sports Phys. Ther. 34:116 Y 125, 2004. 12. Thelen, D.G., F.C. Anderson, and S.L. Delp. Generating dynamic simulations of movement using computed muscle control. J. Biomech. 13:321 Y 328, 2003. 13. Thelen, D.G., E.S. Chumanov, T.M. Best, S.C. Swanson, and B.C. Heiderscheit. Simulation of biceps femoris musculotendon mechanics during the swing phase of sprinting. Med. Sci. Sports 37: 1931 Y 1938, 2005. 14. Thelen, D.G., E.S. Chumanov, D.M. Hoerth, T.M. Best, S.C. Swanson, L. Li, M. Young, and B.C. Heiderscheit. Hamstring muscle kinematics during treadmill sprinting. Med. Sci. Sports 37:108 Y 114, 2005. 15. Zajac, F.E., and M. Winters. Modeling musculoskeletal movement systems: joint and body segmental dynamics, musculoskeletal actuation, and neuro-muscular control. In: Multiple Muscle SystemsVBiomechanics and Movement Organization, edited by J.M. Winters and SL.-Y. Woo. New York: Springer-Verlag, 1990, pp. 121 Y 148.



Mechanisms of Hamstring Strains



Copyright @ 2006 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



141



























des documents recommandant







[image: alt]





New Insights into the Mechanisms Controlling ... - Benjamin Mauroy 

mucus in an airway, the bronchial region of the lungs is divided in three zones. In the ... exchange between the body and the environment. The lungs form a ...










 


[image: alt]





Insights into the molecular mechanisms of Phytochelatin and ... - GFPP 

1Laboratoire de BioÃ©nergÃ©tique Cellulaire, IBEB, CEA-Cadarache, 13115 Saint Paul lez durance. Since the reactivity of metal ions towards organic molecules ...










 


[image: alt]





Insights into Serotonin Signaling Mechanisms Associated with ... .fr 

Little is known about the molecular abnormalities associated with canine degenerative mitral valve disease (DMVD). ... investigative techniques, including gene expression, immunohistochemistry, protein .... As previously indicated, 2 cell types predo










 


[image: alt]





Zeki (1998) The riddoch syndrome. Insights into the neurobiology of 

historical views about the organization of the visual brain. ... conscious of having seen movement in their blind fields. Riddoch himself ... the head' and of Patient 4 who 'knew that something had moved ... confirmation does not render Riddoch's imp










 


[image: alt]





New insights into the morphology and sedimentary ... - Vincent Hanquiez 

2Division of Marine Geology and Geophysics, University of Miami, Miami, Florida 33149, USA. 3Section of ... Current does not fill the entire strait, and deep,.










 


[image: alt]





Analytical insights into the partially integrated ... - Bruno Chaouat 

we will calculate the analytical solution of Reid and Harris28 obtained in the present ..... In these equations, D/Dt denotes the material derivative defined by D/Dt = âˆ‚/âˆ‚t + ...... Taking also into account that Îºd Ed = CÎºÇ«2/3Îºâˆ’2/3 d ......










 


[image: alt]





Computational insights into the strain aging ... - Michel Perez 

The LÃ¼ders behavior in a simulated (finite elements) and an ex- perimental ...... Throughout this work, we used the Large-scale Atomic/Molecular Massively ...... In the following lines, we present a scheme to estimate the saturation concen-.










 


[image: alt]





New insights into the tetraspanin Tspan5 using novel ... - Lydia Danglot 

Oct 31, 2016 - sues where it is the most abundant, such as the brain, the lung, the kidney, or ... sperm-egg fusion, vision, kidney function, immunity, or muscle regeneration ... component of amyloid plaques observed in Alzheimer's disease. (14). ...










 


[image: alt]





Structural insights into protein-only RNase P 

Jan 15, 2013 - P/transfer RNA complex suggests that transfer RNA recognition by PRORP proteins is similar to that by ... 50-maturation of transfer RNAs (tRNAs), as well as of a number of other substrates ..... Stoichiometry. WT. 29.49. 1.53. 1.










 


[image: alt]





Insights into xylem vulnerability to cavitation in 

Received February 5, 2010; accepted August 10, 2010; published online October 8, 2010; handling Editor Nathan Phillips. Summary Xylem vulnerability to ...










 


[image: alt]





Genome Sequence of a Polydnavirus: Insights into 

tors, implicated in vertebrate and Drosophila immune responses (17). As reported recently for other PDVs, CcBV Ank proteins lack the regulatory elements ...










 


[image: alt]





Bringing the Chemical Knowledge into Empirical Models - Marion Cuny 

mc@camo no ... b) Cross-model validation c) Background information d) LPLS. 3. Results. 4 C. l i. 4. ... No pretreatment. 5 ... All those wavelenghts can not be related ..... spectroscopy (MIR NIR Raman NMR) and other types of data where the.










 


[image: alt]





Transforming probability intervals into other uncertainty models 

Random Sets. Random sets cannot capture probability families induced by probability ..... Thin clouds define empty probability family on finite sets, infinite on.










 


[image: alt]





New insights into degenerative mitral valve disease in dogs 

Degenerative mitral valve disease (DMVD) is, by far, the most commonly encountered acquired ... the third most common cause of death in dogs in that age group) [8]. Because .... or fibromuscular intramural arteriosclerosis and multiple small myocardi










 


[image: alt]





Virulence and age at reproduction: new insights into host 

central life history parameter Â± host reproductive effort Â± because .... the population and evolutionary dynamics of the system. We aim ...... Population biology of.










 


[image: alt]





Genome Sequence of a Polydnavirus: Insights into Symbiotic Virus 

prebiotic chemistry, it is likely to have func- tioned in localized regions close to its volcanic sources. Although it may be un- likely that a substantial proportion of ...










 


[image: alt]





Mammalian Rho GTPases: new insights into their functions from 

mutants in model organisms, such as Drosophila mela- nogaster and Caenorhabditis elegans, have provided insights into the in vivo functions of the most highly.










 


[image: alt]





The track into the heart 

du monde FIS de ski nordique en ... Preamble. 02. 03. FIS NORDIC WORLD SKI CHAMPIONSHIPS. CANDIDATE .... combines modern technology and best.










 


[image: alt]





leaning into the wind 

Language: English and Portuguese. International Sales ... As Goldsworthy introduces his own body into the work it becomes at the same time even more fragile ...










 


[image: alt]





INTO THE ABYSS 

HAUSER (74) and best director at the Cannes Film Festival for FITZCARRALDO ... Communications (Nasdaq: DISCA, DISCB, DISCK), the world's #1 nonfiction.










 


[image: alt]





Eye movements provide the extra-retinal signal required for the 

eye movement signal, optokinetic response (OKR) in particular, for the unambiguous perception of depth from motion parallax. A vestibular ..... A high viscosity silicone dental putty (Exaflex, GC ..... Freeman, T. C. A., & Banks, M. S. (1998).










 


[image: alt]





Introduction of environmental variables into global production models 

linear production model, then from Fox's exponential model, m e generalized production model ... The usual global production models for stock assessment use only one input ... environmental factors has been considered first at two levels: on.










 


[image: alt]





Comparison of Preisach and Jilesâ€“Atherton models to take into 

field couples Ñ€a; bÐ® belonging to the triangle D: The total ... The surface TÑ€x; yÐ® is defined by the right-angled ... calculate the magnetization M: In fact, we can.










 


[image: alt]





LNAI 6895 - Realistic Eye Models Taking into Account Pupil 

Realistic Eye Models Taking into Account Pupil Dilation and Corneal Reflection. Guillaume Gibert. MARCS Auditory Laboratories, University of Western Sydney,.










 














×
Report Neuromusculoskeletal Models Provide Insights into the Mechanisms





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



